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ABSTRACT

Synthesis and Characterization of Polymers
of Nonanal, Decanal, Undecanal , and Dodecanal

John B. Starr, Jr., B.S. Lowell Technological Institute

Directed by: Dr. Otto Vogl

Polymers of nonanal, decanal, and undecanal were prepared and the

melting behavior of the polymers was investigated by DSC. The synthesis

of the polymers was accomplished in hydrocarbon solvent (especially

MCH) with LTB initiator. The yields of the polymers and their inherent

viscosities were higher if a cryotachensic polymerization procedure was

followed in which the cooling of the polymerization mixture was care-

fully controlled. The polyaldehydes, which are unstable above their

ceiling temperatures, were stabilized by the technique of endcapping

of the polymers with acetic anhydride. This technique was useful in

the case of polynonanal but was less effective for the higher poly-

aldehydes. Attempted preparative scale polymerization of dodecanal

failed to give isolatable polydodecanal . It was speculated that the

physical properties of the polymer adversely affected the monomer -

polymer equilibrium and also favoured degradation of the polymer during

attempted isolation.

Two transition regions were identified by DSC and optical micro-

scopy for polynonanal (PNA), polydecanal (PDA), and polyundecanal (PUA).

When heated to a temperature near or above the upper limit of the

first transition the polymers could be extruded.

It was concluded that two types of crystallinity were possible



for PNA, PDA, and PUA. Crystallization of the outer paraffinic side

chains gave rise to the first transition of the polymers and crystalli-

zation involving the main chains accounted for the second transition;

similar to what had been known for polyaldehydes with shorter side

chains. The crystallization of the main chains of PUA was less signi-

ficant than in the case of PNA or PDA. The enthalpies associated with

the first transition of the polymers increased as the length of the

side chains was increased. Polymer degradation precluded detailed

investigation of the second transition region of the polymers.

Aldehyde cyclic trimers (2,4,6-trisubstituted-l ,3,5-trioxanes) of

nonanal
,
decanal, undecanal , and dodecanal were prepared. The melting

behavior of the trimers was investigated by DSC and compared with that

of the polymers. The melting points and heats of fusion of the trimers

increased as the length of the alkyl group was increased.

The melting point of the aliphatic aldehyde monomers, purified as

for polymerization, was investigated by DSC. The monomers all showed

only one transition over the temperature range investigated. The

melting points of the trimers were all near or below room temperature.
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CHAPTER I

INTRODUCTION

A. Background

A number of organic compounds of the general structure RCH=X are

capable of forming linear polymers via a bond opening chain growth

polymerization reaction^ In general, polymers from certain of the

monomers, where X =CH2, are thoroughly studied and important polymers.

In comparison to the all carbon backbone polymers, polymers from

RCH=X monomers with X =0; R =H, alkyl (the aldehyde polymers) have been

much less studied. Hereinafter the terms aldehyde polymer and

polyaldehyde will be exclusively used to denote the polyaldehydes of

reasonable molecular weight formed by the bond opening polymerization

of an aldehyde functional group. A clear distinction of nomenclature

is necessary since confusion and ambiguity in regards to the use of

2
these terms has arisen in the past .

Formaldehyde polymers have been known for some time and early

investigation of formaldehyde polymerization led to the development of

several basic concepts of polymer science . Continuing research on

formaldehyde polymerization led ultimately to development of a

4
commercial material with attractive properties by DuPont . The

publication of the "MacDonald" patent has been cited as the beginning

2
of the modern era of aldehyde polymerization . Commercial products

based on formaldehyde homopolymers and copolymers of trioxane with

ethylene oxide have been developed.

The polymerizations of higher aliphatic aldehydes have been more



recently investigated, although as early as 1929^' ^' ~'

certain higher

aliphatic aldehydes (n-butyraldehyde, iso-butyraldehyde, and n-valer-

aldehyde) were reported to be transformed into viscous oils or waxy

solids if the aldehydes were subjected to high pressure (10,000 atm.).

These polyaldehydes^ readily reverted to monomeric aldehyde when

allowed to stand at room temperature. Subsequently a rubbery elastomer

was produced when acetaldehyde was allowed to freeze and then melt^'

and the polyacetal structure was established for this product^^'

Higher aliphatic aldehyde polymerization was more systematically

studied in the 1950's and initially emphasized the polymerization of

acetaldehyde. By 1960 it was established that two decidedly different

polymers could be obtained from acetaldehyde depending upon the ini-

tiator; one rubbery and elastomeric, the other hard and crystal 1 ine"*^.

During the course of investigations into the preparation of

crystalline polyacetaldehyde it was early recognized that higher

members of the aliphatic aldehyde homologous series (e.g. butyraldehyde,

valeraldehyde, heptanal) could also be polymerized to highly crystalline

isotactic polymers. The polymerization of aliphatic aldehydes

possessing longer n-alkyl side chains (e.g. hexanal , heptanal, octanal

)

showed unusual behavior and were recently more critically investigated.

It has been noted^^ that, as the alkyl chain length of the aliphatic

aldehydes is increased to six carbon atoms (heptanal), the poly-

merization of acetaldehyde becomes unsuitable as a model for the

discussion of higher aliphatic aldehyde polymerization and higher

aliphatic aldehyde polymers. As one increases through the aliphatic

aldehyde homologous series the paraffinic chain of the aldehyde monomer



3

more and more influences the polymerization.

The original investigations which described the polymerization of

higher aliphatic aldehydes indicated that certain of the higher

aliphatic aldehydes yielded polymers which exhibited a transition

below the melting point of the polymer. This transition was speculated

as arising from "melting" of the paraffinic side chains of the

1

5

polymers
. More recent investigations have confirmed the existence

of this "dual-melting" behavior in polymers of aliphatic aldehydes

having an n-alkyl side chain of at least 4 carbon atoms^^'

Increasing the length of the alkyl groups of aliphatic aldehydes

influenced not only their polymerization but also the properties of

the resulting polymers.

B. Polymerization of Aliphatic Aldehydes, Properties
and Structures of the Polymers

1. General considerations . The polymerization of formaldehyde

and the polymerization of higher aliphatic aldehydes have a number of

significant differences which suggest that the polymerization of

formaldehyde should be treated separately from the polymerization of

acetaldehyde and other higher aliphatic aldehydes.

The polymerization of aliphatic aldehydes proceeds via an ionic

mechanism; both cationic and anionic initiation have been used. In

general, stronger electrophiles and nucleophiles are required for the

polymerization of acetaldehyde and higher aliphatic aldehydes than are

required for the polymerization of formaldehyde. The electron-releasing

tendency of the alkyl group causes the electron density on the carbonyl



4

group of higher aldehydes to be relatively higher and consequently the

polarization of the carbonyl group is less pronounced in the case of

higher aliphatic aldehydes than in the case of formaldehyde. This

difference of polarization is reflected in the carbonyl stretching

frequency of the aldehydes. The carbonyl stretching frequency of

formaldehyde is 1755 cm." whereas this value is lowered to 1725 cm."''

for higher aldehydes in the gas phase^^.

Rubbery elastomeric polyaldehydes of high molecular weight are

usually made by cationic polymerizations'"^ and the crystalline aldehyde

polymers, for example polybutanal , obtained from anionic polymeriza-

tions. However, the bulk of the alkyl group of aliphatic aldehydes

must also be considered when discussing this sort of stereoregulation

during aldehyde and other polymerizations.

Aldehyde polymerization, particularly the polymerization of higher

aliphatic aldehydes, is subject to the effect of ceiling temperature^^

as illustrated in equation 1. Strictly defined, the ceiling temperature

is that temperature at which the concentration of monomer in equilibrium

with polymer is equal to one molar. Accordingly, the ceiling tempera-

ture may be related to the enthalpy and entropy of the polymerization

20
process .

(-CH-0-^* + m RCHO v =^f-CH-0-^*^^ + m-1 RCHO

Eqn. 1

R R

Nominal estimates for the enthalpy of the aldehyde polymerization

reaction are in the region of 5-7 kcal mole"^. If a typical value of

25-30 eu.°K"^ is assumed for this bond-opening chain growth



polymerization reaction then it can be seen that the ceiling temperature

for the aldehyde polymerization is below room temperature. The value

for the ceiling temperature of the polymerization of acetaldehyde is

not substantially different than that measured for the polymerization

of n-butyraldehyde (-16°)"'^ Failure to recognize the importance of

ceiling temperature in the polymerization of aliphatic aldehydes is, in

part, responsible for the relatively later introduction of aldehyde

polymerization in polymer chemistry.

In view of the above discussion of the effect of ceiling tempera-

ture in the polymerization of aliphatic aldehydes it is not surprising

that, unless suitably stabilized, polymers of higher aliphatic

aldehydes will readily degrade to monomer at temperatures above the

ceiling temperature. The technique of endcapping of the polymers,

usually by esterification but also by etherifi cation of the polymer end-

21
groups , was the typical procedure employed to stabilize the polymers

against degradation by an unzipping mechanism. The success of the

capping reaction frequently has been sporadic and depended, among other

things, upon the bulk of the side group of the polymer and the extent

22
of swelling of the polymer under the conditions of the reaction .

2. Cationic Polymerization of Aliphatic Aldehydes . During the

course of investigations of aldehyde polymerization a number of

chemical compounds have been found to be initiators for the cationic

polymerization of aldehydes. Furthermore, a number of special pro-

cedures, which thusfar are known to be exclusively applicable to the

polymerization of acetaldehyde, have been shown to involve a cationic

mechanism. The most important initiators for cationic aldehyde



polymerization can be conveniently grouped into three categories; the

Bronstead or protic acids, Lewis acids and their complexes, and certain

metal oxides and sulphates.

Under certain conditions the formation of aldehyde cyclic trimer

or tetramer is a serious competing or side reaction during the cationic

polymerization of aliphatic aldehydes. The problem of cyclic trimer

formation is most significant in the case of the lower members of the

aliphatic aldehyde homologous series and was found to be particularly

acute in the cationic polymerization of acetaldehyde.

The predisposition to trimer formation during the polymerization

of acetaldehyde in ether solvent has been used to rate the activity of

various Bronstead and Lewis acids as cationic initiators for

acetaldehyde polymerization^^. Normally the cold (-78°C) aldehyde was

added to the initiator (0.1 wt%)/solvent mixture at an initial reaction

temperature of -78°C. Very active initiators (e.g. H^SO, , P^O^,

BFj'EtgO, FeCl^, aluminum sulphate) resulted only in the formation of

the cyclic trimer paraldehyde, typically in quantitative yield.

Moderately active initiators (e.g. H^PO^, HCl , HNO^, SbF^, AICI3)

caused polymer formation in high yield at temperatures of -60°C to -80°C.

Inactive compounds (e.g. acetic acid, chloracetic acid, ALF^, TiCL2)

gave no detectable amount of polymer at -60°C in ether solvent. The

apparent initiator activity was found to have some dependency upon

concentration. However, even at concentrations as low as 0.02 wt%,

initiators such as BF^, SnCl^, and some others caused exclusively the

formation of paraldehyde at -65°C in ether solvent.

With proper choice of solvent and monomer concentration certain



of the "highly active" initiators were successfully employed for the

preparation of high molecular weight polyacetal dehyde in good yield by

solution techniques. For example, the use of BF3 as initiator for the

cationic polymerization of acetaldehyde at temperatures of -65°C and

below gave only paraldehyde when either ether or pentane was used as

the solvent. If, on the other hand, ethylene was used as the solvent

when BF^ was the initiator, a good yield of high molecular weight

polyacetal dehyde was realized.

It is interesting to note that there is an early suggestion of a

BF^ initiated cationic polymerization of acetaldehyde in a 1942 patent
. 24by Smyers

. The structure of polyvinylalcohol was originally assigned

to the product by Smyers. However, it appears that the polymer

reported in the patent was indeed the polyacetaldehyde.

The effect of concentration on apparent initiator activity was

conveniently demonstrated by the polymerization of acetaldehyde with

aluminum sulfate (a very active initiator if diethyl ether is the

solvent) at -60°C in toluene (0.5% initiator). As the initial concen-

tration of acetaldehyde was reduced from 100% to 50% (in toluene) the

product composition changed from strictly paraldehyde in neat

acetaldehyde, to only polymer with no trimer at acetaldehyde concentra-

tion of less than 50%^"^.

Thus the intricate interplay between initiator activity, nature of

the solvent, monomer and initiator concentration, and initial reaction

temperature controls the effective reaction temperature and hence the

formation of high polymer vs. cyclic trimer.

Certain of the techniques and procedures for the cationic
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polymerization of acetaldehyde have been used for the polymerization

of its higher homologues. For example, both BF3-Et20 and SnBr^ were

reported to be effective initiators for the solution polymerization

of n-butyraldehyde. Likewise, heptanal has been polymerized with

BF3-Et20 in methyl cyclohexane solution and gave a white rubbery
22

polymer
.

The polyaldehydes prepared by a cationic mechanism tend to

be more soluble and amorphous in character than the products formed in

the anionic polymerization reaction to be discussed later. However,

the bulk of the alkyl group and the miscibility of the reactants and

solvent at the reaction temperature must be taken into account as

contributing factors.

If the polymerization of acetaldehyde with BF3-Et20 was carried

out in ethylene as the solvent and the initiator precipitated before

the introduction of monomer, a small amount of crystalline, insoluble

polymer was isolated in addition to the usual soluble polymer^^. The

product from the SnBr^ initiated polymerization of n-butyraldehyde in

pentane solvent was reported to consist of a mixture of insoluble,

crystalline polymer and fractions of increasingly soluble, less

25
crystalline polymer .

The x-ray powder diagram of a sample of polyheptanal , prepared by

the BF3-Et20 initiated polymerization of heptanal, indicated that

although the polymer was largely amorphous, a modest amount of crys-

tal linity could be detected. Similarly, when a number of aliphatic

26
aldehydes were polymerized by subjecting them to high pressures the

crystall inity of the polymer (by x-ray) was greater with increasing

lengths of the alkyl group.



As previously mentioned there are a number of reported procedures

for the polymerization of acetaldehyde which thus far have proven to

be exclusively applicable to acetaldehyde and are believed to involve

a cationic polymerization mechanism. The "crystallization polymeriza-

tion" of acetaldehyde, discovered by Letort^ and Travers^^, was

originally thought to involve a free radical mechanism and the apparent

beneficial effect of oxygen and ultraviolet radiation^^' 28, 29

taken to support this view. However, further studies^^' 21
^^^^^^

that crystallization polymerization is but another example of the

cationic polymerization of acetaldehyde.

Other techniques for the polymerization of acetaldehyde to the

elastomeric polymer use solid state initiators, which are imiriiscible

with monomer ic acetaldehyde and any dilutents employed, and are believed

to involve a cationic polymerization mechanism. Furukawa and colla-

borators converted acetaldehyde to a non-tacky elastic solid by

condensing the aldehyde at low pressure (3mm. Hg) and low temperature

(-70°C) onto alumina which had been carefully calcined at 500-600°C for

82
15 hrs.

. Subsequent more detailed studies indicated that a cationic

polymerization mechanism was probably involved and that electron

deficient sites on the alumina surface were important in the

33 34 35
process ' ' . Silica, silica-alumina, and other metal oxides are

also reported to polymerize acetaldehyde in a similar manner^^' .

If properly pretreated with acids certain metal salts, especially metal

sulfates, also initiate the polymerization of acetaldehyde to the

soluble, elastomeric polymer .

Aluminum alkyls, especially AlEt^, were found to be initiators for



10

the polymerization of aliphatic aldehydes^^' The nature of the

polymerization mechanism apparently operative in the AlEt3 initiated

polymerization of acetaldehyde is strongly dependent upon the reaction

conditions'^l. i.e. these initiators are considered to be "amphoteric"''^

The nature of the polymerization reaction and the type of polymer

formed with aluminum alkyl initiators seemed also to be dependent upon

the type and amount of deliberately added or fortuitously present

"impurities", especially protic material^^. ^\ Dialkyl aluminum

chlorides also initiate the polymerization of aliphatic aldehydes'^^,

apparently by a cationic mechanism.

The mechanism of the cationic polymerization of aliphatic aldehydes

when protic acid is the initiator may be considered in a straightforward

manner Equation 2. Electrophil ic attack at the carbonyl oxygen of the

aldehyde monomer further decreases the electron density at the carbonyl

carbon. Propagation proceeds by attack of the carbonyl oxygen of the

monomer at the electrophilic carbon atom adjacent to the oxonium ion.

An oxionium ion is now considered to be the chain carrier, similar to

the mechanism of cyclic ether polymerization^^'

^ RCHO R + R
H-A + 0=C V. H-0-C-0=C A"

H H H

Eqn. 2

The mechanism with Lewis acid initiators is much more difficult to

explain and is much less well understood. Induction periods are

normally observed with these initiators. Addition of the Lewis acid

(MX^) at the carbonyl could be followed by at least two reaction

paths, Equation 3.



n

- X M-0-C+ ^
n ,1,

RCHO

(1)

X ,M-0-C+ MX
n+1 (2)

Eqn. 3

In the first reaction scheme, 1, the addition of the Lewis acid is

followed by attack at the electrophil ic carbon atom by the oxygen atom

of the aldehyde monomer to form a new electrophil ic center with pro-

pagation continuing in a similar manner. This mechanism would require

an increasing degree of charge separation unless some sort of head-to-

tail arrangement of the growing polymer chains is assumed.

Rearrangement of the initial adduct followed by reaction of the

rearranged adduct with a second molecule of Lewis acid to form a

carbenium ion complex salt, 2, has been speculated to explain the

initiation when BF^ is the Lewis acid^"^. However, there is no suppor-

tive experimental evidence. The monomeric aldehyde could then react

with the complex to form an initiated chain with propagation occurring

in the usual way with a definite gegenion.

Very little is known about the occurrence of chain transfer during

the cationic polymerization of aliphatic aldehydes. The very high

molecular weights achievable in the cationic polymerization of

23
acetaldehyde suggest that chain transfer reactions, if they occur, do

not efficiently compete with the propagation reaction.

3. Anionic polymerization of aliphatic aldehydes . A large number

of compounds, which belong to a variety of chemical classifications,

have been identified as initiators for the low temperature anionic



polymerization of aliphatic aldehydes. The polymers obtained from the

anionic polymerization of aliphatic aldehydes are quite insoluble and

much more crystalline than the products from the cationic polymeriza-
44

tion
.

The mechanism of polymerization of aliphatic aldehydes to

soluble, less crystalline polymers with phosphine initiators'^ has yet

to be established. Also, the length of the side chain must again be

considered. Under certain typical conditions of the anionic polymeriza-

tion, acetaldehyde yields a polymer of which 50-60% is insoluble in

common organic solvents at room temperature^^. The insoluble fraction

of the polymer from the anionic polymerization of n-butyraldehyde or

heptanal is much greater, heptanal giving an essentially completely

crystalline polymer product.

As previously mentioned, relatively stronger nucleophiles are

needed for the polymerization of higher aliphatic aldehydes as compared

1

3

to formaldehyde . Alkali alkoxides have been shown to serve well as

initiators for the polymerization of acetaldehyde and its higher homo-

25 44
logues ' . According to the overall rate of initiation and polymer

formation, the initiator activity of a number of alkali alkoxides

increased as the length or chain branching of the alkyl group of the

alkoxide was increased. Similarly, triphenyl methoxides were more

active initiators for the anionic polymerization of aliphatic aldehydes

than were benzoxides.

Alkali alkyl s and Grignard reagents have also been reported to be

initiators for the polymerization of aliphatic aldehydes. Initiation

by either of these classes of compounds can be viewed as alkoxide

initiation since these compounds are known to react with an aldehyde at



low temperature to form an alkoxide"^^ which would be the actual initia-

tor specie. Similarly, benzophenone ketyls and Na-DMF complex are

known to be initiators for higher aliphatic aldehyde polymerization.

There are several features of the anionic polymerization of

aliphatic aldehydes that should be mentioned at this point. First,

crystalline polyaldehyde always precipitates from the polymerization

mixture during the anionic polymerization reaction. Secondly, once

this precipitation occurs, the remaining yet unreacted monomer is not

distributed uniformly throughout the polymerization mixture but is

absorbed in the precipitated polymer. Furthermore, the extent of

swelling of the precipitated polymer by monomer depends upon both the

nature of the solvent and the length of the alkyl group of the aliphatic

aldehyde.

As mentioned in section B.2., crystalline, insoluble polymers of

aliphatic aldehydes have been prepared with aluminum alkyl initiators

under properly selected reaction conditions'^' Although the overall

mechanism of the initiation reaction and the nature of the initiating

specie with these initiators are not yet well understood, the poly-

merization may be cationic or anionic in nature depending upon the

exact reaction conditions.

Tani'^' has reported the preparation of initiators for the

polymerization of aliphatic aldehydes to crystalline insoluble polymers

by the reaction of aluminum alkyls, especially AlEt^, with a number of

organic compounds, in particular alcohols, amines, or ketones. The

initial reaction product is further reacted with a second molar amount

of aluminum alkyl to prepare the initiator. Similarly, the reaction



product of tri ethyl aluminum with an N-phenyl acid amide is reported to

be an excellent initiator for the polymerization of aliphatic aldehydes

to crystalline polymers^^. High yields of essentially completely

crystalline polymers are reported. Despite the detailed investigation

of the structure of the initiator and its complexes with aliphatic

51 52aldehydes » there is still uncertainty concerning the mechanism of

action of these initiators.

The generally accepted overall mechanism of the anionic polymeriza-

tion of aliphatic aldehydes with a variety of initiators can be repre-

sented by a direct scheme^^. Nucleophilic attack by the anionic

initiator at the carbonyl carbon of the aldehyde forms a new alk-

oxide^^' The alkoxy substituted alkoxide can then propagate by a

series of similar attacks, Equation 4. Failure of a given compound to

effect the polymerization of aliphatic aldehydes could be due to either

the failure of the intended initiator to add at the carbonyl of the

monomer and establish a favorable equilibrium or the inability of the

products of the initiation reaction to propagate.

. Ijl . n+1 RCHO I;! H ^
X + RCHO ^ =± X-C-0"m\ ^

X-C-0-f-CH(R)-0-^C-Q"M
k R "

1^

Eqn. 4

The propagation reaction, as outlined, proceeds with a specific

gegenion. The nature of the gegenion and its interaction with the

active chain end is known to play a significant role in the ionic

53
polymerization of many vinyl and diene monomers . The anionic poly-

merization of aliphatic aldehydes with alkali metal alkoxides and other

initiators with different alkali metal cations has been investigated



with n-butyraldehyde as the monomer^S. Any differences in the results

between the polymerizations with various initiators could be accredited

to differences in the solubility of the initiators as the identity of

the alkali metal was changed. In all cases a highly crystalline polymer

with no soluble fraction was obtained^^'

In the initial investigations of the polymerization of higher

aliphatic aldehydes no polymers of aldehydes higher than octanal were
25

reported
. It was suggested that higher melting aldehydes with longer

side chains (e.g. decanal) might not be capable of polymerization by

low temperature anionic solution polymerization because the rate of

crystallization of monomer from its solution would effectively compete

with the rate of polymerization at temperatures near or below the

ceiling temperature.

The nature of the solvent is an important factor in the anionic

polymerization of aliphatic aldehydes. The low temperature anionic

polymerization is best conducted in solvents of low dielectric constant.

Solvents with higher dielectric constants have been found to adversely

affect the monomer - polymer equilibrium and their use results in a

25
decrease in polymer yield . Although the nature of the gegenion

appears to exert little influence in the anionic polymerization of

aliphatic aldehydes by alkali metal compounds in solvents of low

dielectric constant, solvents with high dielectric constants, which

could be expected to promote extensive dissociation of the ionic chain

ends (e.g. acetonitrile, DMF), are unsuitable in anionic aldehyde

polymerization. At best only trace yields of polymer have been

1 7 54
obtained in such solvents '
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Although ethers in general are poor solvents for the anionic poly-

merization of aliphatic aldehydes, acetaldehyde may be polymerized with

LiAlH^ in ether to give a polymer with a substantial crystalline frac-

tion. Indeed, the first isotactic polyacetaldehyde was prepared with

this system in 1958. In this light it is noted with some curiosity

55
that Sumitom has reported that n-valeraldehyde is polymerized in

THF with Li-benzophenone complex to give a polymer apparently having

much lower crystall inity than the same polymer prepared with alkoxide

initiators in solvents such as propylene^^ or methyl cyclohexane^^.

The low temperature anionic polymerization of aliphatic aldehydes

with most initiators is substantially free of side reactions. Water,

carboxcyclic acid, alcohol, or other protic impurities in the solvent

or monomer react to consume one equivalent of the anionic initiator.

However, n-butyraldehyde contaminated with 1.7 mole% butyric acid was

polymerized to 2.5% conversion with 0.15 mole% K?i^CO initiator at -75°C

21
in pentane solvent . Incomplete neutralization of the catalyst at the

low temperature in the low dielectric constant solvent was cited as the

reason for the residual initiator activity.

Chain transfer in anionic polymerization of aliphatic aldehydes

has been discussed to a greater extent than for the case of the cationic

polymerization. The conversions attainable in the anionic polymeriza-

tion are comparable to those obtained by the cationic polymerization,

however the molecular weights of the anionic polymers tend to be

relatively lower. This observation would indicate a greater importance

of chain transfer in the anionic polymerization. Effective chain

transfer, i.e. cessation of growth of an individual polymer chain but



continuation of the kinetic chain, requires that a new anion capable

of initiating a new polymer chain be formed in the chain transfer reac-

tion. A number of reactions have been cited as potential chain transfer

reactions in the anionic polymerization of aliphatic aldehydes.

Compounds such as those previously mentioned, which possess labile

protons and which are not consumed in the embrionic stages of the poly-

merization reaction, might be expected to function as chain transfer

agents. However, depending on their amount and how such agents were

introduced into the system, the conversion of monomer to polymer was

found to be decreased to a greater or lesser extent in the presence of

such compounds but the molecular weight of the polymer was not signifi-

cantly altered^^

.

Chain transfer in anionic aldehyde polymerization might also occur

by a proton transfer reaction involving the protons of the carbon

atom a to the carbonyl of the aldehyde monomer. The alkoxide anion

at the end of a growing polymer chain, acting as a base, could remove

an a proton of the aldehyde monomer (or a hydroxyl proton of its enol

tautomer) to give a hydroxyl terminated polymer chain and the enolate

anion of the aliphatic aldehyde monomer. The aldehyde enolate anion,

which is postulated to be the actual initiator in the polymerization of

aliphatic aldehydes with alkali metal initiators, could then reinitiate

aldehyde polymerization to give a polyaldehyde with one enol ether

21
endgroup .

A hydride transfer reaction, similar to that proposed in the

56
mechanism of the Cannizzaro, Tischenko, and related reactions , can

also be considered as a possible chain transfer reaction, Equation 5.
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The alkoxide formed could act to reinitiate a new polymer chain.

P"M H

+^C=0
R H

> -o-(f + H-(|:-oV
R R

Eqn. 5

Such a reaction, in which a polymer chain with one stable ester

endgroup is formed directly, could account for the observation that a

small (3-6%) fraction of more stable polyaldehyde was isolated if the

raw uncapped polymer was degraded in hot tetrahydronapthalene^^.

If great care is taken to suppress the level of impurities in the

polymerization mixture the equilibrium anionic polymerization of ali-

phatic aldehydes may proceed in an unterminated or "living" system^^

.

However, as previously mentioned, the crystalline polymer always pre-

cipitates during the polymerization reaction and a number of polymer

chains become effectively terminated by occlusion of the active end.

4. Chemical structure of the polyaldehydes and stability of the

polymer . The polyacetal structure of the polymers formed by the low

temperature ionic polymerization of aliphatic aldehydes has now been

accepted for all aldehyde polymers prepared by cationic or anionic

polymerization. Polymers from the crystallization polymerization of

acetaldehyde and high pressure polymerization of higher aliphatic

aldehydes are the same and their structure was first suggested^'

by analogy with polyoxymethylene from formaldehyde, on the basis of the

facile polymerization-depolymerization reaction and infrared data.

Novak and Whalley reinvestigated the polymerization of higher

aliphatic aldehydes at elevated pressures (10 kb.) and evaluated the

infrared absorption spectras of the viscous oils or brittle, waxy



solid polymers^' ^6, 57^ ^^^^ ^^^^^ ^^^.^^ 1200-800 cm.""'

(1132-, 1087-, 1040-, 955-cm."'' ) were assigned to fundamental skeletal

stretching bands of C-0 bonds in a polyacetal backbone and the authors

reached conclusions similar to those reported by Sutherland^^. The

results of later work with other compounds having the 0-C-O-C linkage^^

are in agreement with the assignments made by Novak and Whalley. The

infrared spectra of soluble amorphous and insoluble crystalline poly-

aldehydes prepared by other methods compare favorably with these

results.

PMR spectroscopy of soluble polyaldehydes , particularly elastomeric

polyacetaldehyde prepared by low temperature solution polymerization

with BF^ initiator, further indicates the polyacetal structure of the

59
polyaldehydes

. A fairly broad absorption was recorded near 5.10 8

which could conveniently be assigned to resonance of protons in the

structure -0-(R)CH-0-. Such an assignment agrees well with line

positions recorded in the spectrum of polyoxymethylene, aldehyde cyclic

trimers, and polymers of cyclic formal s.

Polyaldehydes degrade easily in acid solution and if this is

conducted in the presence of 2,4-dinitrophenylhydrazine a near quan-

titative yield of the hydrazone of the aliphatic aldehyde monomer

1

5

results . This observation further confirmed the polyacetal structure.

Polyaldehydes, freshly prepared, are intrinsically thermally un-

stable. The thermal instability is even more acutely noted in

15 25
solution ' . The stability of polyaldehydes can be substantially

21 25
increased by endcapping of the polymers with more stable groups '

'

fin
. In general the polymers are not soluble under the conditions of



20

the endcapping reaction. Because of this and various other factors the

results of the endcapping reactions are not always well reproducable.

Endcapping alone does not always provide ultimate stabilization of

the polyaldehydes which are further susceptible to random clevage by

acidolysis or by autooxidation. Antioxidants and thermal stabilizers^^

must be added in order to provide ultimate stabilization of polyalde-

hydes. Samples of polyaldehydes which are well capped and protected

with other stabilizers are sufficiently stable so that they may be

brought into solution at temperatures of 100°C or above.

5. Stereochemistry of the aldehyde polymerization reaction and

the solid state structures of the polymers . The necessity of regularity

in macromolecular architecture in terms of both chemical constitution

and spatial distribution of atoms is a well known and generally accepted

condition in order to achieve crystallinity in high polymers. Head to

tail polymers from monomers of the type RCH=X (X =CH2;0) are capable

of existing in two stereoregular configurations which have the requisite

regularity and symmetry in the succession of monomer units^^. Deli-

berate attempts to prepare stereoregular polymers from aliphatic alde-

hyde monomers, analogous to those known from vinyl monomers, led to the

nearly simultaneous announcement of the preparation of crystalline,

presumably stereoregular, polymers from higher aliphatic aldehydes by

Vogl^^' Natta^^ and Furukawa^^.

By means of detailed x-ray investigations Natta and coworkers^^

conclusively demonstrated the isotactic structure of the crystalline

polymers of the lower members of the aliphatic aldehyde homologous

22
series and have determined their crystal structure. PMR and



x-ray^7, 68 investigations have shown that the crystalline polymer ob-

tained from the anionic polymerization of heptanal is similar in

regards to the structure of the backbone chain.

A number of factors must be considered in discussing stereoregula-

tion in the propagation reactions. The structuration of the aliphatic

aldehyde molecules in solution at low temperature^^, particularly in

the vicinity of the growing chain end, is one factor that is important

but is not always considered. Similarly, possible aggregation of the

alkali metal gegenion with other initiator molecules, particularly when

lithium is the cation, is another factor that does not always receive

proper attention. Furthermore, stereoregular polymer always precipi-

tates early in the polymerization reaction and apparently encumbers

monomer from its solution. One mechanism for the stereoregular anionic

polymerization of aliphatic aldehydes has been proposed in which more

than one monomer molecule is involved in the transition state and in

which coordination of the oxygen atom of the prepenul timate unit with

the gegenion would allow the growth of the polymer chain directly in

a helical conformation^^' .

The stereoregulation in aldehyde polymerization has been shown to

increase as the length of the alkyl group of the aliphatic aldehyde is

increased. The detailed interrelation of these various factors in

controlling the attainment of a proper rate of polymerization has been

suggested to play a critical role in the stereoselectivity of aldehyde

polymerizations^^.

Stereoregulation is not as important in the cationic polymerization

as in the anionic polymerization and only vanishingly small amounts of



crystalline polyacetal dehyde may be obtained by cationic polymerization

under very selected conditions. Somewhat larger proportions of crys-

talline polymer may be obtained from the cationic polymerization of

n-butyral dehyde which has a more bulky n-propyl side group; particular-

ly when halides of heavier metals (e.g. SnBr^) are the initiators.

The tact! city of amorphous elastomeric polyacetal dehyde has been

independently investigated by two groups^^' and indeed the polymer

was found to possess more than one type of stereochemical sequence in

the backbone. Further examinations^^ indicated that elastomeric

polyacetal dehyde was largely atactic but did contain a relative excess

of isotactic triads.

The crystal structure of the isotactic polymers of certain lower

members of the aliphatic aldehyde homologous series, with up to 4 car-

bon atoms in the side chain, has been determined^^. More recently^^

the crystal structure of isotactic polyheptanal has also been reported.

The isotactic polymers of the lower aldehydes have a helical conforma-

tion in the solid state with four monomer units in one turn of the

helix. The helices of isotactic polymer pack together in a tetragonal

unit cell in which there is four macromolecular chains. The screw

sense of the helices alternate within the unit cell such that the

nearest neighbors of any one polymer chain have the same helical sense

which is opposite to that of the helix in question. The identity

period along the helix axis, the c dimension of the unit cell, assumes

0
a constant value of 4.8A for the polymers of the lower normal aliphatic

aldehydes while the remaining dimension of the unit cell (a=b) increases

in a regular way. The identity period for polyaldehydes with branched



side chains is slightly greater than the value for the polymers with

unbranched sidechains.

The x-ray data from powder patterns and oriented samples of poly-

heptanal may be interpreted in terms of a model of the crystal structure

of the polymer which is very similar to that of polybutanal . Two

important differences are noted in comparing the crystal structures of

the two polymers. First, the c spacing of crystalline polyheptanal

,

4.52A. is slightly smaller than that of polybutanal, 4.79A, and second,

the polymer chains of polyheptanal are rotated about the helix axis

through an angle of ca. 13° with respect to the polymer chains of poly-

butanal. Both these differences have been related to the packing

requirements of the longer alkyl side chains of polyheptanal.

Throughout the preceeding discussions in this chapter the role or

influence of the side chain of the aliphatic aldehyde has been referred

to in a number of instances. In following discussions even more em-

phasis will be placed on the effect of the size or bulk of the side

chain of the polymer upon various aspects of the chemistry and physical

properties of polyaldehydes.

6. Physical properties of aliphatic aldehyde polymers . Certain

of the physical properties of a polymer may be influenced by its

molecular weight. Molecular weights of 10^-10^ may be achieved in the

polymerization of acetaldehyde to the amorphous polymer. In general,

polymers of relatively lower molecular weight are formed in anionic

polymerization of aliphatic aldehydes to crystalline polymers^^. The

crystalline polymers may be sufficiently stabilized to allow the

solution viscosities of the polymers to be determined. The inherent



viscosities of 0.5 g./dl. solutions of the stereoregular polymers in

tetralin are normally reported to be in the range of 0.35 dl./g.,

although an inherent viscosity of 0.83 dl./g. for some samples of

anionically prepared polybutanal has been reported^^ The inherent

viscosity determined for polymers of higher aliphatic aldehydes with

longer side chains (e.g. polyheptanal
) may be anomalously higher than

that for a polyaldehyde with a shorter side chain prepared under iden-

tical conditions'^.

The solubility characteristics of polyaldehydes are notably in-

fluenced by the length of the polymer side chain. Gel points of

solutions (5% solids) of various polyaldehydes with n-alkyl side chains

are given graphically in Figure l''^ The value for iso-butyraldehyde

is also included. The polymer and solvent were heated to effect

solution and then cooled until opalescence was just noted. The poly-

aldehydes with longer side chains are also affected by a larger number

of common organic solvents, at least to the point of limited swelling.

The melting points of the homologous series of polyaldehydes,

where the homologous series develops in the side chain, were found to

vary with the length and branching of the side chain in much the same

manner as was observed in the case of the corresponding olefin polymers.

The melting point of the polyaldehyde appeared to increase in passing

from polyacetaldehyde (m.p. 165°C, 180°C)''^ to polypropanal (m.p. 185°C)

to polybutanal (m.p. 225°C)'^. The melting point of poly(iso-butyr-

aldehyde) has been estimated to be greater than 260°C but the polymer

degraded substantially before melting. The melting point of poly-

pentanal (155°C) is lower than that of polybutanal. When the melting
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point of polypentanal was first investigated it was found that a n

transition could be observed in the polymer at 85°C, a temperatu

well below the ultimate melting point of the polymer. Similarly, two

transitions were observed for polyheptanal (75°C, 15o\); only one was

reported for polyoctanal. The first, lower temperature transitions

were speculated as arising from transitions which involved the aliphatic

side chains of the polymers^^.

The multiple or dual melting behavior of aliphatic polyaldehydes

has more recently been investigated in greater detail and the original

speculation that the first melting range reflected transitions which

primarily involved the aliphatic side chains has been substantiated''^'

76
. The most detailed work published to date concerning aliphatic

aldehyde polymers with longer side chains has emphasized polyheptanal^^.

Two transition regions were clearly identified by a combination of

differential scanning calorimety (DSC), thermomechanical analysis (TMA),

and optical microscopy in samples of crystalline polypentanal, poly-

hexanal, polyheptanal, and polyoctanal. When heated to a temperature

within or slightly above the first melting range the brittleness of the

long side chain polymers decreased markedly and the polymers could be

extruded at these temperatures^^' The effect of thermal and

mechanical history on the details of the first, lower temperature

transition of several of these polymers has been investigated^^. The

thermal instability of the polymers has precluded the investigation of

the melting behavior of polyaldehydes in the temperature region of the

second, or ultimate melting transition which involves the backbone

chains of the polymer.



The DSC thermograms in the temperature range of the first transi-

tion region of the higher aliphatic polyaldehydes normally appeared as

a series of endothermic peaks or peaks with shoulders which covered a

range of 30-40°C. The favorable comparison of the thermodynamic data,
78suitably modified

, for the transitions of the aliphatic polyaldehydes

in the first melting region with literature data for the fusion of

n-paraffins gave further support to the concept of side chain crystal-

lization in these polymers. The occurrence of recrystallization or

reorganizational phenomena associated with the first, or side chain,

melting of polyaldehydes with 4 or more carbon atoms in the side chain

was also indicated^^. The transitions in the first melting region of

polyheptanal were significantly suppressed by thermomechanical treat-

ment, such as extrusion, which introduces considerable orientation into

the still highly crystalline polymer.

Thermal and x-ray investigations on polyaldehydes indicated that,

at least up to polyoctanal , both the backbone and less polar paraffinic

side chains contribute in a number of ways to determining the structure

and properties of the polymers. It is reasonable to assume that the

relative importance of the main and side chains in influencing the

melting behavior and structure of the polymers will shift more and more

to the paraffinic side chains in polyaldehydes with still longer side

chains.

7. Copolymers of aliphatic aldehydes . A number of copolymers of

aliphatic aldehydes have been reported. In many instances results were

reported for unrefined or unfractionated copolymerization products and

hence there is substantial doubt as to the composition of the product



and extent of copolymerization.

Elastomeric polyacetals with variable physical and mechanical pro-

perties were reportedly obtained by the copolymerization of acetaldehyde

and formal dehyde79. 80_ ^.^^
acetaldehyde was

copolymerized with up to 15% of an aliphatic aldehyde comonomer, in-

cluding normal and iso-valeraldehydes. Aldehydes having multiple

bonds, aromatic structures, or other functional groups conjugated with

the aldehyde carbonyl
. which do not form homopolyaldehydes, are repor-

tedly unreactive in copolymerization^^'

Of greater interest to discussions in this thesis are reports

concerning crystalline binary copolymers of various members of the

higher aliphatic aldehyde homologous series. Various pairs of the

aliphatic aldehydes; acetaldehyde/propionaldehyde, and acetaldehyde/bu-

tyraldehyde were copolymerized with an Et^Al - diphenylacetamide cata-

lyst. The c lattice spacing of the crystalline copolymers was invariant

while the a spacing was claimed to vary linearly with copolymer compo-

sition. The crystal structure of the homopolymers are known to be very

similar and the data from the copolymers was taken to indicate an iso-

morphism of monomer units in the crystalline copolymers'^. The x-ray

diffraction diagrams of n-butyraldehyde / n-heptaldehyde copolymers

also showed a variation with comonomer content. The product of the 7:3

copolymerization originally showed no reflections at 2^<12°, however,

strong reflections were observed in this region if the copolymer was

annealed.

Copolymers of aliphatic aldehydes with isocyanates ' and with

aldehydes having various functionalities in the side group have also



been reported.

C. Other Aldehyde Polymers

The polymerization of several substituted aldehydes, besides

branched aliphatic aldehydes, such as phenylacetaldehyde and cyclohex-

aldehyde was reported at the same time the polymerization of aliphatic

aldehydes was reported in greater detail^^ The polymerization of

aliphatic aldehydes having alkylthio substituents has also been repor-
86 87ted

' and the kinetics and mechanism of the polymerization of these

monomers with aluminum alkyl initiators has been studied^^. The poly-

merization of a number of alkoxy substituted aldehydes^^' as well

as cyano, acetoxy, and carbomethoxy substituted propionaldehydes^^

'

has likewise been investigated.

The polymerization of a number of dialdehydes such as glyoxal^^,

succinaldehyde^^' and glutaraldehyde^^' has been reported. The

structure of the polymer of glyoxal is ill defined. Succinaldehyde and

glutaraldehyde give polymers wi th a -oxyfuran ora-oxypyran repeat units

in the polymer backbone. Similarly, phthal aldehyde and malealdehyde

have been polymerized to give polymers with cyclic repeat units^^'

100

D. Comb-like Polymers and Side Chain Crystallization

Polymers having the general structure suggested in Figure 2 can

be considered to be members of a class of polymers which is inter-

mediary between the linear and branched macromolecules. These long

side chain or "comb-like" polymers consist of two structural entities;
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the contiguous polymer backbone and a side chain attached to eacy poly-

mer repeat unit. The way in which the two types of units are joined is

another consideration which can have some significance.

Figure 2: Schematic Representation of a Comb Like Macromolecule

Such comb like polymers have been known for a number of

years^^^* and a number of different polymer types have been reported

including poly(a-olefins)^^^'
, poly(n-alkylacrylates) and

poly(n-alkylmethacrylates)^^' poly(vinyl esters)^^' poly(n-

alkyl butadienes)^^^, poly(n-alkylacrylamides)^^' and poly(N-n-

IIP
alkyl hexamethylenemalonamides) . In the case of the vinyl type

polymers, comb like polymers having differing tacticity of the main

chain are reported, however, in most instances the stereoregularity of

the backbone chain is unknown.

113
Plate and Shibaev have given a review, with 345 references,

concerning the structure, fusion behavior, molecular mobility, deforma-

tion properties, and dilute and concentrated solution properties of

comb like macromolecules . In the remainder of this section most of the

discussion will be concerned with the structure and fusion of long side



chain polymers.

Perhaps the first type of comb like macromolecules whose solid

state structure was investigated in some detail are the poly(a-olefins)

Polymers of this class have a polymethylene backbone with a long normal

aliphatic side chain on every other carbon atom of the backbone chain.

Typically, the polymers were prepared by Ziegler-Natta type initiation

which presumedly resulted in highly stereoregular polymers. Frequently

insufficient attention was paid to fractionation of the polymers and

possible contamination of the polymer samples with fractions of lower

stereoregularity.

Turner-Jones''^^' '^^^
investigated the solid state structure of a

series of poly(a-olefins) from poly(l -hexene) (4 side chain carbon

atoms) up to poly(l -octadecene) (16 side chain carbon atoms) which were

prepared, under unspecified conditions, with the reaction product of

TiCl^ with the reaction product of 1 mole quantity of LiAlH^ with 4

mole quantities of the olefin to be polymerized as the catalyst^^^.

The polymers with 4-6 side chain carbon atoms were found to be diffi-

cultly crystal lizable, stretching of the polymers at low temperatures

(T= -10°C or below) for up to 1 week was normally required to induce

crystallization in samples of such polymers. The crystalline polymers

with 12 or more side chain carbon atoms were found to be capable of

existing in two forms which Turner-Jones designated Type I and Type II.

Only one form could be defined for the polymers of intermediate side

chain length, such as poly(l-dodecene) , and this form was believed to

be essentially the same as Type I of the longer side chain polymers.

Type I, typified by quenched samples, was characterized by



spacings of 4.2A and 4.7A. Furthermore, the long spacings of Type I

varied linearly with the length of the alkyl group and gave slightly

diffuse reflections. Type II, typified by slow cooled samples, was

characterized by strong reflections corresponding to spacings of 3.57A

and 4.22A. The reflections of long period spacings of Type II were

sharper than for Type I and, for a fixed number of side chain atoms,

the Type II long spacings were smaller. Turner-Jones suggested that in

Type I the side chains are less efficiently packed and are disposed at

right angles to the backbone chain which is likely in a helical confor-

mation. Type II was suggested to involve more efficient side chain

packing. An orthorhombic unit cell, in which the side chains are

slanted with respect to the axis of the main chain helix, was assumed

for Type II.

More recently, the melting transitions of a series of presumed

isotactic poly(a-olefins) was investigated by DSC and DTA and many of

the general observations of Turner-Jones were confirmed^ Two endo-

thermic transitions (T^ ; T^) and one exothermic transition (T2)

(T^Z_T2Z_T2) could be observed by DSC and DTA in melt quenched samples

of poly(a-olefins) having 12-20 side chain carbon atoms. At tempera-

tures below T-j the x-ray diagrams of all samples were characterized by

relatively broad diffraction maxima, the most intense of which

0
corresponded to a spacing of 4.2A. If the samples were well annealed

at a temperature T* {']2^L.'\*Ll^) a greater number of much sharper

diffraction maxima could be observed. The authors suggested that the

crystall inity in quenched samples at temperatures below T^ was pri-

marily due to exclusive crystallization of the outer methylene groups



of the side chains. It was suggested that the side chain crystallites

melt in the region of and, with further heating, a new crystal

structure develops (exotherm at T^) which involves both main chains and

side chains in an orthorhombic lattice. The new crystal structure then

melts at temperature T3. Depending upon the thermal history and the

length of the side chain both types of crystalline structures existed

in various relative proportions in samples at temperatures below .

Very similar observations had been made by Aubrey and Barnatt^^^

for the case of poly(l -octadecene) prepared with a Ziegler-Natta type

initiator. A fraction of the polymer (53%) was soluble in n-hexane

at room temperature and could be extracted from the native polymer.

The DTA thermogram of a slow cooled sample of the hexane soluble frac-

tion showed only one narrow peak at 41.5°C. A slow cooled sample of the

hexane insoluble fraction showed two endothermic peaks, one at 41.5°C

(with small low temperature shoulder) which overlapped with a slightly

broader endotherm which peaked at 68°C.

The conclusions of Trafara et al^^^ were different from those of

Turner-Jones, at least in regards to the primary nature of the crys-

tal! inity in quenched (Turner-Jones Type I predominates) samples of

long side chain poly(a-olefins) . Turner-Jones had previously refuted

the idea of exclusive side chain crystallinity in poly(a-olefins)^^^.

The agreement concerning the nature of the macromolecular packing and

crystallinity of slow cooled or well annealed (Turner-Jones Type II

predominates) samples of poly (a-olefins) was very close. Some

literature data concerning the structure and fusion of comb like

poly(a-olefins) is collected Table 1.
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TABLE 1

Transitio n Temperatures and Long Period
Spacmqs ot Long-Chain Po1y(a-olifijiT

'

Polymer Transi ti on Temperatures^

in C

X-Ray Long Spacing^

in A

'2 ^3 Form I Form II

Poly(l-dodecene)
29.5

Poly(l-tetradecene) 3 1.4 54 34.5 28.0

Poly(l-pentadecene) 13 20 59

Poly(l-hexadecene) 28 31 63 39.5 31.6

Poly(l-octadecene) 43
(41)'

46 71

(68)'
44.5 35.2

Poly(l-docosene) 69 72 92

Average increase
per -CH2-

10^ 4^ 2.5 1.8

Data of reference 115

^ Data of reference 114

Data of reference 116



Comb like poly(n-alkyl acrylates), poly(n-alkyl methacryl ates) and

poly{vinyl esters) are also known, as are comb like poly{n-alkyl vinyl

ethers), and a considerable effort has been concentrated on such poly-

mers. These polymers were prepared by polymerization of the corres-

ponding vinyl monomers. The structure and properties of these polymers

were the primary focus of a previously mentioned extensive review

article^^^. The experimental evidence available overwhelmingly supports

the generally accepted conclusion that crystall inity in the comb like

acrylate, methacrylate, vinyl ester, and vinyl ether polymers arises

solely from crystallization of the outer paraffinic methylene groups

without a definable participation of the backbone chains. In some

cases^^^ a deliberate attempt has been made to prepare and investigate

stereoregular, isotactic long side chain acrylate polymers. However,

even in those cases where a significant but undefined stereoregularity

was achieved, the crystallization of the polymers still exclusively

involved the side chains.

The x-ray diffraction diagrams of all the comb like polymers of

these types were extremely similar and showed characteristic reflec-

0 0 0
tions corresponding to spacings of 2.1A, 2.4A, and 4.2A. The mode of

packing, common to all these polymers, is one in which the side chains

are hexagonal ly packed in a manner which is very similar to the mode

118
of packing which has been observed for n-paraffins and low molecular

weight compounds with long n-aliphatic chains. Normally, two long

period reflections were recorded for the crystalline polymers (d^

,

d-|Ad2; after Plate^'''^). The values of the spacings increased in a

linear way as the length of the side chain increased. For the comb like



acrylate. vinyl ester, and vinyl ether polymers the intensity of the

reflection corresponding to d^ was much stronger than that correspon-

ding to d^; this order of intensities was reversed for the comb like

poly(n-alkyl methacrylates)

.

By comparison with low molecular weight compounds having long

n-aliphatic groups and because the spacings calculated assuming an ex-

tended conformation of the side chain agreed very well with the observed

values it has been concluded that two types of arrangements of the

hexagonal ly packed side chains may occur. A two layer type of arrange-

ment is believed to predominate in the acrylate, vinyl ester, and vinyl

ether polymers, whereas a one layer type of arrangement is believed to

predominate in the case of the methacrylate polymers. However, both

types of arrangements were thought to coexist in all the comb like

polymers being discussed here. The volume and conformational require-

ments of the stiffer methacrylate backbone chain impose greater restric-

tions on conformational changes of the side chain at the attachment

bridge, thus hindering the attainment of an extended conformation in

the side chains and thereby influencing their packing. Other situa-

tions such as quenching, which also would be expected to adversely

affect packing, similarly promoted the one layer type of packing.

78
Jordan has investigated the fusion behavior of polymers of long

chain acrylates, acryl amides, and vinyl esters and found that the

observed heats of fusion of the polymers could be fitted by an equation

of the form of Equation 6;

AH^ (cal/mole) = Ah^ + a(n)

Eqn. 6



whereAH^ is a constant, reflecting contributions of chain (or side

chain) ends; a is the slope of the line, in cal . mole'l- CH^. and repre

sents the increment in the heat of fusion per methylene unit; and n is

the number of methylene units in the side chain of each repeat unit,

counting the terminal methyl group.

The similarity in the way the several measured and derived thermo-

dynamic variables depend upon n between the long side chain polymers

and the n paraffins of similar number of methylene groups and the simi-

larity between the hexagonal packing of the side chains and the analo-

gous structuration of n-paraffins just below their melting point

suggested that the thermodynamic data for the a -1 transition of the
118

n-paraffins might suitably fit the melting transitions of the side
70

chains. Indeed, Jordan has estimated the crystal linity of the side

chains and the average number of methylene groups per side chain par-

ticipating in crystallization for several types of comb like polymers

by assuming a model for the side chain crystallization based upon the

a^-1 transition of n-paraffins. The calculated value of the average

number of crystallizing methylene groups per side chain compared

reasonably well with the number indicated by the value of n atAH=0,

Equation 6.

The effect of certain solvents on the heat of fusion of the long

side chain polymers was taken as further evidence that only the outer

paraffinic methylene groups participate in the crystallization of the

polymers and served to further illustrate the more subtle role of the

side chain attachment bridges in influencing side chain crystalliza-

tion. The heats of fusion and shapes of the DSC thermograms were very



similar for the poly(n-alkyl acrylates) and poly(vinyl esters) of

essentially the same side chain length. However, the heats of fusion

were lower and the fusion endotherms broader for the poly(n-alkyl acry-

lamides) as compared to their acrylate and vinyl ester counterparts.

If the long side ghain polyacrylamides were treated with methanol, a

non-solvent for the polymers, the fusion endotherms became more narrow,

the peak temperature increased slightly, and the heats of fusion of the

polyacrylamides much more closely resembled the heat of fusion of the

acrylate or vinyl ester polymers of similar side chain length. The

methanol was believed to act by selectively solvating the polar groups

attached to the backbone chain thereby allowing more methylene groups to

enter into hexagonal ly packed crystallites of more narrow size

distribution.

The heats of fusion of copolymers of n-alkyl acrylates whose homo-

polymers exhibit side chain crystallization vary with composition in a

nearly linear way over the entire composition range. The heats of

fusion of copolymers of long chain acrylates with short chain acrylates

(e.g. ethyl acrylate) decrease regularly with increasing content of

short chain comonomer, following a pattern which corresponds to a

119
simple dilution of the crystalline component

For the comb like acrylate, methacrylate, vinyl ester, vinyl ether,

and acrylamide polymers a side chain length of 10-12 carbon atoms was

required in order to observe the phenomenon of side chain crystalliza-

tion. In the case of poly(a-olefins) , prepared with Ziegler-Natta type

initiators, it was very difficult to detect crystall inity in polymers

having 4 to 7 carbon atoms in the side chain, whereas crystalline



poly(a-olefins) with 12 or more side chain carbon ato.s were known to

exist in two forms. In one of these forms the crystallization of the

polymer may well be controlled by the polymer side chains.

Higher aliphatic aldehyde polymers, which were shown to be highly

isotactic when these were prepared with certain soluble anionic

initiators, exhibited transitions which were best attributed to

"melting" of the paraffinic side chains at side chain lengths as short

as 4 carbon atoms^^, 76^ ^^^^ ^.^^ polyal dehydes are perhaps more

similar to the poly(a-olefins) than the other types of comb like poly-

mers in that there is no attachment bridge or spacer group between the

backbone and the side chain. However the poly(a-olefins) and the poly-

aldehydes are notably different in that the polarities of the main and

side chains are different in the case of the isotactic polyal dehydes

.

Furthermore, for the lower members of the respective homologous series,

the melting point of the polyaldehyde is always greater than the melting

point of the corresponding polyolefin.

In the case of crystalline polyheptanal two transition regions

have been established. The transitions of the first transition region

(70°C to 100°C) have been associated with the melting of the side

chains which are packed in a loose hexagonal array^^. Data for the

first transitions of a number of polyaldehydes (up to n-octaldehyde)

gave values for a number of thermodynamic quantities which resembled

the values for thea^-1 transition of n-paraffins. Evidence from

68
x-ray investigations strongly suggested that polyheptanal may exist

in a crystalline form in which both the main chains and side chains

participate in the crystal lattice. The observation of two transition



regions for higher aliphatic polyal dehydes and the subtle difference in

crystal structure between polyheptanal and, for example, polypropanal

indicate an increasing influence of the aliphatic side chain on the

polymer crystallization.

The question may then be posed; if polyaldehydes having still

longer side chains could be prepared, might some side chain length be

reached where the crystallization of the polyaldehydes would be con-

trolled by the packing requirements of the paraffinic side chains?

The synthesis and characterization of polyaldehydes having side chain

lengths greater than those previously reported forms the subject of

this thesis.
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was operated in the temperature programmed rather than the isothermal

mode. The initial and final column oven temperatures and the heating

rate were varied according to the aldehyde being analyzed. All other

gas chromatographic analyses were conducted isothermally employing a

3' X 1/8" (91.4 X 0.318cm.) Porapak Q column. Helium (60 psig. inlet

pressure) was used as the carrier gas at a flow rate of 30ml. /min..

Thermogravimetric analyses were performed with a Perkin-Elmer Model

TGS-1 thermobalance with UU-1 temperature programmer (Perkin-Elmer

Corporation, Norwalk, Conn.). The temperature scale of the programmer

was calibrated with the magnetic standards provided with the instrument

in order to optimize the agreement between the direct dial readout of

the temperature programmer and the instrument furnace temperature, as

indicated by transitions of the standards. The agreement over the tem-

perature range of interest could conveniently be brought to within 5°C.

Heating rates of 10°C/min. or 20°C/min. were normally employed and all

thermogravimetric measurements were performed under a 10-20 cc./min.

flow of dry Samples (2-7mg.) were weighed to the nearest 0.002mg.

into aluminum or platinum sample pans on a Mettler Micro Gram-Atic

analytical balance (Mettler Instrument Corporation, Hightstown, N.J.).

Thermal transitions in samples were investigated employing either

a Perkin-Elmer Model DSC-IB or Model DSC-2 differential scanning calori-

meter (Perkin-Elmer Corporation, Norwalk, Conn.). The temperature

scale of the instrument was calibrated at the desired heating rate by

adjusting the direct dial average temperature readout of the programmer

to correspond with the transition temperature of cyclohexane (m.p.=+6°C)

and indium (m.p.=156°C) . The suitability of the temperature calibration
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was judged by noting the observed transition temperature of either

p-nitrotoluene (m. p.=51 .5°C) or napthalene (m.p.=80.2°C) , or both.

The calibration was judged adequate if these transitions were observed

within 3°C of their reported values.

Samples were contained in sealed, volatile style sample pans

fabricated of aluminum. Similar sample pans, fabricated of gold, were

employed for the DSC investigation of aldehyde monomers. Prior to their

use, all sample pans were washed with CHCI3 and dried. Powder, clump,

or filament samples were placed into tare weighed sample pan assemblies,

the pans were sealed and then reweighed to determine the sample weight.

All weighings were made to the nearest 0.002mg. on a Mettler Micro

Gram-Atic analytical balance (Mettler Instrument Corporation, Hights-

town, N.J.).

The sample size, heating rate, ordinate sensitivity (meal s~^ for

full scale recorder pen deflection), and recorder chart speed were

varied according to the requirement and scope of the individual measure-

ment. A heating rate of 20°C/min. was most commonly employed and the

recorder chart speed was usually adjusted so that the numerical value

of the chart speed (in mm./min.) equaled twice the numerical value of

the heating rate (in deg.C/min.). All measurements were made under a

20-30cc./min. flow of dry

Peak areas were measured with plainimeter and transition enthalpies

were calculated by comparing the area under the sample peak against

the area under the fusion peak of a known weight of cyclohexane

(7.47cal ./g. ) , or indium (6.79cal ./g. )

.

In some cases changes in a sample as a function of temperature



and/or thermal transitions of a sample were visually observed employing

a polarizing light microscope equipped with a Mettler FP2 heating stage

accessory (Mettler Instrument Corporation, Hightstown, N.J.) at a pro-

grammed heating rate of lO^min. or 2Vmin.. The temperature cali-

bration of the heating stage at a heating rate of 10°C/min. was checked

with p-nitrotoluene (m.p.=51 .5°C) and benzoic acid (m.p.=122.3°C) both

of which melted within 0.5°C of the reported temperature.

A Mel-Temp capillary melting point apparatus (Laboratory Devices,

Cambridge. Mass.) was also employed for the visual determination of the

melting points of some samples. Temperatures reported from such mea-

surements are uncorrected.

X-ray diffraction diagrams were obtained with a Phillips diffrac-

tometer (North American Phillips Company, Mt. Vernon, N.Y.) employing

the flat film transmission technique and were recorded on Kodak no-

screen medical grade x-ray film (Eastman Kodak Company, Rochester,

N.Y.). Nickel filtered CuK radiation (35kV.; 20ma.) was employed with

pin-hole col umniation. Powder samples were examined as ca. 1mm. plugs

of lightly packed powder. Filament samples were examined as single

fi laments.

Vapor pressure osmometry (VPO) determinations of number average

molecular weight were normally performed in CHCl^ at 37°C by the Micro-

analysis Laboratory, Office of Research Services, University of

Massachusetts. VPO measurements conducted by the author were performed

at 37°C in benzene using an HP-302 vapor pressure osmometer (Hewlett

Packard Company, Palo Alto, Calif.), benzil was used as the standard.

Elemental analyses were performed by the Microanalysis Laboratory,
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Office of Research Services, University of Massachusetts

B. Chemicals

The following chemicals were

1. Reagents .

Acetic Anhydride (E)

Acetyl Chloride (E)

Apiezon N (J.G.B.)

Antimony Pentachloride (MCB)

Benzil (E)

Benzoic Acid (TherMetric) (F)

V Chloral (M)

Calcium Chloride-Anhydr. (F)

Calcium Hydride (F)

Cyclohexane (99 mole %) (F)

Decanal (A)

Dimethylacetamide (A)

2, 4-Dinitrophenyl hydrazine

N,N'-Di-/3-napthyl-p-phenylene-
di amine (E)

Dodecanal (A)

Drierite (Granular CaSO.,
anhyd.) (WH)

^

Hexanal (A)

Hydrochloric Acid (N/1) (F)

Lithium-t-Butoxide (AV)

obtained from the indicated sources.

p-Nitrotoluene (TherMetric) (F)

Nonanal (A)

Phosphorous Pentoxide, Granular (JTB)

Potassium Bromide, spectrophoto-
metric (H)

Potassium Hydroxide, Flake (F)

Pyridine (E)

Soda Lime (F)

Sodium, Metallic (F)

Sodium Bicarbonate (F)

Sodium Bisulfite (F)

Sodium Carbonate, Anhyd. (F)

Sodium Carbonate, Monohydrate (F)

Sodium Hydroxide, Electrolytic
pellets (F)

Sulfuric Acid (F)

Tetramethylsi lane (A)

Triethylorthoformate (E)



Magnesium Sulfate. Anhyd. (F) Undecanal

Methyl Orange (E)

Molecular Sieves-3A (MCB)

Napthalene (TherMetric) (F)

2> Solvents .

Acetic Acid, Glacial (F)

Acetone, Spectrograde (F)

Benzene, Spectrograde (F)

2-Butanol (E)

Carbontetrachloride (M)

Deuterochloroform, 1% TMS (A)

Dichloromethane (F)

Diethyl Ether (F)

Diethyl Ketone (E)

Dimethyl formamide (A)

Ethanol, 95% (F)

Glycerin (F)

n-Hexane (F)

Methanol (F)

Methyl cyclohexane (E)

1 -Octane (E)

n-Pentane (F)

2- Propanol (F)

Tetrahydronapthalene (E)

Toluene, Spectrograde (F)

3. Sources.
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A Aldrich Chemical Company, Milwaukee, Wise.

AV Alfa Products, Danvers, Mass.

E Eastman Organic Chemicals, Rochester, N.Y.

F Fischer Scientific Company, Pittsburg, Penn.

H Harshaw Chemicals, Solon, Ohio

JTB J. T. Baker Company, Phillipsburg, N.J.

J.G.B. J. G. Biddle Company, Plymouth Meeting, Penn.

MCB Matheson Coleman & Bell, Norwood, Ohio

M Montrose, Chemical Division, Boston, Mass.

WH W. H. Hammond, Xenia, Ohio

C. Purification of Reagents and Solvents

1. Aliphatic aldehyde monomers_. Depending upon the nature and

scope of the experiment in which the aliphatic aldehyde was to be

used, one of the three following purification schemes was employed.

Except where noted, all glassware, syringes, and syringe needles used

in the purification scheme, or used in subsequent handling of the

aldehyde, were soaked for several hours in warm (ca. 60°C) 2% Micro

cleaning solution (International Products Corporation, Trenton, N.J.),

rinsed well with distilled water, and dried for at least 3 hrs. in an

oven maintained at 110°C. The glassware was assembled hot and cooled

under a blanket or stream of dry N2 or, alternatively, in a dessicator

over granular P^O^. When aliphatic aldehydes were distilled a small

amount ( 0.1%) of N,N'-di-^-napthyl-p-phenylenediamine was routinely

added to the still pot. In all reduced pressure distillations of

aliphatic aldehydes a magnetic stirrer was used to maintain vigorous



agitation of the contents of the still pot,. a .anostat was normally
used to stabilize the pressure. Apiezon grease was exclusively used for
the lubrication of ground-glass surfaces.

Procedure I: The aldehyde, taken from a freshly opened stock

bottle, was stirred with sodium carbonate monohydrate (ca. 0.05g./ml.

of aldehyde) at room temperature for 3-5 hrs. under a blanket of dry

The stirrer was stopped and the suspension was pressure filtered (N

pressure) with dispatch through a coarse fritted funnel directly into

an open flask. A syringe needle connected to a source of dry and

extending through the open neck of the collection flask was used to main

tain an atmosphere of N2 over the filtrate as it was collected. The

capacity of the funnel was chosen so that the entire volume of the

suspension could be accommodated at one time.

When the filtration was complete a magnetic stirring bar and a

small amount of CaH^ (ca. 0.02g./ml. of aldehyde) was placed into the

flask containing the aldehyde. The flask was then closed with a

rectangular adapter with stopcock which was connected, via a glass tee,

to a N2 source and a mineral oil bubbler. The flask was clamped in

place in an ice bath and the contents of the flask were magnetically

stirred for 1-3 hrs. at 0°C. The stirring was discontinued, the ice

bath removed, and the flask and its contents were allowed to warm to

room temperature. The aldehyde was separated from the resulting tight

slurry by pressure filtration exactly as described above. The vessel

containing the filtered aldehyde was closed with a mating ground glass

joint fitted to a 3-way stopcock in such a way that, with proper mani-

pulation of the cock, a syringe needle could be inserted through the



stopcock directly into the vessel, giving access to the contents of the

vessel, while maintaining a stream of through the third arm of the

3-way stopcock. Approximately 85% of the original volume of crude

aldehyde was obtained. In some cases molecular sieves (3A) were added

to the aldehyde before the vessel was closed. The aldehyde was used

within 48 hrs.

.

Procedure II: In this procedure the aldehyde was treated exactly

as in procedure I excepting that, after the aldehyde was stirred with

CaH^ at 0°C, the stopcock of the rectangular adapter was closed, the

assembly disconnected from the line and removed from the ice bath,

and stored in the freezer (-15°C) overnight.

The vessel was removed from the freezer and the vessel and its

contents were allowed to warm to room temperature. A significant amount

of dark grey solid material, presumedly CaH^ and CalOH)^, remained sus-

pended in the now slightly yellow aldehyde. The suspension was pressure

filtered through a medium fritted funnel directly into an open round-

bottomed microglass flask. A syringe needle connected to a source of

dry and extending through the open neck of the flask was used to

maintain an atmosphere of over the filtrate as it was collected.

When the filtration was complete a small amount of CaH^ (<0 .005g./ml

.

of aldehyde) was added to the flask containing the filtrate and the

flask was mounted on a distillation apparatus. The distillation

apparatus was connected to a vacuum pump and the aldehyde was distilled

at reduced pressure through an 18cm. microglass Vigreux column which

was wrapped well with fiberglass insulation. A multiple fraction

cutter was employed. Normally, a fore cut amounting to 10-15% of the



pot charge and a main cut amounting to 40-60% of the pot charge were
collected.

In order to minimize possible side reactions of the aldehydes in

the still pot and, perhaps, on the glass surfaces of the distillation

apparatus, heating of the contents of the still pot was kept to a

minimum commensurate with a minimum practical distillation rate. Thus,

particularly in the case of the higher boiling aldehyde dodecanal , the

loading of the distillation column may have been insufficient to main-

tain the bulb of the thermometer, at the top of the column, in

equilibrium with vapor. This condition might explain the fluctuating

boiling points which were recorded in some distillations of the higher

aldehydes. Also, at pressures below ca. 0.6mm. Hg, the manostat was

less effective in stabilizing the pressure. Representative data ob-

tained during the distillation of the respective higher aliphatic alde-

hydes is collected in table 2, together with the column oven conditions

used in GC analysis of the aldehydes.

At the termination of the distillation was admitted into the

still (Hg filled check valve). The flask containing the main fraction

was removed from the fraction cutter under a positive pressure of

and rapidly closed with a serum stopper. In some cases the main cut

was transferred, via syringe and under N^, to a ground-glass jointed

vessel containing molecular sieves (3A) closed with a mating ground-

glass joint fitted with a 3-way stopcock as previously described. The

aldehyde was stored in this manner prior to its use for up to 48 hrs.

at room temperature in the dark. Storage of the higher aliphatic

aldehydes in contact with molecular sieves for a longer period of time
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TABLE 2

ALDEHYDE

Reduced Pressure Roiling Points of Higher Aliphat ic
Al^dehydes and GC Column Condit ion^

'

COLUMN OVEN CONDITIONS

Hexanal

B.P.

(in °C)

60

PRESSURE
(in mm. Hg)

65

T Rate

Nonanal 68 - 69 7.4 100° 150° 12°/min.

62 - 63 5.0

40 - 45 1.0

Decanal 44 - 46 0.6 130° 170° 12°/min.

36 - 40 0.2

Undecanal 53 - 55 0.6 145° 195° 15°/min.

49 - 51 0.2

Dodecanal 67 0.5 160° 205° 15°/min.
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Olwk.) was found to cause marked visible deterioration of the

aldehyde.

Procedure III: For the more critical polymerization experiments

the main fraction, obtained exactly as outlined above in procedure II.

was immediately redistilled at reduced pressure from the flask in which

It was collected through a one-piece 10cm. microglass Vigreux column

fitted with a Claisen distilling head which was wrapped well with fiber-

glass insulation. A multiple fraction cutter was employed. Normally

a fore cut amounting to 5-10% of the pot charge and a main cut amounting

to 40-50% of the pot charge was collected. At the termination of the

distillation was admitted to the still (Hg filled check valve) and

the flask containing the main cut was removed from the fraction cutter

under a positive pressure of and quickly closed with a serum

stopper. The aldehyde was used immediately after distillation.

The water content of the thus purified aldehydes was estimated to

be less than 0.04% by GC. The gas chromatograms of nonanal and decanal

exhibited a small pronounced peak on the generally broad tail on the

high retention time side of the major aldehyde peak. This peak was

assumed to be due to the presence of the corresponding fatty acid in

the aldehydes according to the rancid odor of the column effluent.

Similarly, the water content of the nonanal and decanal was believed

to be on the order of 0.05%. Although a rancid odor was noted in the

effluent volume past the main aldehyde peak in the gas chromatographic

analysis of undecanal and dodecanal , the resolution achieved was not

sufficient to allow a more precise estimation of the acid contents of

these aldehydes to be made.



^--^^^^^^^^^^ents^^ Acetic anhydride was refined
by treating it with 30% of its vdu.e of dry toluene, the resulting

mixture was then fractionally distilled through a 35c.. vacuum jacketed
Vigreux column under a blanket of dry N^. Several small pieces of

silicon carbide were used to suppress bumping. The still pot was

heated at reflux until the head temperature reached 103°C. The acetic

acid-toluene binary azeotrope was collected at a reflux ratio of ca. 1:1

(b.p.=103-106°C; lit.^20 b.p.=io5.4°C) . Collection was continued as

the head temperature rose to ni^C, the receiver was changed and toluene

was collected at a reflux ratio of 1:1 (b.p.=lll-ll2°C) . When the head

temperature rose to 130°C the reflux ratio was increased to 5:1, and a

fraction (ca. 5% of the initial volume of anhydride) was collected

(130-134°C) and discarded. The receiver was changed and acetic

anhydride (b.p.=134°C) was collected at a reflux ratio of 5:1.

Approximately 75% of the original volume of the anhydride was collected.

Antimony pentachloride was distilled at reduced pressure

(b.p.=82-85°C at 25mm. Hg). A N2 ebulator was used to suppress bumping.

Commercially obtained chloral was purified according to pro-

cedures established in our laboratory. Chloral of sufficient purity

could be stored for up to 10 hrs. under in the dark before use.

Cyclohexane, used as a standard in differential scanning calori-

metry, was magnetically stirred with CaH^ (O.lg./ml. cyclohexane) then

twice distilled from CaH2 under a blanket of dry through a one-

piece 10cm. microglass Vigreux column with Claisen distilling head

(b.p.=80.5-81°C) . The contents of the still pot were magnetically

stirred during the distillation. In each distillation a heart cut



amounting to 60% of the pot charge was collected.

Lithium-tertiary-butoxide (LTB) was sublimed at 120°-150°C and

reduced pressure (0.1mm. Hg). LTB initiator was used as its methyl-

cyclohexane (MCH) solution. All manipulations of the sublimed alkoxide

were conducted in a filled glove bag. (Instruments for Industry and

Research, Cheltenham, Penn.).

Molecular sieves (3A) were activated by heating them to 250-290°C

at reduced pressure (0.01mm. Hg) for 12 hrs..

Sodium carbonate, used for the standardization of aqueous mineral

acid solutions, was dried in an oven at 120°C for 8 hrs..

^' Solvents
. Diethyl ether was dried in a tightly capped bottle

over molecular sieves (3A).

n-Hexane was magnetically stirred with CaH2 (O.lg./ml. n-hexane)

overnight. The n-hexane was then distilled through a 30cm. Vigreux

column at a reflux ratio of 5:1 under a blanket of dry (b.p.=69°C).

The contents of the still pot were magnetically stirred during the

distillation. A heart cut amounting to 70-80% of the pot charge was

collected and transferred to a drying column filled with molecular

sieves. The top reservoir of the column was closed with a rectangular

adapter with stopcock which could be attached to a source of dry n^.

The bottom of the column was fitted with a 3-way stopcock, one arm of

which was terminated with a Luer-lok fitting so that, if desired, the

solvent could be withdrawn directly with a syringe.

MCH (600ml.) was refluxed with sodium (30g.) and crude LTB (4g.)

for 14 hrs.. The MCH was then filtered, refluxed with fresh sodium

under a blanket of dry for 3-4 hrs. on the distillation apparatus to



be used, and distilled from sodium under'a blanket of dry through

a 30cm. Vigreux column at a reflux ratio of 2:1 (b.p.=101°C) . A heart

cut amounting to 85% of the pot charge was collected directly into a

clean, dry reagent bottle. At the termination of the distillation the

receiver bottle was removed from the still and sodium wire was pressed

into the bottle. The bottle was closed with a ground glass stopper and

the bottle and its contents were allowed to stand at room temperature

for 24 hrs.. During this period the surface of the sodium wire deterio.

rated only slightly.

The MCH was then decanted into a clean, dry reagent bottle and

fresh sodium wire was pressed into the bottle containing the MCH. The

bottle was then closed with a mating ground glass joint fitted with a

3-way stopcock, in the same manner as previously described. After

48 hrs. the appearance of the surface of the sodium wire in the MCH was

essentially unchanged and the solvent was ready for use.

n-Pentane was dried in a tightly closed bottle over molecular

sieves (3A).

Toluene (600ml.) was refluxed with sodium (30g.) and crude LTB

(3g.) for 14 hrs.. Toluene was then filtered and refluxed overnight

with fresh sodium under a blanket of dry on the distillation appara-

tus to be used. Toluene was then distilled from the sodium under a

blanket of dry through a 30cm. Vigreux column at a reflux ratio of

approximately 10:1 (b.p.=lll°C). A heart cut amounting to 85% of the

pot charge was collected directly into a clean, dry reagent bottle.

At the termination of the distillation the receiver bottle was removed

from the still and sodium wire was pressed into the bottle. The bottle



was closed with a ground glass stopper and the bottle and Its contents
was allowed to stand at room temperature for 24-48 hrs.. During this
period there was a moderate deterioration of the surface of the sodiun,

wire in the toluene.

Toluene was decanted into a clean, dry solvent bottle and fresh

sodium wire was pressed into the bottle containing the toluene, the

bottle was closed with a ground glass stopper, and the bottle and its

contents were allowed to stand at room temperature for 24 hrs.. The

liquid was again decanted and sodium wire was pressed into the liquid,

this time the bottle was closed with a mating ground glass joint fitted

with a 3-way stopcock, in the same manner as previously described.

After 24-48 hrs. the appearance of the surface of the sodium wire in the

toluene was essentially unchanged and the solvent was ready for use.

D. Special Procedures and Equipment

1. Procedures. All transfers and manipulations of monomers,

solvents, and initiators for the aliphatic aldehyde polymerizations

were performed under using a hypodermic syringe. All syringes and

needles were soaked for several hours in warm (ca. 60°C) 2% Micro

cleaning solution, rinsed well with distilled water, and dried for at

least 14 hrs. in an oven maintained at 110°C. The syringe assemblies

were either used directly from the oven or were allowed to cool for a

time in a dessicator over granular P^On.
2 b

All glass or metallic parts of the apparatus used in the poly-

merization of aliphatic aldehydes were soaked for several hours in

warm (ca. 60°C) 2% Micro cleaning solution, rinsed well with distilled



water, and dried for at least 14 hrs, 1n an oven maintained at 110°C.
The polymerization apparatus was assembled hot and cooled in place
filled with a blanket of dry N^. When test tubes were used as the

polymerization vessel these were cleaned and dried as above and cooled
in a dessicator over granular P^Og prior to their use. Apiezon N

grease was exclusively used for the lubrication of all ground glass

joints.

For the more critical polymerization experiments, particularly

those experiments in which the temperature history of the polymeriza-

tion reaction was closely controlled, a slightly different procedure

was used to prepare the polymerization apparatus. All components were

soaked for several hours in warm (ca. 60°C) 2% Micro cleaning solution,

rinsed well with distilled water, and dried for at least 14 hrs. in an

oven maintained at 135-140°C and assembled hot.

A three-necked round-bottomed flask (250ml. or 500ml.) was fitted

with two ground-glass stoppers and a male ground-glass joint fitted to

a 3-way stopcock in a manner as previously described. The stopcock was

attached to a vacuum pump and the apparatus was evacuated to 0.01mm.

Hg, heated for ca. 15 min. with the flame of a Fisher burner, and

allowed to cool to room temperature while evacuated. The flask was

filled with dry N2 and returned to the 135-140°C oven for ca. 1 hr..

The stoppers were removed and the flask was fitted with a paddle type

stirrer with glass bushing and a Teflon thermometer adapter fitted with

a short piece of glass rod. The polymerization apparatus was clamped

in place and allowed to cool to room temperature under a blanket of

dry The assembled polymerization vessel was then ready to receive



the ingredients of the polymerization reaction.

Prepurified nitrogen (99.995% min., Airco, Riverton. N.J.) was

used in ail procedures requiring N^. Copper, glass, or butyl rubber

tubing was used as a conduit for the N^. When used to blanket aldehyde

polymerization reactions the was first passed through a 20 x 2.6cm.

column filled with granular P^Oir.
2 5

For the DSC investigation of the aliphatic aldehyde monomers the

monomers were handled and sealed in the gold sample pans in a glove bag

filled with Argon (grade 5, 99.9995% min., Airco, Riverton, N.J.).

2. Equipment
. In certain polymerization reactions it was desired

to exercise more flexible control of the temperature of the bath in

which the polymerization vessel was immersed. For this purpose the low

temperature bath described below was constructed.

A Dewar vessel (ca. 1900ml. capacity) was fitted with a coil,

fashioned from 1/4" o.d. copper tubing, which fit snugly against its

wall. One end of the coil was brazed to a short length of 1/4" o.d.

copper tubing with a 90° bend which extended to the bottom of a well

insulated liquid nitrogen container. The other end of the coil was

connected, via a length of rubber vacuum tubing, to the inlet side of

a normally closed solenoid valve (Valcor Engineering Company, Kenil-

worth, N.J., model 94C19C6). The outlet side of the solenoid valve

was connected via rubber vacuum tubing to a rough vacuum (20-40mm. Hg).

Power to the solenoid valve was controlled by a relay device which was

activated by a signal from the bridge circuit in the temperature

controller (Yellow Springs Instrument Company, Yellow Springs, Ohio,

model 63RC). A probe (#633) immersed in the magnetically stirred bath



"ledium formed one leg of the bridge circuit. The bath temperature

could be easily controlled to +l°c.

E. Cyclic Trimers of Higher Normal Aliphatic Aldehydes

•^^-^-^^^-^^^^^^^^

a^ Preparation in diethyl ether-pentane with SbCl
5

catalyst.

A clean, dry 50ml. round-bottomed microglass flask containing a

magnetic stirring bar was fitted with a rectangular adapter with stop-

cock which was attached to a source of dry N^. The adapter was momen-

tarily raised and the flask was charged with n-pentane (15ml.) and

diethyl ether (15ml.) under a stream of dry N^. The flask was immersed

in an ice bath and the magnetic stirrer was started. After a period of

30 min. the adapter was momentarily raised and SbCl^ (0.5ml., 0.004

mole) was pipetted into the flask under a stream of N^. The contents

of the flask became cloudy. Similarly the flask was then charged with

nonanal (5ml., 0.03 mole) and the reaction mixture developed a yellow-

brown color. The reaction mixture was magnetically stirred for a

period of 25 min. while the bath was maintained at 0*^0. The bath and

the reaction flask and its contents were then allowed to gradually warm

to room temperature in 1.5 hrs.. After an additional period of 2 hrs.

8 drops of 10% aq NaOH was added to the reaction mixture and most of the

yellow-brown color of the reaction mixture was immediately discharged.

The reaction mixture appeared as a two phase system. The dense milky

white lower phase, approximately equal in volume to the volume of NaOH

solution added, was not well dispersed by the magnetic stirrer. After



a period of 10 .in. the stirrer was stopped, the rectangular adapter
with stopcock was removed, and the narrow end of an eyedropper, connec-
ted to a source of compressed air, was inserted through the open neck

of the flask. The eyedropper was adjusted so that the tip of the

dropper was just above the level of liquid in the flask and a gentle

stream of air was directed at the surface of the reaction mixture in

the flask. After a period of 1 hr. the volume of the reaction mixture

had decreased to 1/3 of its initial volume.

Methanol (20ml.) was added to the flask while the contents of the

flask were magnetically stirred. The stirrer was stopped and the flask

was stoppered and swirled in an ice bath. A voluminous white precipi-

tate with a milky white supernatant was observed. The stoppered flask

was stored overnight in the freezer (-15°C).

The flask was removed from the freezer and the suspension was

immediately suction filtered through a cold coarse fritted funnel. The

solid was washed with chilled ethanol (2xl0ml.), dried on the funnel

for 30 min., and dried overnight at room temperature and 20mm. Hg.

Yield 0.9g. (22%).

The infrared spectrum (KBr) (pg. 255) showed strong absorptions

in the region of 2975 to 2825cm."'' {v and v; CH, and CHj as well

as at 1465cm." (S^; CH2). A moderately strong absorption, having

several shoulders, was recorded at 1360cm."^ (TCH2,cyCH2, 8^; CH3). A

moderately strong slightly broadened peak was recorded at 1150cm.~^

which was followed by a sharp peak at 1120cm.~^. A doublet was

recorded in the region of 720cm."\

The product was unaffected when a sample was warmed with 20% aq



in a

NaOH in a test tube at 60°C for 15-20 min.

When 50% aq H,SO, was added to a s.all sample of the product

test tube the product was immediately transformed into a yellowish oil

and the test tube became warm to the touch. The oil gradually thickened

and darkened over a period of several hours when the test tube and its

contents were allowed to stand at room temperature. The oil was be-

lieved to consist of a mixture of aldehyde, aldol condensation pro-

ducts, and oxidation products of the same.

Preparation in bulk with H2S0^ catalyst.

A 50ml. round-bottomed microglass flask containing a magnetic

stirring bar was fitted with a rectangular adapter with stopcock which

was connected to a source of dry N^. The adapter was momentarily

raised and the flask was charged with once distilled nonanal (24. 8g.,

0.17 mole) via syringe and under The stirrer was started and 2

drops of concentrated H2S0^ was added to the aldehyde in the flask.

Over a period of 5 min. the reaction mixture became slightly cloudy and

discolored and the flask became very warm, and then cooled gradually to

room temperature over a period of 40 min.. The reaction mixture was

then stirred at room temperature for a period of 1.5 hrs.. The stirrer

was stopped and the reaction mixture was added to 65ml. of an ethanol-

diethyl ether mixture (1 volume of diethyl ether diluted to 2.5 times

its volume with ethanol ) in a 125ml. Erlenmyer flask.

The flask was cooled in a C02(s)-methanol mixture and the resulting

precipitate was recovered from the suspension by suction filtration,

washed on the filter with the diethyl ether-ethanol mixture (2x50ml.),

dried on the filter for 1 hr. , transferred to a crystallizing dish, and



dried in air overnight. Crude yield, 14. 2g. (57%).

The crude product (14.2g.) was transferred to a 250ml. Erlenmyer
flask and dissolved in CHCI3 (^Oml.). The solution was cloudy with no

easily distinguishable particulates or liquid droplets. Ethanol (50ml.)

was added to the solution in the Erlenmyer flask and the solution became

clear. The solution was filtered through a medium fritted funnel into

a round bottomed flask and concentrated at room temperature on a rotary

evaporator at reduced pressure (20mm. Hg). The milky white residue

(ca. 20ml.) was taken up in 75ml. of diethyl ether-ethanol mixture (1

volume of diethyl ether diluted to 2.5 times its volume with ethanol).

The mixture was cooled to -20°C (ice-salt bath) which resulted in the

formation of a thick suspension which was suction filtered. The solid

was washed well with the cold solvent mixture, dried on the filter for

20 min., and dried overnight in air (8.5g., 60% recovery).

The infrared spectrum (KBr) (pg. 255) agreed with that obtained for

the nonanal cyclic trimer described in E.l.a. above. The sample

softened considerably when ground with KBr in the still slightly warm

mortar. A readily discerned doublet was recorded at 740 to 720cm."^

The PMR spectrum (CDCI3) showed a slightly distorted triplet cen-

tered at 8=4.80, and a very strong absorption at 8=1.30 with a no-

ticeable shoulder on its low frequency side at 8=1.70. A poorly re-

solved multiplet near 8=0.95 was partially overlapped with the strong

signal at 8=1 .30.

For further analytical investigations a portion of the product was

twice recrystall ized from a diethyl ether-ethanol mixture, prepared as

above (20ml. /g. trimer), and dried at room temperature for 14 hrs. and



0.1mm. Hg. The product was further dried at room temperature for 24

hrs. and 20mm. Hg. The recovery after two recrystal 1 izations was 50%.

Anal. Calcd. for C^yH^^O^: C, 75.99%; H, 12.76%. Found: C,

75.83%; H, 12.71%. The capillary melting point was 36°C.

2. 2.4.6-Tri-n-nonvl-l,3,5-trioxan e (decanal cvclir-hHn^
Preparation in diethyl ether-pentane with SbCl^ catalyst.

A 50ml. three-necked round-bottomed microglass flask containing a

magnetic stirring bar, fitted with a pressure equalized addition

funnel, a ground glass stopper, and a rectangular adapter with stopcock,

served as the reaction vessel. The apparatus was assembled hot and

cooled under a blanket of dry via the adapter. Diethyl ether (15ml.)

was introduced into the addition funnel and diluted to a volume of

30ml. with n-pentane under a stream of dry N^. The solvent mixture was

delivered to the flask, the flask was immersed in an ice bath, and the

stirrer was started. Decanal (8.5ml., 0.05 mole), distilled once, was

introduced via syringe into the addition funnel under a stream of dry

After a period of 30 min. the flask stopper was momentarily

raised and antimony pentachloride (0.5ml., 0.004 mole) was pipetted into

the flask under a stream of dry The contents of the flask appeared

slightly cloudy. The charge of decanal was then delivered to the

reaction flask over a period of 1 min. and the contents of the flask

developed a faint pink-brown tint. Within 5 min. after the delivery of

the aldehyde was complete the reaction mixture transformed into an

essentially solid mass. The stiff semisolid mass was turned out onto

a fritted funnel with suction, and washed with a diethyl ether-ethanol



mixture (1 volume of diethyl ether diluted to 2.5 ti.es its volume with
ethanol) (3x20ml.). The solid product was dried on the filter for

20 min. and then dried overnight at room temperature and reduced

pressure (20mm. Hg). Yield 6.6g. (95%).

The infrared spectrum (KBr) (pg. 255) showed a series of strong

absorptions in the region of 3000 to 2800cm.-^ (2975-, 2940-. and

2875-cm.-^
; and u^; CH^ and CH3). A strong absorption was also

recorded at 1470cm.-^ (S^; CH^). A complex series of peaks was also

recorded in the region of 1400 to 1200cm.-^ith sharp predominant

peaks at 1390 and 1370cm.-l (S3CH3; r . o^CH^) . Strong absorptions were

also recorded at 1160 and 1120cm.-^ A sharp band was recorded at

720cm. \/hich had a pronounced shoulder at 740cm.'"'.

The PMR spectrum (CDCI3) (pg. 263) showed a triplet at 8=4.85,

a strong single line centered at 8=1.25 with a shoulder on its low

field side at 8=1.60, and an unresolved multiplet at 8=0.85 which over-

lapped the strong absorption at 8=1.25.

For further analytical investigations the trimer was twice re-

crystallized from a diethyl ether-ethanol mixture (30ml. /g. trimer),

prepared by diluting a volume of diethyl ether to 2.5 times its volume

with ethanol. The recrystall ized trimer was dried for 14 hrs. at room

temperature and 0.1mm. Hg, then for 24 hrs. at room temperature and

20mm. Hg. The recovery from two recrystal 1 izations was 50%.

,
Anal. Calcd. for C^qH^qO^: C, 76.86%; H, 12.90%. Found: C,

76.79%; H, 12.89%.

3. 2,4,6-Tri-n-decyl-l ,3.5-trioxane (undecanal cyclic trimer) .

Preparation in diethyl ether-pentane with SbCl^ catalyst.



ng a

A 50ml. three-necked round-bottomed microglass flask conta1n1
niagnetic stirring bar. fitted with a pressure equalized addition funnel
a ground glass stopper, and a rectangular adapter with stopcock, served
as the reaction vessel. The apparatus was assembled hot from the oven
and cooled under a blanket of dry via the adapter. Diethyl ether
(ISml.) was introduced into the addition funnel and diluted to a volume
of 33ml. with n-pentane under a stream of dry N^. The solvent mixture
was delivered to the flask, the flask was immersed in an ice bath and
the stirrer was started. Freshly distilled undecanal (8ml.. 0.04 mole)

was introduced via syringe into the addition funnel under a stream of
dry

After a period of 30 min. SbC]^ (0.5ml., 0.004 mole) was pipetted

into the flask under a stream of dry N^. The contents of the flask

appeared to be slightly cloudy. The charge of undecanal was delivered

to the flask over a period of 1 min. and the reaction mixture developed

a rust red tint. Within 5 min. the reaction mixture transformed Into

an essentially solid mass. The addition funnel was replaced with a

ground glass stopper, the stopcock of the rectangular adapter was

closed, the apparatus was disconnected from the N2 source and stored

overnight in the freezer (-15°C).

The flask was removed from the freezer and the flask and its con-

tents were allowed to warm to room temperature. n-Pentane (10ml.) and

10% aq NaOH (2ml.) were added to the flask and the thick, red-brown

tinted sludge was manually stirred for 15 min. with a glass rod. The

stiff, semisolid mass was filtered through a fritted funnel, with suc-

tion. The product was washed in the funnel with chilled ethanol



(3x20ml.), dried on the funnel for 1 hr. , and transferred to a IZSml.

Erlenmyer flask. Crude yield 6.3g. (95%).

Chloroform (60ml.) was then introduced into the Erlenmyer flask

and a two phase system resulted. The upper, minor, CHCI3 poor phase

was slightly cloudy and appeared to contain a small amount of un-

dissolved solid. The contents of the flask were transferred to a 125ml.

separatory funnel and were washed with two 20ml. portions of a 2%

aqueous NaOH solution. The separatory funnel was copiously rinsed with

distilled water between washings. The CHC13 rich layer, returned to the

separatory funnel, was then washed with two 20ml. portions of distilled

water. The lower, cloudy organic layer was drawn off from the upper,

clear aqueous layer into a 125ml. Erlenmyer flask.

A sufficient amount of Drierite was added to the flask to form a

layer of ca. 0.5cm. depth across the bottom of the flask. The flask

was securely stoppered and the flask was swirled l-y hand for 5 min.

then set aside for 4 hrs. at room temperature.

The supernatant liquid was separated by gravity filtration into

a 125ml. Erlenmyer flask. The solid drying agent entrapped in the

filter was rinsed with two 10ml. portions of CHCI3, the washings being

collected in the same flask which contained the original filtrate.

The flask was securely stoppered and stored overnight in the refrigera-

tor (5°C).

The flask was removed from the freezer and the flask and its

contents were allowed to warm to room temperature. The contents of

the flask was then evaporated to ca. 1/2 its initial volume on a

water bath (50°C) and the flask was then removed from the water bath



and the flask and Its contents were allowed to cool to ™o,„ temperature
The resulting concentrated mixture was poured into a volume (lo,„l.) „f
acetone contained in a 1?5.1. Rrlenn.yer flask and the flask was then
swirled by hand in an ice bath.

The resulting precipitate was recovered by suction filtration of
the suspension, washed with acetone (4x20ml.), dried on the filter for

1 hr., and dried overnight at room temperature and reduced pressure

(20mm. Ilg). Yield 5.8g. (92%).

The infrared spectrum showed a series of strong absorptions in the

region of 3000 to 2800cm. (2975-, 2925-, 2860-cn,.-l
; . and . ; CH

and CH3). A strong absorption was also recorded at 1470cm:'' (S
; CH

)

which had notable shoulders at 1460 and 1440cm:l. A complex series of

absorptions was recorded in the region of 1400 to 1200cm:\ the most

predominant peaks of which were at 1380 and ^360mr\ strong absorp-

tions were also recorded at 1160 and 1120cm.-\ A moderate sharp band

was recorded at 720cm.~\ which had a shoulder at 740cm."\

The PMR spectrum (CDCI3) (pg. 264) showed a triplet centered at

8=4.80. (O-(R)CH-O). A strong single absorption was recorded at

8=1.25 (-(CH^)^-) which had a shoulder on its low field side atS-1.5

(-CH^-CHO-). An unresolved multiplet was recorded centered at 8=0.85

(CII3-) which overlapped with the tail of the strong absorption at

8=1.25.

For further analytical investigations the trimer was twice re-

crystallized from a diethyl ether-ethanol mixture (30ml. /g. trimer),

prepared by diluting a volume of diethyl ether to 2.5 times its volume

with ethanol. The trimer was dried for 14 hrs. at room temperature at



68

O.l™ Hg. then overnight at roo. temperature and 20™. „g. The recovery
after two recrystalUzations was 50%. Capillary .elting point. 54-57°C.
Literature melting point''^\ 48°C.

Anal. Calcd. for C33H,303: C, 77.58%; H, 13.02%. Found: C, 77.61%;
H, 12.98%.

Preparation in diethyl ether-pentane with SbCl^ catalyst.

A 50ml. three-necked round-bottomed microglass flask containing a

magnetic stirring bar, fitted with a pressure equalized addition funnel,

a ground glass stopper, and a rectangular adapter with stopcock, served

as the reaction vessel. The apparatus was assembled hot from the oven

and cooled under a blanket of dry via the adapter. Diethyl ether

(15ml.) was introduced into the addition funnel and diluted to a volume

of 30ml. with n-pentane under a stream of dry N^. The flask was immersed

in a cool water bath (10°C), the solvent mixture was delivered to the

flask, and the stirrer was started. Freshly distilled dodecanal (10ml.,

0.04 mole) was then introduced via syringe into the dropping funnel

under a stream of Ng.

After a period of 20 min. SbCl^ (0.8ml., 0.006 mole) was pipetted

into the flask. The contents of the flask became slightly cloudy and

a very small amount of a fine white solid was observed suspended in

the solvent mixture. The entire charge of dodecanal was delivered to

the flask over a period of 1 min., only a very slight coloration of the

reaction mixture was observed. After 10 min. the water bath was

removed and magnetic stirring of the reaction mixture was continued

for 1.5 hrs.. During this period the clear reaction mixture gradually



developed a yellow brown tint. The addition funnel was replaced with a

ground glass stopper, the stopcock of the rectangular adapter was

closed, and the apparatus was disconnected from the source and stored
in the freezer (-15°C) for 5 days.

The cold reaction mixture appeared as a three phase system; a

small yellowish liquid upper layer, a voluminous white slush middle

layer, and a very small dark yellow oil lower layer. The cold reaction

mixture was suction filtered, the recovered solid was washed with a 9:1

acetone/water mixture (4xl0ml.) and dried on the filter for 1 hr.. The

solid product was transferred to a crystallizing dish (1.9g., 23%) and

dried overnight at room temperature and reduced pressure.

The infrared spectrum (KBr) (pg. 256) showed strong absorptions in

the region of 3000 to ZSOOcm."^ (2960-, 2925-, and 2860cm.-''; v and v
as s

'

CH3 and CH^). A moderately strong absorption band, with several shoul-

ders, was recorded at 1470cm.-'' (S^; CH^), a much weaker band was

recorded at 1360cm.-^ Two moderately strong absorptions were recorded

at 1160 and 1120cm."'' (C-O-C stretching). A band was recorded at 720cm."''

which had a shoulder at 740cm.~\

The PMR spectrum (CDCI3) (pg. 265) showed a weak triplet near

8=4.80 (0-(R)CH,-0)
. A strong single absorption centered at 8=1.25

ii^^2^y) with a small shoulder atS=1.50 (-CH^-CHO-) was recorded. An

unresolved multiplet, centered at8=0.85 (CH^), was also recorded.

The inherent viscosity of a 0.5g./dl. solution of the trimer in

tetralin at 31°C wasT^ =0.03dl ./g.

.

For further analytical investigations the trimer was twice re-

crystallized from a diethyl ether-ethanol mixture (30ml. /g. trimer)



P-epared by d1lut.-„, a vCu.e of diethyl ethe. to 2.5 t1.es Its volu.e
wuh ethanol. The tri.e. was dn'ed for M hrs. at roo. te.pe.atu.e at
O.l™. Hg. then overnight at roo™ temperature and 20™. Hg. The
recovery after two recrystallizatlons was 50%. Capillary ..p., eo-SS^C.
Literature melting point^^\ 61.5°c.

Anal. Calcd. for C^^H^^o^: C, 78.19%; H, 13.12%. Found: C. 77.62%-
H, 12.95%.

F. Extraction of LTB with MCH and Analysis of the Extract

A Soxhlet extraction apparatus, topped with an Allihn type conden-
ser was used in this experiment. The top of the condenser was connec-
ted, via a glass tee, to a source of dry and a paraffin oil bubbler.

The outlet of the bubbler was protected with a drying tube filled with

a mixture of calcium chloride and soda lime. The extractor and conden-

ser were assembled hot and cooled with a purge for 1 hr. . The

bottom of the extractor was then fitted with a 250ml. round-bottomed

flask containing methyl cyclohexane (200ml.) and a few small pieces of

silicon carbide. The condenser was momentarily raised and a stainless

steel mesh extraction thimble containing crude LTB (8.8g., 0.11 mole)

was placed into the extractor chamber. A sample of the crude LTB

employed gave a 45-50% yield of sublimate in 12 hrs. when sublimed at

130° (0.1mm. Hg). The crude LTB was extracted overnight, estimated

number of cycles; 15. When the extractor had drained to complete the

last cycle the heating of the pot was discontinued and the apparatus

and its contents were allowed to cool to room temperature. During

this interval a very small amount of solid material in the yellowish



MCH extract settled out.

The flask containing the MCH extract was removed from the extrac-
tion apparatus and three 20ml. aliquots of the methyl cyclohexane were
Pipetted into separate 125ml. Erlenmyer flasks. A syringe needle con-
nected to a source of dry and extending through the open neck of the

extractor pot or the Erlenmyer flask was used to maintain an atmosphere
of over the extract solution during its transfer.

Distilled water (10ml.) was then added to each of the Erlenmyer

flasks, the flasks were securely stoppered and swirled by hand for 5

min.. The contents of each flask was, in turn, transferred to a

separatory funnel. The aqueous layer was drawn off into a clean recep-

tacle and the organic layer was washed with two additional 10ml.

portions of distilled water. All water washings of one individual

aliquot of the extract solution were collected in the same receptacle.

Each of the three sets of combined water washings were then titrated

with l.OOON HCl, which was previously standardized against Na CO .

2 3
One set of combined water washings was titrated potentiometrical ly

,

the other two sets of combined water washings were titrated to a methyl

orange endpoint. The number of equivalents indicated by the potentio-

metric titration was 0.00458, the number of equivalents indicated by

the two colorimetric titrations was, respectively, 0.00465 and 0.00459.

These data gave a value of 0.23M for the concentration of the MCH

extract solution indicating that 42% of the original sample of LTB was

extracted by MCH. A value of 43% was obtained in a duplicate experi-

ment.

The entire experiment was repeated using a portion of a commercial



sample of LTB, taken from a freshly opened bottle, which gave an 85%
yield Of subli^te. Titration of the extract, as above, indicated that

90% of the LTB was extracted by MCH.

G. Polyhexanal [Poly( (2-n-pentyl )oxymethylene)]

The hexanal used in this experiment was distilled once and stored

over molecular sieves (3A) for 14 hrs. prior to its use. A 500ml.

three-necked round-bottomed flask, fitted with a paddle type stirrer

and glass bushing, a rectangular adapter, and a reducing adapter closed

with a serum stopper, served as the polymerization vessel. The flask

was flamed out and stored in the oven until needed. The apparatus was

assembled hot from the oven and cooled under a blanket of dry via

the adapter. The flask was then charged, via syringe, under with

rCH (90ml.) and a volume (5ml.) of a 0.63M solution of LTB in MCH

(0.0031 mole LTB). The stirrer was started and the flask was immersed

in a -78°C cold bath contained in Dewar vessel. The rate of addition

of the aldehyde was such that the entire charge (20ml., 0.16 mole) was

introduced over a 5 min. period. The polymerization mixture was diffi-

cult to observe in the flask immersed in the cold bath, however, the

development of a blue-white tint and thickening of the polymerization

mixture was noted.

A clean dry test tube, closed with a serum stopper, was purged with

dry (syringe needle inlet and outlet) for 10 min.. The tube was then

charged, via syringe, under with MCH (5ml.) and hexanal (1ml.,

0.007 mole). The blank tube was immersed in the same cold bath as the

polymerization vessel and was periodically removed for inspection.



After a period of 4 hrs. the stirrer was stopped, and the Dewar vessel
was packed well with CO^(s). The polymerization vessel and its con-
tents were allowed to stand overnight at -78°C.

While vigorous agitation of the polymerization mixture was main-
tained the flask was charged with 100ml. of a chilled 4:1 mixture of
acetic anhydride and pyridine. The flask was kept immersed in the cold
bath for 10 min. and the cold bath was then gradually removed so that

the flask and its contents warmed to room temperature in 30 min.. The

stirrer was stopped and the reaction mixture, which contained gel like

particles, segregated into two phases. The serum stopper closed adapter

was removed and, while a strong stream of was maintained over the

reaction mixture, a small aliquot (ca. 10ml.) of the upper layer was

drawn up into a syringe (prechilled by rinsing with -78°C acetone)

and delivered to a beaker containing 20ml. of well stirred ice cold

acetone which produced a suspension. Acetone (50ml.) was added, with

stirring, to the flask containing the reaction mixture. The open neck

of the flask was fitted with a Claisen distilling head fitted with a

short (ca. 13cm.) column, a thermometer, and a collection adapter

which was fitted with a 150ml. round-bottomed flask. The receiver

flask was immersed in an ice bath. The reaction flask was then

immersed in a 60°C oil bath and the temperature of the oil bath was

increased to 120°C over a 20 min. period. In this interval the

temperature at the top of the short column rose to 55°C and ca. 30ml.

of volatiles was collected. The temperature at the top of the column

gradually rose to 85-90°C and the volume of volatiles collected in-

creased to ca. 70ml. over a period of 30 min..



When a total of ca. 100ml. of volatiles had been collected (15
additional .1n.) the stirrer was stopped and the distillation assembly
was removed. The hot reaction mixture was suction filtered, in two
portions, through a hot (110°C) coarse fritted funnel. When the filtra-
tion was nearly complete acetone (20ml.) and distilled water {5ml.)

were added to the funnel.

The product was transferred to a mortar and was broken up and ground

with acetone and a small amount of distilled water. The acetone-water

mixture was decanted and replenished several times during the grinding

procedure. During the grinding procedure the product gradually became

whiter, opaque, and brittle. The ground product was transferred to a

coarse fritted funnel, washed with acetone (3x40ml.), a 5:1 mixture of

acetone and water (2x40ml.), again with acetone, then dried on the-

f i 1 ter for 1 hr.

.

The suspension of the product isolated before the end capping

reaction was complete was suction filtered through a medium fritted

funnel. The collected product was copiously washed with acetone

(200ml. total) followed by a 5:1 mixture of acetone and water (50ml.

total), and finally washed again with acetone. The product was then

dried on the filter for 1 hr. . The crude yield of the more completely

capped sample (designated A) was 6.6g. (40%). The crude yield of the

less completely capped sample (designated B) was Ig. (6%). Both

products were then dried overnight at room temperature and 0.1mm. Hg

over KOH. Product B was softer and deteriorated at much faster rate

than product A. The thermogravimetric curves obtained at 20°C/min.

for the two products were compared.



The infrared spectrum (neat) (pg. 256) showed strong absorptions
at 2920cm.-l (shoulder at 29600^:^) and 2850cm:l

(.^^; CH3, and
CH^). A weak absorption was recorded near lysOcmf^ (:,c=0). ^Moderate
absorptions were recorded at 1470cni.-^ (S^; CH^) (shoulders at 1460 and
1440cm.-l)and ISSOcmf^ (shoulders at 1370 and 1360cm:b (C-H bending).

A moderate sharp band was recorded at IMOcm.-^ as was a strong sharp

band at 1120cm.-l. A weak, broad absorption was recorded near 720cm.-\

Anal. (prod. A) calcd. for (C^h^^o)^: C, 70.95%; H, 12.11%. Found:

C, 70.85%; H, 12.10%.

The products were stored at room temperature and reduced pressure

and thereafter at room temperature open to the atmosphere.

H. Polynonanal [Poly( (2-n-octyl )oxymethylene)]

1. Attempted exploratory scale polymerization of undistilled

nonanal in MCH with LTB inUiator. Two dry 20x1 50mm. test tubes,

closed with serum stoppers, were alternately evacuated to ca. 20mm. Hg

and then filled with dry N2 via a hypodermic syringe needle. This cycle

was repeated three times. The tubes were then charged, via hypodermic

syringe, with MCH and then nonanal, which had been pretreated with

Na2C03-H20 and CaH^ as described. The charge of the first tube (tube A)

was; MCH (22ml.) and nonanal (2.3g., 0.014 mole). The charge of the

second tube (tube B) was; MCH (21ml.) and nonanal (3.29g., 0.023 mole).

The tubes were cooled to -20°C in an ice-salt mixture and then

charged with a 0.63M solution of LTB in MCH. The charge of initiator

solution in tube A was 0.5ml. (0.00031 mole, ca. 2 mole %). The charge

of initiator solution in tube B was 0.8ml. (0.00050 mole, ca. 2 mole %).



The tubes were vigorously shaken and then returned to the -20°C bath for
30 min.. The tubes were then placed in a bath maintained at -78^0 and
contained in a Dewar vessel and the tubes were allowed to stand over-
night at -78^0. At the ti.e the initiator was charged the contents of
tube A consisted of a clear solution whereas a small amount of flaky
white solid precipitate was observed in tube B.

In a separate experiment, conducted at the same time, a clean dry

15xl25mm. test tube, closed with a serum stopper, was purged with dry

N2 (syringe needle inlet and outlet) for 10 min.. The tube was then

charged with toluene (3ml.) and chloral (5ml.) and the tube was then

placed in an oil bath maintained at 70°C. After 10 min. the tube was

then charged with 1.6ml. of the 0.63M solution of LTB in MCH. The tube

was vigorously shaken and then immersed in an ice bath. Within 5 min.

the contents of the control tube had transformed into a solid white

plug.

After the tubes containing the nonanal polymerization mixtures

were allowed to remain overnight at -78°C the contents of tube A were

completely fluid. The contents of tube B was a very thick slurry of

fine white particles. Each tube was then charged, via syringe and

under N^, with 1ml. of a 3:2 mixture of acetic anhydride/pyridine

which had been chilled to below -50°C. The tubes were vigorously

shaken and returned to the -78°C bath. After a period of 1 hr. the

tubes were placed in a -20°C ice-salt bath. After a period of 2 hrs.

the contents of both tube A and tube B were homogeneous. The tubes

were opened and the contents of each was added to an approximately

equal volume of a 3:1 mixture of methanol and dimethylacetamide. The
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clear, one phase, homogeneous systems which resulted were not further^

characterized.

a^^S^tMrninlilat^ A clean dry 25ml. volumetric flask,
closed with a serum stopper, was charged, via syringe and under N^,

with freshly distilled nonanal (2.381g., 0.0168 mole) and the volL
was made up with n-hexane. The concentration of the resulting mother
solution was taken to be 0.669M in nonanal.

Six clean dry 15x125mm. test tubes, closed with serum stoppers,

were alternately evacuated to ca. 20mm. Hg and filled with dry via

a hypodermic syringe needle. This cycle was repeated three times. The

tubes were then divided into two groups (A and B) and charged, via

syringe and under N^. with a volume of the mother solution and a volume

of n-hexane according to the following schedule.

Tube: A2 A3 B3

ml . mother solution 4.0 2.6 2.0 6 3 1

approximate # of moles
of aldehyde x 10-^

2.7 1.7 1.3 3.9 1.9 0.66

ml. n-hexane 0 3 6 0 3 6

ml. 0.08M LTB
solution

1.6 1.3 1.8 2.4 1.3 0.4

approximate mole% LTB 9.7 6.1 11 4.9 5.5 4.8

The tubes were all then immersed in an ice-salt bath (-18° to

22°C). The tubes were then each charged with a volume of 0.08M solution

of LTB in MCH. The tubes were then vigorously shaken and returned to

the ice-salt bath.

In a separate control experiment, conducted concurrently, a clean



dry 15x125... test tube, closed with a seru. stopper and treated as
above, was charged under with n-hexane (1.1.) and chloral (3.1.).
The tube was then placed in an oil bath .aintained at 70°C. After a

period of 5 .in. the tube was charged with 3.5.1. of the 0.08M LTB
solution. Shaken and i..ersed in the ice-salt bath. Within 3 .in. the
contents of the tube had transfor.ed into a solid, opaque white plug

with a ca. 2... layer of clear supernatant liquid.

After a period of 1 hr. the tubes containing the nonanal poly.eri-

zation .ixtures were removed fro. the ice-salt bath and placed in a

-78°C bath contained in a Dewar vessel. At the ti.e of the transfer to

the -78°C bath the contents of all the tubes, except for tube Al . were

clear and ho.ogeneous. A small a.ount of granular white precipitate

was observed in tube Al
.

The tubes were stored overnight in the -78°C

bath. The contents of tube Al appeared to be a solid white plug. The

appearance of the contents of the re.aining tubes was quite si.ilar.

The relative a.ount of granular solid roughly paralleled the initial

.onomer concentration.

Five tubes were each charged, via syringe and under N^, with 2ml.

of a chilled 1:1 mixture of acetic anhydride/pyridine. Addition of

this mixture to the reaction mixture appeared to cause some coagulation

of the precipitate. The tubes were allowed to remain in the -78°C bath

for a period of 1 hr. and were then transferred to a -20°C ice-salt

bath where they were allowed to remain for a period of 2 hrs.. After

this time the contents of tubes Al and B3 were homogeneous and the

contents of each of the two tubes were poured into an approximately

equal volume of a well stirred, chilled (0°C) mixture of methanol and



di.ethylaceta.1de
characterization of the resulting fixtures

of two liquid phases was attempted.

The contents of tubes A2, A3 and B2, which were all slightly

cloudy, were suction filtered while cold through individual medium

fritted funnels. Filtration of the contents of tubes A2 and B2 gave

products; A3 gave no product.

The product from the filtration of the tube A2 was rinsed into a

test tube with CH2CI2 which appeared to dissolve the polymer. A very

thin film was deposited on the side of the test tube as the solvent

evaporated.

The product from the filtration of the contents of tube B2 was

placed into a small test tube. Deuterated chloroform was added to the

test tube which dissolved the solid from the spatula. The PMR spectrum

of the cloudy solution was recorded. The solution was very dilute and

only a broad signal, centered near 8=1.30, could be distinguished.

^—Py'eparative scale polymerization of nonanal in TCH with LTB

initiator
. A 250ml. three-necked round-bottomed flask, fitted with a

paddle type stirrer, a rectangular adapter, and a reducing adapter

closed with a serum stopper and fitted with a Teflon sleeve, served as

the polymerization vessel. The apparatus was assembled hot and cooled

under a blanket of dry via the adapter. The flask was then charged,

via syringe and under N^, with MCH (72ml.) and 8ml. of a 0.625M solu-

tion of LTB in MCH (0.005 mole LTB). The flask was then immersed in

a low temperature bath, contained in a Dewar vessel, which was main-

tained at -58° to -60°C by judicious addition of small quantities of

finely crushed C02(s). After a period of 30 min. the flask was charged



with twice distilled nonanal (8ml., 0.046 mole). After a period of 15
min. the contents of the flask appeared as a viscous liquid containing
a modest amount of suspended white material; agitation of the reaction
mixture was still possible. The bath temperature was brought to -78«C
and the Dewar vessel was packed well with CO^Cs). After a period of

15 min. the stirrer was stopped and the flask and its contents were

allowed to stand overnight at -78°C.

The stirrer was re-started and the polymerization mixture was

agitated for 2 hrs. while the flask was kept immersed in the -78°C

bath. The flask was then charged, via syringe and under N^, with 100ml

of a chilled 4:1 mixture of acetic anhydride/pyridine while vigorous

agitation of the reaction mixture was maintained. After 15 min. the

cold bath was slowly removed in several steps requiring 15 min. to

complete. The vigorous agitation of the viscous reaction mixture was

continued for a period of 1 hr. as the flask and its contents warmed to

room temperature. A suspension of small particles formed in the flask.

The reducing adapter with serum stopper closure was quickly re-

moved and replaced with a Claisen distilling head fitted with a short

(ca. 13cm.) column holding a thermometer and fitted with a collection

adapter which held a 100ml. round-bottomed flask. The receiver flask

was immersed in an ice bath. The reaction vessel was then gradually

immersed in an oil bath maintained at 100°C. A period of 35 min. was

required to raise the surface of the oil bath to the level of the

contents of the flask. During this time ca. 15ml. of volatiles was

collected, the reaction mixture developed a yellow brown tint, and the

particles of solid material in the reaction mixture became highly



swollen and less distinct. The temperature of the oil bath was raised
to 125\ over a period of 15 min. and was then maintained at that tem-
perature for 30 min.. A total volume of ca. 100ml. of volatiles was

collected. The hot reaction mixture was suction filtered through a

warm (70°C) 60ml. coarse fritted funnel. The solid product collected

in the funnel was washed with three 30ml. portions of a 1:1:2 mixture

of acetic acid/acetone/diethyl ether. The filtration was very slow and

the filtration and washing required a period of 1.5 hrs.. The waxy,

crumbly plug of the product was broken up with a spatula and suspended

in the filter with 50ml. of a 3:1 mixture of acetone and water. The

liquid was drawn off with suction and the suspension-drain procedure

was repeated. The product was finally washed with three 20ml. portions

of acetone and dried on the filter for 2 hrs.. The product was trans-

ferred to a crystallizing dish (crude yield 2.3g., 35%) and dried over-

night at room temperature and reduced pressure (0.5mm. Hg) over KOH.

The white crumbly product was soluble in CHCl^. However, the

extent and completeness of the dissolution was difficult to determine

in as much as the product formed clear, very highly swollen particles

with even a small amount of CHCl^. Chloroform solutions of the product

of greater than 0.2g./dl. concentration were so slowly suction filtered

that significant evaporation of the solvent occurred during the filtra-

tion.

The infrared spectrum of a film of the product (from CHCK)

(pg. 257) showed very strong absorptions at 2925 and 2875cm."^ (u and
^ as

1/^; CH^). Moderate to strong absorption bands, with several shoulders,

were recorded at 1470 and 1380cm."^ (C-H bending). A strong band was
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-1recorded at 1 120™."
'
which had a noticeable shoulder near 1140c..-l (C-0

stretch). A weak absorption was recorded near 740C..-1. No absorptions
assignable to OH or C=0 groups in the product were observed.

The PMR spectrum (CDCI3) (pg. 265) showed a weak, broad absorption
in the region of 8=5.05-4.55 (O-(R)CH-O). A strong single absorption

Signal was recorded at 8=1.25 HCH^)-). An unresolved .ultiplet. which
partially overlapped the strong signal at 8=1.25, was recorded near

8=0.85 (-CH3).

A sample of the polymer (0.51g.) was placed into a test tube

together with a small amount of ethanol and the sample was ground with

the ethanol in the test tube with the end of a glass rod. A volume

(3ml.) of 2,4-dinitrophenylhydra2ine reagent, prepared according to

Vogel was added to the test tube which was then agitated while being

heated in a 60°C water bath. Within a period of 5 min. the contents of

the test tube transformed into a thick slurry of yellow solid. The

solid 2,4-dinitrophenylhydrazone was isolated by suction filtration of

the slurry, washed with ethanol, and dried on the filter for 1 hr.

(crude yield 0.96g., nearly quantitative). The hydrazone was then

recrystallized from ethanol and dried for 14 hrs. at reduced pressure

(0.1mm. Hg) (m.p.=101-102°C, m.p. lit.^^"^ 100°C).

The inherent viscosity of a 0.59g./dl. solution of the polymer in

tetrahydronapthalene (tetralin) (contg. <0.05?^ N,N-di-yS-napthyl -p-

phenylenediamine) at various temperatures was (T, 77(dl ./g. )) ; 35°C,

1.48; 46°C, 1.36; 57°C, 1.06; 66°C, 1.06. The tetralin solution had

a faint haze which was not removed by pressure filtration (N^ pressure)

of the warm (60°C) solution through a coarse fritted funnel.



Anal. Calcd. for (CgH^^o)^: C, 75.99%; H, 12.95%. Found: C,

75.39:> H, 12.61%.

A portion of the polymer was reprecipitated from CHCI3. ^^^^"^^^

(l-5g.) was placed into a 50ml. Erlenmyer flask. Chloroform (30ml.)

was then added to the flask and the flask was securely stoppered and

allowed to stand overnight at room temperature. A clear, thick uniform

gelatinous mass was observed as a layer on top of the CHCI3 in the

flask. The flask was vigorously shaken to disperse the highly swollen

mass. A magnetic stirring bar was placed into the flask and the con-

tents of the flask were magnetically stirred for 5 hrs. at room tempera-

ture. The contents of the flask were then added to 50ml. of well

stirred, cold (0°C) acetone contained in an Erlenmyer flask which was

affixed in an ice bath. The resulting suspension was suction filtered

through a coarse fritted funnel. The white recovered polymer was

washed with acetone (2x20ml.), dried on the filter for 1 hr. , then

dried for 5 hrs. at room temperature and reduced pressure (0.5mm. Hg)

(1 . Ig. , 73% recovery).

A small amount (ca. O.lg.) of solid was also recovered from the

mother liquor by cooling the mother liquor to -20°C and suction filtra-

tion of the resulting suspension through a medium fritted funnel.

The infrared spectrum of films (from CHCI3) of each fraction

(pg. 257) were essentially identical to each other excepting that in

the spectrum of the more soluble fraction, obtained by cooling of the

mother liquor, a more pronounced absorption in the region of 1 730cm."''

was recorded. The spectra were better resolved than the spectrum

originally obtained and also showed an absorption near 1570cm.~''



^""0=0 recorded in the initial spectrum.

'^^^^^^^^^^^-^^^
A flamed out 250ml

three-necked round-bottomed flask fitted with a paddle type stirrer

and glass bushing, a Teflon thermometer adapter fitted with a short

length of glass rod, and a ground glass joint fitted with a 3-way

stopcock, served as the polymerization vessel. The apparatus was

treated as described in section D.I..

The flask was charged, via syringe and under H^, with MCH (100ml.)

and a volume (4ml.) of a 0.88M solution of LTB in MCH (0.0035 mole LTB)

and the mechanical stirrer was started. The polymerization vessel was

then immersed in a -20°C cooling bath contained in a Dewar vessel which

was fitted with an electrically controlled liquid N2 cooling coil.

After a period of 20 min. the flask was charged, via syringe and

under N^, with twice distilled nonanal (20ml., 0.12 mole). After a

period of 5 min. the temperature of the bath was gradually and con-

tinuously lowered to -30°C over a period of 30 min. and the temperature

of the bath was maintained at -30°C for a period of 15 min. The bath

temperature was then gradually and continuously lowered to -50°C over

a period of 30 min.. As the bath temperature approached -50°C the

formation of a precipitate was observed in the polymerization mixture.

The precipitate was first observed as nearly transparent, blue tinted

clumps. As the bath temperature was lowered to -55°C (10 min.) the

reaction mixture became more viscous and difficult to stir. The bath

temperature was then brought to -78°C in 10 min.. The Dewar vessel was

packed well with solid CO2, the stirrer was stopped, and the flask and



its contents were allowed to stand overnight at -78°C.

The stirrer was restarted and after a period of 2 hrs. the flask
was charged, via syringe and under

, with a chilled mixture of acetic
anhydride (60ml., 0.64 mole) and pyridine (10ml., 0.12 mole). After
a period of 10 min. the cold bath was gradually removed and the mixture
slowly warmed to room temperature over a period of 1.5 hrs.. After an

additional period of 1 hr. the stirring was stopped and the reaction

mixture was suction filtered, in several portions, through a 60ml.

coarse fritted funnel. The initially rapid filtration rate quickly

dropped off. Addition of acetone to the contents of the filter aided

the filtration slightly. Acetone (100ml.) was added to the remaining

unfiltered reaction mixture in the reaction flask, the flask was kept

packed in ice during the filtration procedure.

The contents of the 60ml. funnel, together with 60ml. of acetone,

was transferred to a 150ml. coarse fritted funnel and suction filtration

was continued. The remaining reaction mixture was filtered in several

portions. A volume (20-30ml.) of acetone was mixed with each portion

of reaction mixture as it was poured into the funnel.

The vacuum to the filter flask was clamped off and the tacky,

crumbly, translucent white product was broken up and suspended in

acetone (50ml.) in the filter, the solvent was then drawn off with

suction. This process was repeated with acetone (2x50ml.), a 5:1

mixture of acetone and water (2x50ml
. ) and finally with acetone (50ml.).

The solid product, which became harder and more opaque with the

washings, was dried on the filter for 1 hr. then transferred to a

crystallizing dish. Crude yield of wet product; 15. 6g. (95%). The



product was then dried overnight at room temperature and reduced

pressure (25mm. Hg); yield after drying; 6.45g. (38%).

The infrared spectrum of a film (from CHCI3) of the polymer

(pg. 258) was very similar to that of the polynonanal sample prepared

previously. A moderately narrow band of medium intensity was recorded

near 2730cm.-l
(^^^; rchO) suggested that monomer present in the polymer

was contributing the absorption near 1730cm.~''. A weak, slightly

broadened absorption band centered near 3425cm.-\ not present when the

spectrum of the "blank" NaCl plates was recorded, suggested the presence

of OH endgroups or occluded water in the sample.

The PMR spectrum of the product (CDCI3) ^P^- 267) was identical

to that recorded for the previous sample of polynonanal.

A portion of the product was reprecipi tated from CHCU. A sample

of the polymer (0.991g.) was weighed into a 50ml. Erlenmyer flask and

a volume (10ml.) of CHCI3 was added to the flask. An additional

volume (20ml.) of CHCI3 was added to the flask in several portions over

a 2 hr. period during which time the polymer sample became highly

swollen. A magnetic stirring bar was placed into the flask and the

contents of the flask was magnetically stirred at room temperature for

a period of 4 hrs. during which time an additional volume (10ml.) of

CHCI3 was added to the flask.

Acetone (5ml.) was added to the Erlenmyer flask and the mixture

was pressure filtered (N2 pressure) through a coarse fritted funnel

into a clean, dry 50ml. Erlenmyer flask, a thin film was deposited on

the interior surfaces of the funnel. The filtrate was then slowly

poured into a well stirred volume (30ml.) of chilled (0°C) acetone



contained in a 125.1. Erlen.yer flask. Poly.er precipitated and was
recovered by suction filtration of the suspension through a .ediu.
fritted funnel, washed with acetone (2x20ml.), and dried on the filter
for

1
hr., (0.863g., 87% recovery). The reprecipi tated poly.er was

further dried for 48 hrs. at room temperature and reduced pressure

(25mm. Hg).

A small amount of the chloroform reprecipitated material was

placed in a test tube together with one drop of cone. H^SO^. The solid

immediately collapsed into a yellow oil. A volume (3ml.) of 2,4-dini-

trophenylhydrazine reagent was then added to the test tube and the test

tube was agitated in a 60°C water bath. The contents of the tube

readily formed one phase and, almost instantaneously, transformed into

a very thick slush. The 2 ,4-dini trophenylhydrazone was isolated by

suction filtration, washed with ethanol , and dried on the filter for

1
hr.. The bright yellow solid was recrystall ized from ethanol (20ml.),

The resulting mat of yellow needles was dried for 8 hrs. at room tem-

perature and reduced pressure (m.p. = 101-102°C, m.p. lit.""^^ 100°C).

The major portion of polynonanal which was not reprecipitated from

CHCI3 was divided in half. One half portion was treated with several

fresh portions of acetone (65ml. /g. polymer) for 48 hrs. at room tem-

perature. The polymer was recovered by suction filtration of the

suspension, washed well with acetone, dried on the filter for 1 hr.,

then dried overnight at room temperature and 25mm. Hg.

The second half portion of the sample (2.5g.) was placed into a

250ml. Erlenmyer flask, together with 120ml. of toluene. The flask

was securely stoppered and allowed to stand overnight at room
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temperature. Toluene {25ml.) and distilled water (10ml.) were then
Placed into the flask and the contents of the flask were magnetically
stirred for 8 hrs. at room temperature. The stirring was discontinued
and the mixture was allowed to stand overnight at room temperature.

The contents of the flask were then transferred to a separator^ funnel

and the lower aqueous layer was drawn off. The toluene layer was then

added dropwise to 400ml. of chilled (0°c) acetone contained in a 1 1.

Erlenmyer flask which was affixed in an ice bath. A suspension of

fibrous white polymer resulted which was then suction filtered through

a medium fritted funnel. A coherent, off white, translucent, rubbery

disk formed on the frit. The disk of polymer was rinsed with acetone

and cut into numerous small pieces with a razor blade. The pieces were

suspended in 60ml. of a 5:1 mixture of acetone and water. The suspen-

sion was suction filtered through a coarse fritted funnel. The re-

covered toluene reprecipi tated polymer was washed with acetone

(2xl0ml.), dried on the filter for 1 hr. , then dried for 3 hrs. at room

temperature and 0.01mm. Hg. A portion of the toluene reprecipitated

polymer was ground at low temperature (T<-50°C) into a fine powder.

The infrared spectrum (pg. 258) of a film (from CHCI3) of the

toluene reprecipitated polymer was very similar to the spectrum

recorded for the original material.

The number average molecular weight by VPO (37°C in CHC1-) was
o

ca. 17,000 (DP^120).

The inherent viscosity of a 0.41g./dl. solution of the polymer in

tetralin (0.05% N,N'-di-/9-napthyl-p-phenylenediamine) at 61°C was; 77=2.9

The original solution was held at 60°C for 4 hrs., cooled to room



te.pe.atu.e. and steed overnight at ™» temperature. A 5.K a,1,uot
Of the solution «as diluted to a volume of 10ml. with the tetralln
solvent. The Inherent viscosity of the resulting solution at 60°C was
-7=1.4.

Anal. Calcd. for (CgH^^o)^: C, 75.99%; H. 12.76%. Found: C,

75.46%; H, 12.49%.

^^-^^^^^^^^^^^^^
The acetone

treated portion of the polynonanal described in section H.2. was ex-
truded at 80\ through a tungsten carbide capillary in the capillary

rheometer accessory of an Instron model TTCM (Instron Corporation,

Canton, Ma.). The diameter of the capillary was 0.030" (0.762cm.) and

its length was 1.0078" (2.559cm.).

The capillary was fitted to the end of the rheometer barrel, the

rheometer was heated to temperature, and the polymer was loaded into the

rheometer barrel and tamped with a brass rod. During the tamping pro-

cedure a number of very small fibrils were formed on the side of the

tamping rod. The plunger [0.375" (0.953cm.) dia.] was inserted into

the barrel and the plunger and sample were preheated for a period of

3 min.. During this preheat period a very small amount of material was

extruded through the capillary under the weight of the plunger. The

crosshead was lowered and connected to the plunger and the polymer was

extruded at a crosshead speed of 0.5cm. /min.. The force necessary to

maintain a constant crosshead speed was recorded at a chart speed of

10cm. /min. and a recorder range setting which corresponded to 100kg.

for a full scale deflection of the recorder pen. A very smooth force

trace was obtained. The apparent steady state viscosity was 3350 poise.



An Odor of monomeric nonanal was detected in the vicinity of the rheo-
meter.

The filament extrudate was moderately opaque and was easily broken
by a force applied perpendicular to its long axis. The extrudate could
easily support its own weight to a vertical height of at least 40cm..

The extrudate was seen to coil slightly before fracturing in the 21.

beaker which was used to collect the extrudate. Some permanent set

of the bending occurred as the stiffness of the extrudate increased

slightly as it cooled.

The filament extrudate was cut into a number of 10-20cm. pieces

which were soaked in several fresh portions of acetone at room tempera-

ture for 3 hrs.. The filaments were stored in the freezer in tightly

stoppered test tubes under fresh acetone until needed. The filaments

were rinsed with a small volume of acetone, blotted dry, and dried in

vacuo at room temperature before they were used.

During the cleaning of the rheometer a very thin translucent film

was peeled from the side of the plunger. The infrared spectrum of the

film was recorded (pg. 258). A strong, fairly broad absorption was

recorded near 1720cm."\ suggesting that the film was highly contamina-

ted with monomeric nonanal, probably formed by degradation of the

polymer during the extrusion process.

I. Polydecanal [Poly( (2-n-nonyl )oxymethylene)]

1. Preparative scale polymerization of decanal in MCH with LTB

Initiator . Decanal was distilled once and stored over molecular

sieves (3A) for 14 hrs. prior to its use. A 250ml. three-necked round-
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bottced nask. fitted with a paddle type stirrer, a rectangular adap-
ter, and a reducing adapter Cosed with a serum stopper and fitted with
a Teflon sleeve, served as the polymerization vessel. The apparatus was
assembled hot and cooled under a blanket of dry through the rectan-
gular adapter.

The flask was then charged, with a syringe and under N^, with MCH
(60nil.) and 5ml. of a 0.7M solution of LTB in MCH (0.004 mole LTB). The

stirrer was started and the flask was immersed in a low temperature

bath contained in a Dewar vessel and maintained at -58°C to -60°C by

judicious addition of small quantities of finely divided CO^Cs). After

a period of 30 min. the flask was charged with decanal (13ml., 0.069

mole), the entire charge of aldehyde was delivered within a period of

0.5 min.. The reaction mixture was a thick white slurry. The tempera-

ture of the bath was then lowered to -78°C. After 5 hrs. the stirrer

was stopped, the Dewar vessel was packed well with C02(s). and the

flask was allowed to sit overnight at -78°C. The stirrer was restarted

and, after 1 hr., a chilled mixture of acetic anhydride (85ml., 0.90

mole) was added to the polymerization mixture. After 15 min. the cold

bath was gradually removed in such a way that the reaction flask and

its contents warmed to room temperature in 30 min.. After an additional

20 min. the stirrer was stopped and the reaction mixture was poured,

with stirring, into 150ml. of chilled (0°C) acetone. The resulting

suspension was suction filtered through a medium fritted funnel and

the collected solid product was washed with methanol (20ml.), acetone

(2x20ml.), a 5:1 mixture of acetone and distilled water, again with

acetone and dried on the filter for 1 hr.. The product was transferred
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to a crystallizing dish (1.9g.. 17%) and dried overnight at roc. te.-
perature and 25mm. Hg (l.Og., 9%).

The infrared spectrum of a film (from CHC13) the polymer

(pg. 259) showed strong, broad absorptions in the region of 3250 to

2650cm.-\ Two peaks could be identified at 2950 and 2850cm:^ (,^^ and

CH^). A moderate to weak absorption was recorded at UlOcmfChich
had a broad shoulder near 1725cm.-l

(.^^^). Moderate to strong absorp-

tions were recorded at 1470cm.-'' (shoulders near 1460 and 1430cm.-l)

and 1370cm."'' (several shoulders) (C-H bending). A strong, broad ab-

sorption band was recorded from 1190 to 900cm.- \/hich had resolved

shoulders at 1140 and 1120cm.-\ An absorption was recorded near 730-

cm. ^ which had a small shoulder near 740cm.-^

The PMR spectrum (CDCI3) indicated that the polymer was unstable

because it was contaminated with carboxylic acid as indicated by a

notable absorption nearS=10.5 (CO^H).

The inherent viscosity of a 0.5g./dl. solution of the polymer in

tetralin (0.05% N,N'-di-/5-napthyl-p-phenylenediamine) at 51°C was

0.84dl ./g..

2j Preparative scale polymerization of decanal in MCH with LTB

initiator using a controlled temperature program . A flamed out 250ml.

three-necked round-bottomed flask, fitted with a paddle type stirrer

and glass bushing, a Teflon thermometer adapter fitted with a short

glass rod, and a ground glass joint fitted with a 3-way stopcock,

served as the polymerization vessel. The apparatus was assembled hot

and cooled under a blanket of dry N^. The flask was charged with MCH

(95ml.) and 6ml. of a 0.59M solution of LTB in MCH (0.004 mole LTB).



The^stlrrer was started and the polymerization vessel was i..ersed in a

-20°C cold bath contained in a Dewar vessel which was equipped with an
electrically controlled liquid cooling coil. After a period of 30
min. the flask was charged, with a syringe and under N^, with decanal
(16ml.. 0.085 mole) and gave a clear mixture. After a period of 10

min^ the bath temperature was decreased to -28°C in 5 min. and then to

-35 C in 5 min.. The polymerization mixture was maintained at that

temperature for 60 min. and the bath temperature was decreased to -40°C

in 5 min. and maintained at that temperature for 25 min.. The bath

temperature was lowered to -50°C in 10 min., held at that temperature

for 10 min., then decreased to -60°C in 10 min.. After 20 min. at

-60°C the bath temperature was lowered to -78°C, the Dewar vessel was

packed well with CO^Cs), and the flask was left overnight at -78°C.

The stirrer was restarted and, after 1 hr. , a chilled mixture of

acetic anhydride (65ml., 0.60 mole) and pyridine (10ml., 0.12 mole) was

added. The cold bath was gradually removed and the flask and its

contents were allowed to warm to room temperature in 30 min. and agi-

tation of the reaction mixture was continued for 1.5 hrs.. The stirrer

was stopped and the reaction mixture was slowly poured into 200ml. of

stirred, chilled acetone contained in a 500ml. Erlenmyer flask which

was affixed in a C02(s)/iso-propanol bath. A fluffy white solid pre-

cipitated and 10ml. of distilled water was added to the suspension

which was warmed to room temperature and filtered through a coarse

fritted funnel. The solid product was washed with acetone (2x30ml.),

a 1:1 mixture of acetone/water, and again with acetone. The product

was then dried on the filter for 1 hr. and then transferred to a



crystallizing dish (7.1g., BU). The product was further dried for 5

hrs. at room temperature and 0.5mm. Hg.

The infrared spectrum (pg. 259) of a film (from CHCI3) ^he

polymer showed very strong absorptions at 2925 and 2850cm.-l (c-H

stretch, CH^) and moderate to strong absorptions at 1470cm.-\shoulder
at 1460cm.-\ sharp shoulder at 1430cm.-l

) and I370cm.-1 (C-H bending,

and CH3). A very strong, broad absorption band was recorded from

1200 to 900cm.-l (C-C and C-0 stretching) which had notable shoulders

at 1140 and 1120cm.-^ A moderate absorption was recorded at 730cm.-l

which had a shoulder near 740cm.-''. A weak broad absorption, not

present in the spectrum of the blank NaCl plate, was recorded in the

region of 3525 to 3250cm.-'' indicating the presence of OH endgroups or

water in the sample. A weak absorption near 2725cm.-^ indicated that

the polymer was contaminated with monomeric decanal which contributed

to the absorption recorded near 1720cm."^

The PMR spectrum of the polymer (CDCI3) (pg. 268) showed a broad

absorption in the region of 8=5.05-4.65 (-O-(R)CH-O-) and a single

strong signal at 8=1.30 ((CH^)^). A poorly resolved multiplet, centered

near 8=0.90 (CH^), was partially overlapped with the strong absorption

at 8=1.30.

A small sample of the product was transferred to a test tube to-

gether with 3ml. of 2,4-dinitrophenylhydrazine reagent and the test

tube was agitated in a 60°C water bath. The polymer particles degraded

as they became coated with yellow solid of the 2 ,4-dinitrophenylhydra-

zone.

The thick slurry of the hydrazone was filtered and the yellow



solid was washed well with ethanol, recrystal 1 ized from ethanol, and
dried overnight (m.p.=l03-105°C, m.p. litJ23 ^q^o^^^

The major part of the product was treated with several fresh por-
tions Of acetone for 36 hrs. at 30°C. The acetone suspension was

filtered and the polymer was washed with acetone and dried for 5 hrs.

at room temperature and 0.1mm. Hg over KOH (75% recovery).

The inherent viscosity of a 0.51g./dl. solution of the acetone

treated polymer in tetralin (contg. 0.05% N,N -di-^-napthyl -p-phenylene

diamine) at 60°C was, ^=1 .15dl ./g. . The intrinsic viscosity of the

polymer in the same solvent at the same temperature was h]=1.2dl./g..

Anal. Calcd. for (C^qH^oO)^: C, 76.86%; H, 12.90%. Found: C,

76.75%; H, 12.89%.

A portion of the product polymer was reprecipitated from toluene.

Polymer (1.6g.) was placed in a 250ml. Erlenmyer flask to which 200ml.

of toluene was added. The flask was securely stoppered and set aside

overnight at room temperature. During this time polymer seemed to have

gone into solution. Distilled water (20ml.) was added to the flask and

the contents of the flask were stirred for 1 hr.. The mixture was

transferred to a separatory funnel and the lower aqueous layer was

drawn off. The toluene layer was then added dropwise, in 1 hr., to

300ml. of virogously stirred, chilled acetone; fibrous white polymer

precipitated. The suspension was allowed to warm to room temperature

and then filtered through a coarse fritted funnel. The polymer

coagulated to a thin, coherent, rubbery disk which was removed in one

piece and cut into numerous small pieces. The reprecipitated polymer

was washed with acetone and dried overnight at room temperature and



25mm. Hg,

When a sample of the product was allowed to stand for a longer
period, at reduced pressure or open to the atmosphere, the sample was
transformed into a yellow oil which was believed to substantially con-
sist of monomer and was discarded.

^^-^^^^^^^^^^
The acetone

treated portion of the polydecanal
, described in section 1.2. , was ex-

truded at 52°C to 53°C through a tungsten carbide capillary in the

capillary rheometer accessory of an Instron model TTCM. Filaments of

two different diameters were extruded using capillaries of different

dimensions. The first capillary had a diameter of 0.030" (O. 0762cm.)

and a length of 1.0078" (2.559cm.). The second capillary had a diameter

of 0.050" (0.127cm.) and a length of 2.0080" (5.100cm.).

The capillary (d=0. 0762cm. ) was fitted to the end of the rheometer

barrel and the rheometer was heated to temperature. A portion of the

polymer powder was placed into the rheometer barrel and tamped with a

brass rod. The plunger [0.375" (0.953cm.) dia.] was inserted and

sample and plunger were allowed to preheat in the rheometer apparatus

for 3.5 min.. During this period no polymer was extruded under the

weight of the plunger. The crosshead was lowered, affixed to the

plunger, and polymer was extruded at a crosshead speed of 0.5cm. /min..

The force required to maintain the constant crosshead speed was re-

corded at a chart speed of 10cm. /min. and a range setting which corres-

ponded to a 100kg. load for a full scale deflection of the recorder

pen.

A small, soft, nearly transparent conical shaped plug was



recovered f.o. the barrel of the rheo.eter. The plug beca.e harder,
waxy and .ore opaque when 1t was cooled while soaking in acetone.

The second capillary (d=0.127cm.) „as fitted to the end of the
rheceter barrel and the remainder of the poly.er sa.ple was introduced
through the open end of the barrel, the small plug recovered fron, the
first extrusion was introduced last. The extrusion was then repeated
with all other conditions exactly as above.

Both extrudates were cut into a number of 10-20cm. pieces and

soaked in several fresh portions of acetone at room temperature for

2 hrs.. The 0.0762cm. and the O.I27cm. extrudates were stored in the

freezer (-15°C) under fresh acetone in tightly stoppered test tubes.

The filaments were rinsed with acetone, blotted dry on filter paper,

and dried at room temperature at reduced pressure prior to their use

in further studies.

The bulk of the samples of both extrudates was stored in the

freezer for ca. 10 days. The extrudates were cut with a razor blade

to form a molding powder which was washed well with acetone and dried

for 5 hrs. at room temperature and reduced pressure. The polymer was

then re-extruded at 59° to 60°C through a tungsten carbide capillary

in the capillary rheometer accessory of an Instron model TTCM.

The capillary was fitted to the end of the rheometer barrel and

the rheometer was heated to temperature. The polymer was loaded into

the rheometer barrel and tamped with a brass rod. The plunger

[0.375" (0.953cm.)] was inserted and sample and plunger were allowed

to preheat in the rheometer apparatus for 4 min.. During this time a

very small amount of polymer was extruded from the capillary under the



98

weight Of the plunger. The c.osshead was lowered, fixed to the plunge,
and the polymer was extruded at a crosshead speed of 0.5c../.1n The
force required to maintain the constant crosshead speed was recorded at
a chart speed of lOcm./min. and a range setting corresponding to a

100kg. load for a full scale deflection of the recorder pen.

An odor of decanal was noted in the vicinity of the rheometer and
the filament extrudate appeared to have a very thin coating of a liquid
on its surface. The filament became more brittle and opaque as it

cooled.

The extrudate was cut into a number of 10-20cni. pieces and soaked

with several fresh portions of acetone at room temperature for 3 hrs..

The filament was stored in the freezer (-15°C) under fresh acetone in

tightly stoppered test tubes. The extrudate was washed with acetone,

blotted dry on filter paper, and dried for several hours at room tem-

perature at reduced pressure prior to its use.

4. Mechan ical treatment of extruded filaments of polvdecanal .

The polydecanal filament, extruded at 58° to 60°C through a 0.030"

(0.0762cm.) capillary, was used in these experiments.

Attempted cold drawing. Only sections of the filament which

were straight and free from set curvature were used in these experi-

ments. A hand operated stretching rig, for use in infrared studies,

was employed. The jaws of the rig consisted of rectangular bars of

brass stock (8x0. 6x0. 2cm. ) , closed by hex nuts on machine screws which

passed through holes in the plates. Fine grit sand paper was glued to

the mating faces of the jaws. The sample lengths and initial jaw

separations were in the range of 3cm. to 6cm.
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Although the filament samples had some flexibility they were easily
crushed by a force perpendicular to their long axis. By and large the
samples failed within or at the jaws before elongation of the specimen

could be attempted. Shims of various thicknesses, fashioned from

aluminum foil, were employed in usually futile attempts to circumvent

the crushing problem and, again, the samples failed at or within the

jaws.

Attempted cold rolling. A hand operated cold rolling device

was used in these experiments. The stainless steel spring separated

rolls, whose separation could be adjusted by turning two thumb screws,

could be rotated in the same direction and with the same angular

velocity by turning a hand crank.

When roller separations of 0.021", 0.024", or 0.026" were employed

initially the samples became severely flattened and fractured into a

number of long thin splinters, many of which could be easily pulled

apart from each other. Many of the splinters could themselves be

pulled apart into very thin splies or fibrils.

In one trial the filament was passed three times through a roll

separation of 0.028". The roll separation was then decreased to 0.024"

in a series of four steps. After each step decrease the filament was

passed through the rolls four times. Following this treatment the

filament, which was still one coherent piece, was much more opaque than

the starting material and had a marbled appearance.

J. Polyundecanal [Poly( (2-n-decyl )oxymethylene)]

1. Attempted preparative scale polymerization of undecanal in MCH
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miLmjMtUtor. A flawed out 500.1 . .ound-bottced three-necked
flask, fitted with a paddle type stirrer, a ground glass stopper fitted
wUh a Teflon sleeve, and a ground glass joint fitted with a 3-way stop-
cock, served as the polymerization vessel. The apparatus was assembled
not and cooled under a blanket of dry N^.

The flask was charged with methyl cyclohexane (195ml.) and 4.9ml.
of a 0.612M solution of LTB in MCH (0.003 mole LTB). The stirrer was
started and the flask was immersed in a cooling bath which was con-

tained in a Dewar vessel and maintained at -60°C by judicious addition

of small quantities of CO^{s) to the bath medium. After a period of

30 min. the flask was charged with distilled undecanal (13ml., 0.063

mole) and the polymerization mixture immediately became a thick slush

of finely divided white particles. After a period of 3 hrs. the stirrer

was stopped, the Dewar vessel was packed well with C02(s), and the

flask and its contents were allowed to sit for 18 hrs. at -78°C.

The stirrer was restarted and a chilled mixture of acetic anhydride

(60ml., 0.64 mole) and pyridine (15ml., 0.19 mole) was added to the well

stirred polymerization mixture. After 30 min. the cooling bath was

removed in such a way that the flask and its contents warmed to room

temperature in 30 min.. Mechanical stirring of the reaction mixture

was continued for 30 min. and the stirrer was then stopped; the reaction

mixture appeared cloudy and had only a very small amount of solid in

suspension. The reaction mixture was filtered and a compact mass of a

tacky solid was collected on the frit. The solid was washed with

acetone (50ml.) and a 5:1 mixture of acetone and distilled water

(3x35ml.). When a small volume (ca. 5ml.) of distilled water was added
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near the end of the final washing the solid on the frit was dissolved
away. The filtrate apparently contained no polymer and was discarded.

^^^-^^^^^^^^^^^^^^^
A flamed out

250ml. three-necked round-bottomed flask, fitted with a paddle type

stirrer with glass bushing, a ground glass stopper with a Teflon sleeve,
and a ground glass joint fitted with a 3-way stopcock, served as the

polymerization vessel. The apparatus was assembled hot and cooled under

a blanket of dry N^. The flask was then charged with MCH (100ml.) and

9ml. of a 0.324M solution of LTB in MCH (0.0029 mole LTB) and the

stirrer was started. The flask was then immersed in a -17°C cold bath

contained in a Dewar vessel which was equipped with an electrically

controlled liquid cooling coil.

After 30 min. the flask was charged with undecanal (20ml., 0.097

mole). After a period of 10 min. the bath temperature was lowered to

-31°C in 1 hr. in a sequence of steps of 5°C to 8°C each. The bath

temperature was held at each intervening temperature for approximately

5 min.. The bath temperature was maintained at -31°C for 15 min. and

then gradually and continuously lowered to -40°C in 5 min.. As the

bath temperature reached -36°C precipitation was observed in the poly-

merization mixture and the appearance of a slurry was accompanied by

an increase in the viscosity of the mixture and formation of a number

of highly swollen particles. The bath temperature was raised to -30°C

and maintained at that temperature for 20 min.. No significant change

in the visual appearance of the reaction mixture was observed. The

bath temperature was brought to -75°C in 20 min., the stirrer was



stopped, the Dewar vessel was packed well with CO^^s)
, and the flask

was allowed to sit overnight at -78°C.

The stirrer was restarted and a chilled mixture of acetic anhydride
(65ml., 0.60 mole) and pyridine (10ml., 0.12 mole) was added to the
flask. After 15 min. the cooling bath was removed and agitation of the
reaction mixture was continued for 1.5 hrs.. The stirrer was stopped
and the reaction mixture was slowly poured into 400ml. of well stirred,

chilled acetone contained in an Erlenmyer flask which was affixed in an

ice bath. A suspension of white polymer resulted which was filtered

through a 150ml. medium fritted funnel. The product was washed with

acetone (4x20ml.), a 5:1 mixture of acetone/water, again with acetone,

and dried on the filter for 1 hr.. The polymer was transferred to a

crystallizing dish (2.5g., 15%) and dried overnight at room temperature

and 25mm. Hg. For further purification the polymer sample was suspended

in acetone at 3o\. After 10 hrs. the suspension was filtered and the

polymer was washed with acetone then dried overnight at room temperature

and 25mm. Hg.

The infrared spectrum (pg. 259) of a film of the product (from

CHCI3) showed very strong absorption in the region of 3050 to 2800cm."''

with maxima near 2925 and 2850cm.''' (C-H stretch). Moderate to strong

absorptions were recorded at 1470cm."'' (shoulders at 1460 and 1430cm."'')

and 1370cm."^ (shoulder near 1340cm."^ ) (C-H bending). A strong, broad

absorption band was recorded from 1200 to 900cm ."^ which had shoulders

near 1120 and 1140cm."^ (C-C and C-0 vibrations). A weak, broad ab-

sorption in the region of 3550 to 3225cm."^ suggested the presence of

hydroxyl endgroups or water in the polymer sample. A weak absorption
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near 2725cm:l indicated that monomeric aldehyde present in the sample
was contributing the absorption near 1720cm.-'' {u^ ^)

,

A small sample of the product was placed in a test tube together
with 3ml. of 2,4-dinitrophenylhydrazine reagent and reaction was

allowed to proceed overnight at room temperature; a thick slurry of

yellow solid was obtained. The slurry was filtered and the solid was

recrystallized from ethanol and dried overnight at room temperature

and 0.1mm. Hg (m.p.=105°C, lit.^^"^ 104°C).

The inherent viscosity of a 0.48g./dl. solution of the polymer

in tetralin (contg. 0.05% N,N'-di-yS-napthyl-p-phenylenediamine) was

77=1.3dl./g. at 61°C and T^^O.Sldl ./g. at 80°C. The intrinsic viscosity

in the same solvent at 80°C was [77]=0.33dl ./g.

.

The number average molecular weight by VPO (37°C in benzene) was

7,000 (DP^-100).

Anal. Calcd. for (C^^^^^O)^: C, 77.58%; H, 13.02%. Found: C,

77.31%; H, 12.91%.

^—Py'e parative scale polymerization of undecanal in MCH with

LTB initiator employi ng a controlled temperature program at lower

monomer concentration . A flamed out 250ml. three-necked round-

bottomed flask, fitted with a paddle type stirrer and glass bushing,

a Teflon thermometer adapter fitted with a glass rod, and a ground

glass joint fitted with a 3-way stopcock, served as the polymerization

vessel. The apparatus was assembled hot and cooled under a blanket of

dry N^. The flask was then charged with MCH (80ml.) and 4.8ml. of a

0.479M solution of LTB in MCH (0.0023 mole LTB). The stirrer was

started and the flask was immersed in a -19°C cooling bath contained in
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a Dewar vessel which was fitted with an electrically controlled liquid
N2 cool ing coi 1

.

After 20 min. the flask was charged with undecanal (8ml., 0.039
mole). After 10 min. the bath temperature was then decreased from

-19°C to -45°C over a period of 2.25 hrs. in several decrements of

2°C to 4°C each. Each decrease was accomplished in 2-3 min. and the

bath temperature was maintained at each new temperature for 5-8 min.

before the next decrease. The bath temperature was maintained at -45°C

for 10 min. and then gradually and continuously decreased to -48°C in

10 min. and held at -48°C for 10 min.. An increase in the viscosity

of the polymerization mixture was noticed. The temperature of the

cooling bath was gradually decreased to -58°C in 10 min.. The poly-

merization mixture had become a stiff slurry.

The bath temperature was then gradually decreased to -60°C in

10 min.. The bath temperature was brought to -78°C, the stirrer was

stopped, the Dewar vessel was packed well with CO^{s) , and the flask

and its contents were allowed to sit overnight at -78°C.

The stirrer was restarted and, after a period of 30 min., a

chilled mixture of acetic anhydride (70ml., 0.74 mole) and pyridine

(10ml., 0.12 mole) was added to the mixture. After a period of 15 min.

the cold bath was removed and the flask was warmed to room temperature

in 45 min. and agitation of the reaction mixture was continued for

1 hr.. The stirrer was stopped, and the reaction mixture was slowly

poured into 300ml. of well stirred chilled acetone contained in a 1 1.

Erlenmyer flask which was affixed in an ice bath. The polymer pre-

cipitated and the suspension of polymer was suction filtered through a



acetone (4x30.1.). The product was transferred to a 125.1. Erlen.yer
flask and suspended in a mixture of acetone (75ml.) and distilled water
(15ml.) With vigorous stirring. After being stirred at room temperature
for 30 min. the suspension was filtered and the solid was washed with
acetone then dried overnight at room temperature and 25mm. Hg (yield

3.1g., 46%).

The infrared spectrum (pg. 260) of a film (from CHCI3)

polymer showed strong absorptions at 2925cm.-l (shoulder near 2975cm.-l)

and 2850cm.-l (shoulder near 2875cm.-l) (C-H stretching). A moderate to

strong absorption was recorded at 1470cm.-l (shoulders at 1450 and

1440cm.-l)as was a moderate absorption near 1380cm.-\ which may have

been split into a doublet (C-H bending). Absorptions near 1140 and

1120cm.-'' were recorded as pronounced shoulders on the generally broad

absorption band in the region of 1200 to 900cm ."^
which had maximum

absorption near llOOcm-'^

The inherent viscosity of a 0.51g./dl. solution of the polymer

in tetralin (contg. 0.05% N,N'-di-/3-napthyl-p-phenylenediamine) at 60°C

was 77=0. 82dl ./g.

.

The number average molecular weight by VPO (37°C in benzene) was

ca. 15,000 (DP^=85).

Anal. Calcd. for iC^^^^^O)^: C, 77.58%; H, 13.02%. Found: C,

77.54%; H, 13.01%.

^ Extrusion of polyundecanal in a capillary rheometer . Poly-

undecanal was extruded through a tungsten carbide capillary at a tem-

perature of 59° to 60°C in the capillary rheometer accessory of an
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Instron n,odel TTCM. The diameter of the capnia.y was 0.030" (0.762c..)
and its length was 1.0078" (2.559cm.).

The capillary was fitted to the end of the rheometer barrel and the
rheometer was heated to temperature. The polymer powder was introduced
mto the rheometer barrel and tamped with a brass rod. The plunger
(0.375-' (0.953cm.) dia.) was inserted and sample and plunger were
allowed to preheat for 3 min.. During this time a very small amount
Of material was extruded under the weight of the plunger. The crosshead
was lowered, affixed to the plunger, and the polymer was extruded at a

crosshead speed of 0.5cm./min.. The force required to maintain the

constant crosshead speed was recorded at a chart speed of lOcm./min. and

a range setting corresponding to a full scale deflection of the recorder

at a load of 100kg.. A smooth regular force trace was recorded. An

odor of undecanal monomer was noted in the vicinity of the rheometer

during the extrusion. The filament extrudate appeared very uniform

with only very small bubbles or other irregularities near the center of

the extrudate.

The filament was cut into a number of 10-20cm. pieces which were

soaked with several fresh portions of acetone at room temperature for

2 hrs.. The extrudate was stored in the freezer under fresh acetone

in a tightly stoppered test tube. The filament pieces were rinsed

with acetone, blotted dry with filter paper, and dried in vacuo for

several hours at room temperature prior to their use.

K. Polydodecanal [Poly( (2-n-undecyl )oxymethylene)]

1. Exploratory scale polymerization of dodecanal in toluene
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^^^^^mjnitiator. Four tared 50.1. round-botto.ed ™lcroglass
flasks. Closed with seru. stoppers, were charged, via syringe and under

wuh a volume of dodecanal (distilled once). The flasks were
weighed to determine the weight of the aldehyde and then charged with
toluene. The weights of dodecanal and the volumes of toluene are given
in the schedule below. Each flask was then cooled and charged with a

0.30M solution of LTB in MCH.

A B C D

g. aldehyde 2.7 4.1 9.0 4.2

mole aldehyde 0.015 0.022 0.049 0.023

ml. toluene 13 26 33 13

ml. 0.30M
initiator

0.9 1.5 3.0 1.5

solution

mole% initiator 2 2 2 2

None of the mixtures was a one phase system at temperatures below

ca. -25°C. Depending upon temperature and relative concentrations of

reagents the contents of the various vessels appeared as a thick blue-

white gelatinous sludge or as a stiff slush of white particles.

Three different cooling baths, maintained at different tempera-

tures, were used at various times in the course of the experiment. One

bath was maintained at -20°C (ice/salt), a second bath was maintained

at -45°C to -50°C (70;30, w:w, glycerine :water; cooled with CO^Cs)),

and a third bath was maintained at -78°C (C02(s)/iso-propanol ) . When-

ever a flask was charged with a reagent or transferred to a bath which

was maintained at a lower temperature than the one from which it was

taken a syringe needle, connected via a glass tee to a source of dry
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"2 and a Hg fined chec.valve. was Inserted through the ser™ stopper

Flask A, charged with the indicated amount of solvent and initia-
tor, was cooled in a bath maintained at -20°C for a period of 20 min
and the indicated volume of aldehyde was added; the flask and its con-
tents were then agitated and allowed to remain in the -20°C bath for

20 min.. The flask was removed from the -ZO°C bath and placed in a bath
maintained at -45°C where it was allowed to remain for 30 min.. The
flask was swirled by hand for a period of 10 min. while being immersed

1n a bath maintained at -78°C. The contents of the flask, which con-

stituted a clear one phase system at -20°C. became viscous and developed

a bluish opalescence when cooled to -45°C and transformed into a solid

blue-white plug when cooled to -78°C. The flask and its contents were

allowed to sit at -7&°C for 18 hrs..

Flask B was treated in an identical manner, excepting that the

period of reaction at -45°C was omitted.

A volume (1ml.) of a 4.5M solution of acetic anhydride in pyridine

was charged into tube A and a volume of trimethyl orthoformate {0.2ml.)

was charged into tube B. Both flasks were then agitated by hand and

placed in a bath maintained at -45°C where they were allowed to remain

for a period of 1 hr.. Flask B broke and its contents spilled into the

low temperature bath, tube A was transferred to a bath maintained at

-20°C. After 30 min. the viscous, slightly cloudy contents of the

flask were poured into a well chilled (0°C), magnetically stirred

volume (50ml.) of a 1:4 mixture of dimethylformaraide and methanol. The

suspension was suction filtered through a coarse fritted funnel. The
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for.a.ide-^thanol fixture. The product was dried on the filter for 1

hr.. then dried overnight at room temperature and reduced pressure
(20mm. Hg) (0.9g., 33%).

Tubes C and D were charged with the indicated amounts of aldehyde
and solvent and then placed in a bath maintained at -2000. After 20
min. each flask was then charged with initiator solution, agitated, and
allowed to remain at -20°C for 30 min.. The flasks were shaken by hand
for 10 min., and immersed for increasing intervals of time in a bath

maintained at -78°C.

After 36 hrs. at -78°C flasks C and D were then transferred to a

bath maintained at -20°C. After 10 min. the contents of flask D were

clear while the contents of tube C were a slightly viscous liquid.

Both flasks were then placed in a bath maintained at -45°C for 30 min.

and then transferred to a bath maintained at -78''c where they were kept

for 1 hr.

.

One ml. of a 4.5M solution of acetic anhydride in pyridine was

charged into flask C which was then transferred to a bath maintained at

-20°C where it was kept for a period of 1.5 hrs.. Acetyl chloride

(0.2ml.) was charged into flask D which was then transferred to a

-45°C bath. After 30 min. flask D was transferred to a -20°C bath and

kept for 1 hr.. The contents of each of tubes C and D were poured into

separate magnetically stirred, chilled (0°C) volumes (50ml.) of a 1:4

(v:v) mixture of dimethyl formamide and methanol. The suspensions were

suction filtered through separate coarse fritted funnels and the

collected solids were washed with several portions of the dimethyl-
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formamide-methanol mixture, dried on the filter for 1 hr. . then dried
overnight at room temperature and reduced pressure (20mm. Hg). The
yield from flask C was 1.2g., 21%, only a trace amount of product was
obtained from the reaction mixture of flask D. Before the sample was

dried for characterization a portion of the solid obtained from the

reaction mixture of tube C was ground with several fresh small portions

of methanol and dried.

The methanol treated portions of samples A and C were soluble in

CDCI3. but the solutions did not show an appreciable viscosity. The

PMR spectra of the two samples (pg. 269, 270) were quite similar and

agreed with the -0-CH(R)-0-CH(R)- structure of the product.

A portion of the methanol washed sample obtained from the reaction

mixture of flask A was dissolved in CHCI3. The solution was spread

onto a NaCl plate and allowed to evaporate which gave a very poor film,

the infrared spectrum of which was recorded (pg. 260). The spectrum

was dominated by absorptions assignable to deformations of C-H bonds.

Strong absorptions were also observed near 1120cm."'' and 1 160cm."'' which

were attributed to skeletal C-O-C vibrations.

Anal. Calcd. for (C^2^24°)n- ^' 78.20%; H, 13.12%. Found:

(product A), C, 78.76%; H, 12.80%; (product C), C, 78.82%; H, 12.91%.

A sample of the product obtained from flask A was degraded with

acidic 2,4-dinitrophenylhydrazine reagent. It was necessary to heat

the reaction to 60°C for several minutes and then to allow the

reaction to proceed overnight to form the 2 ,4-dinitrophenylhydrazone

which was obtained as thick slurry which was turned out onto a

fritted funnel, with suction, and the collected solid was washed with
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several portions of war. (6o\) ,UcU^ acetic acid followed by several
portions Of methanol. The derivative was dried on the filter for 1 hr.

,

then dried overnight at reduced pressure (20mm. Hg) (m.p.=104-106°C,
m.p. litJ^^=l07°C).

When treated similarly, the sample obtained from the reaction

mixture Of flask B behaved similarly, and it was found that the degra-
dation could be facilitated by addition of a small amount of cone.

H2SO4 before introduction of the derivatizing reagent (m.p.=104-106°C,

m.p. lit.^^^=107°C).

2..__Attemgted preparative srale_£ol^^men^ of dodecanal in MrM

^^^^^^-^^^^^-^^
A flamed out

250ml. three-necked round-bottomed flask fitted with a paddle type

stirrer with glass bushing, a Teflon thermometer adapter fitted with a

short length of glass rod. and a ground glass joint fitted with a 3-way

stopcock, served as the polymerization vessel. The apparatus was treated

as described in section D.l..

The flask was charged, via syringe and under with MCH (100ml.)

and 5.3ml. of a 0.63M solution of LTB in MCH. The stirrer was started

and the polymerization vessel was immersed in a -20°C cooling bath

contained in a Dewar vessel which was fitted with an electrically con-

trolled liquid cooling coil. After a period of 30 min. the flask

was charged with twice distilled dodecanal (11ml.. 0.049 mole). After

15 min. the temperature of the bath was brought to -27°C over a period

of 1 hr. in a series of decrements of 2-3°C each. Each temperature

decrease was accomplished in a 5 min. period and the bath temperature

was maintained at each intervening temperature for 15 min.. As the



bath temperature was decreased to -27°C the polymerization mixture
appeared to thicken slightly and an Indication of a precipitate was
Observed. The bath temperature was maintained at -27°C for 15 min
during which time the precipitate appeared to intensify and the poly-
merization mixture became cloudy.

The bath temperature was then brought to -60°C over a period of

2 hrs. in a series of decrements of 3-5°C each. Each temperature

decrease was accomplished over a 5 min. period and the bath temperature

was maintained at each intervening temperature for 15 min. before the

next temperature decrease. The relative amount of precipitate continued

to increase and the appearance of the precipitate ranged from hard blue-

white globules (l-2mm. nominal dimensions) to granular white solid.

The bath temperature was maintained at -60°C for 15 min. and then

decreased to -78°C. The reaction mixture appeared as a very thick

slush of fine white solid. The stirrer was stopped, the dewar vessel

was packed well with C02(s), and the flask and its contents were

allowed to sit overnight at -78°C.

The stirrer was restarted and, while a strong stream of N2 was

passed through the three way stopcock, the thermometer adapter was

momentarily raised and a well chilled mixture of acetic anhydride

(75ml., 0.79 mole) and pyridine (25ml., 0.31 mole) was poured into

the flask containing the essentially solid slush of the polymerization

mixture. After a period of 15 min. the cold bath was removed and the

flask and its contents were allowed to warm to room temperature in

40 min.. If the stirrer was momentarily stopped after the reaction

mixture had warmed to room temperature the reaction mixture appeared
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to segregate Into two phases, a Cea. ,el,ow1sh upper layer and a
Cloud, blue White lower layer. Mechanical agitation of the roo. tem-
perature reaction mixture was continued for 75 min..

The stirrer was stopped and the reaction mixture was slowly
poured Into 450.1. of chilled (0°C) acetone contained In a 1 1 Erlen

very highly swollen precipitate could be observed In the turbid mixture
Which was suction filtered through a medium fritted funnel. The filtra
tion proceeded very slowly.

When the filtration was complete the very thin cake of pasty off-
white solid Which had deposited on the frit was suspended In 20ml. of
acetone with the aid of a glass rod. The acetone washing was drawn off
through the frit with suction and the procedure was repeated 4 times.

When a small volume (ca. 2ml.) of distilled water was added to the last

portion of acetone, the suspended solid dissolved completely. Ho char-

acterization of the combined filtrates, which reeked of dodecanal, was

attempted.

3. Attempted preparatjv^_5ca 1^ polymerization of dad^r._n^ l_u^

^^^^^^^^^^^^^^^^
A

flamed out 250ml. three-necked round-bottomed flask fitted with a

paddle type stirrer with glass bushing, a Teflon thermometer adapter

fitted with a short length of glass rod, and a ground glass joint

fitted with a three way stopcock served as the polymerization vessel.

The apparatus was treated as described in section D.I..

The flask was charged, via syringe and under with toluene

(100ml.) and 8.0ml. of a 0.37M solution of LTB in MCH (0.0029 mole LTB).



The surr.r was staned and the vessel was l™e.sed 1„ a -20^0 bath con-
tained ,„ a Dewar vessel which was equipped with an electrically con-

charged. Via syringe and under N^. with twice distilled dodecanal
(8.5ml. , 0.038 mole).

After 10 min. the bath temperature was lowered from -20°C to -45°c
in 3.5 hrs. in numerous decrements of 2-3°C each. Each decrease was
accomplished in 2 to 3 min. and the bath temperature was maintained at
the new temperature for 5 to 8 min. before the next decrease.

The bath temperature was held at -45°C for 5 min. and then

gradually brought to -48°C in 2 min. and the bath was maintained at that

temperature for a period of 15 min.. During this period, a slight

change in the appearance of the polymerization mixture was observed.

The viscosity of the mixture had increased and the transparency of the

mixture had decreased slightly.

The temperature of the bath was then gradually lowered from -48°C

to -51°C in 5 min. and then maintained at -51°C for 15 min.. The bath

temperature was then gradually and continuously lowered to -57°C over

a period of 20 min.. During this interval marked changes were observed

in the appearance and behavior of the polymerization mixture. A band

of thick, glassy material, approximately 5mm. wide and possessing a

pale blue-white tint, was observed on the interior surface of the poly-

merization vessel, just above the level of the bulk of the polymeriza-

tion mixture. The bulk of the polymerization mixture appeared viscous

and possessed a pale blue tint. The bath temperature was maintained at

-57°C for 20 min..
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The bath temperature was gradually and continuously lowered, over
a period of ,5 .in., to -bA, maintained at -64°C for 15 .in. . and
then decreased to -75°C in IS .i„.. The stirrer was stopped, the Dewar
vessel was packed well with rn fc\ , jwen with COjls). and the flask and its contents were
allowed to sit in the cold bath overnight.

The stirrer was restarted, the thermometer adapter was momentarily
raised, and a well chilled mixture of acetic anhydride (65™l.. 0.69
^ole) and pyridine (10ml., 0.12 mole) was poured into the flask while a

strong stream of was maintained over the polymerization mixture via
the 3-way stopcock. A partial clearing of the polymerization mixture

was observed. After a period of 15 min. the reaction mixture appeared

much whiter.

The cold bath was removed in such a way that the flask and its

contents warmed to room temperature over a period of 1 hr.. Mechanical

agitation of the reaction mixture was continued for 1 hr.. The stirrer

was stopped and the reaction mixture was slowly poured into a magne-

tically stirred volume (300ml.) of chilled (0°C) acetone contained in a

1 1. Erlenmyer flask which was affixed in an ice bath. A small amount

of bluish white precipitate was observed.

The mixture was suction filtered and a very small amount of a

white slush/paste was collected on the frit. The material on the frit

was washed with several small portions of acetone and dried on the

filter for 1 hr.
.

During this period most of the collected solid

disappeared leaving only a trace amount of off-white solid which was

not further characterized. Dodecanal sodium bisulfite addition

compound was isolated in near quantitative yield from the filtrate by
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poun-„g the filtrate into a .agnetical,, stirred volu.e of bisulfite
reagent, prepared in the usual wayl24_

The experiment was repeated with a lower initial .ono.er concentra
t.on (5.0g. aldehyde/100.1, solvent) following a very similar tempera-
ture profile. Instead of introducing the typical end capping reagent
a volume of well chilled acetone was poured Into the cold (-78»C), well
stirred polymerization mixture. A suspension of very fine particles
resulted which was warmed to O^C and suction filtered through a medium
fritted funnel and washed with several portions of acetone. A thin
layer of jelly-like material was collected on the frit which, when

washed with acetone and dried on the filter, reduced to a trace of
off white caky powder.

When the filtrate was added to a volume of sodium bisulfite

reagent as above, 6.1g. of a fluffy white solid was obtained (dec.

220°C).
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CHAPTER III

RESULTS AND DISCUSSION

A. Aliphatic Aldehyde Monomers

1-in^tion. Aliphatic aldehydes, as a class, are known to be
very reactive compounds. For this reason aliphatic aldehydes for use in

polymerization and other experiments were difficult to purify and retain
in a pure condition. From the point of view of the anionic polymeriza-
tion of aliphatic aldehydes the impurities of primary concern were car-
bocylic acid, formed by oxidation of the aldehyde, and water, intro-

duced from extraneous sources or by aldol condensation of the aldehyde

followed by elimination of water from the adduct. Consideration was

given to the likely presence of both contaminants in purification of

the aliphatic aldehydes. In certain circumstances, particularly in the

purification of hexanal
, the problem of contamination of the aldehyde

with water was compounded by the ability of the aldehyde to form a

binary azeotrope with water. However, by the proper combination of

drying agents and distillation, it was possible to obtain higher ali-

phatic aldehydes of sufficient purity for use in anionic polymerization

experiments.

The melting behavior of certain higher aliphatic aldehydes was

investigated by DSC. It was found that the melting points of nonanal

,

decanal, undecanal, and dodecanal are near or below room temperature

if the aldehydes were purified exactly as for use in polymerization ex-

periments. The melting behavior of the aliphatic aldehydes was inves-

tigated for two reasons. Firstly, a number of discrepancies in melting
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points reported for several of the higher aliphatic aldehydes .ay he
found in the literature and it was desired to ccpare the .elting points
Of aliphatic aldehydes used in polymerization experiments, as determined
by a standard technique, with the .elting points reported in the
literature

.

Secondly, it was thought likely that monomeric aldehyde
might be present or formed (by degradation) in samples of higher ali-
phatic polyaldehydes during DSC investigation of the polymers. It was
hoped that DSC investigation of the monomers, under conditions analogous
to those typically employed in characterization of the polymers, might
be of assistance in interpreting the DSC thermograms of the polymers.

2- Investigation of the melting b,ehayior,ofjr^^

byJSC. The higher aliphatic aldehydes used in DSC experiments had a

level of purity, according to GC. comparable to that of the monomers

used in more carefully controlled polymerization experiments. Volatile

sample pans fabricated of gold, rather than aluminum, were used in

these investigations since it had been observed that a pronounced dark-

ening of the bottom of aluminum sample pans occurred when polyaldehyde

thermal degradation products (primarily aliphatic aldehyde) were

allowed to accumulate in the aluminum sample pans at elevated tempera-

tures.

The results of DSC investigation of the melting behavior of

nonanal. decanal, undecanal are summarized in Table 3. The data indi-

cated that the melting points of those aliphatic aldehydes investigated

lay near or below room temperature. In all cases the enthalpies of

fusion equalled the enthalpies of crystallization within the limits of

experimental error. In all cases only one endothermic transition was
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TABLE 3

Aldehyde

Nonanal

Decanal

Undecanal

Dodecanal

Avg. increase
per -CHp

MtlM Points and Heats of Fusion n f

Higher Aliphatic A^r^Phvr^»c hy DSC^
PeakTii^iHtUTi AH7WJ

(in °C)

-17

- -3 (-5)^

+2 (-4)^

+13 (11, 43)

(in cal./q.) (in cal./molp^

8,72061.3

63.8

66.1

68.5

2.4

9,970

11 ,260

12,630

1 ,300

b,
Literature data, ref



scans Of undecanal and dodecana, a s.all shoulder was recorded on the
H,gh temperature side of the fusion endother.. Further experiments
indicated that these shoulders frpstnVtoH ^uuiuers ^ restricted to endotherms recorded for
larger samples at higher heating rate) were experimental artifact and
not due to the occurrence of two distinct types of transitions separated
by a small temperature difference.

In a number of instances the melting points of several higher
aliphatic aldehydes have been reported to be above room temperature.

This apparent discrepancy can be exemplified by the case of dodecanal

which many years ago^^^ was reported to have a melting point of 44.5°C.

Klass and coworkers^^ addressed themselves to the nature of the various

species, all claimed by various authors to be dodecanal, which had

reported melting points which disagreed by as much as 40°C (12°C; 45°C).

On the basis of infrared spectroscopy and chemical elemental analysis,

these workers concluded that purified, free dodecanal had a melting

point of 12°C and that the melting point between 41°C and 45°C was

most likely an aldehyde "hemihydrate" formed by the reaction of 2 mole

quantities of aldehyde with one mole quantity of water, Equation 7.

HO-CH-O-CH-OH

Eqn. 7

B. Aldehyde Cyclic Trimers

L Introduction
. Cyclic trimers of aliphatic aldehydes from C

to C^2 whose linear polymers are reported for the first time in this

9
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thesis, were prepared and characterized in order to compare thei
"leltlng points and .elting behavior with those of the correspondi
polymers.

r

ng

The aldehyde cyclic trlmers can exist as one of two possible
geometric isomers depending upon the disposition of the substituent
alkyl groups with respect to each other as shown in Figure 3.

Figure 3: Possible Geometric Isomers of Aldehyde Cyclic Trimers

The all cis isomer is generally considered to be the more stable

isomer on the grounds of minimum steric interaction of 1.3 substituents

.

The possibility of coexistence of both isomers in samples of the cyclic

trimers prepared is discussed in more detail later.

Lewis acids as catalysts, particularly SbCl^. in diethyl ether-pen-

tane gave the most satisfactory results for the synthesis of the tri-

mers. Diethyl ether or pentane alone was found to be unsuitable because

of the difficulty in isolating crystalline product from the reaction

mixture. Syntheses of the aldehyde cyclic trimers with SbCl^ catalyst

in this mixed solvent is described in Chapter II. Because of difficul-

ties encountered in product work up, protic acids were less suitable

as trimerization catalysts. The trimerization of nonanal in bulk with

H^SO^ catalyst, described below, is simpler.

i: Nonanal cyclic trimer . Two procedures were successfully



-Ployed for the preparation of the cyclic tH.e. of ncnana, m
diethyl ether-pentane with S5C1, catalyst the tH.e. .as obtained In
22% y>eld. ,n bulk with H^SO, catalyst the tn.er was obtained In 57.
y-ld. The tH.e. did not precipitate directly In either reaction and,
in both cases, an additional step was required to Isolate crude pro-
duct.

The tr1.er1zat1on of nonanal with SbCl^ catalyst In diethyl ether-
pentane was not as effectiuoerrective as ,n the case of other aldehyde trlmerlza-
tions. Several Improvements had been made but without success. Only
viscous oils, rather than a crystalline solid, was ever obtained. (The
monomer employed was not distilled but was simply treated with Na^COj
and CaH2). The Infrared and PMR spectra of these oils Indicated thaj
they were substantially composed of nonanal cyclic trimer although the
presence of unreacted aldehyde was detected. After the reaction was
complete the catalyst was neutralized with NaOH, the solvent was care-

fully evaporated, and nonanal cyclic trimer was Isolated from the re-

sulting concentrated reaction mixture by the addition of methanol and

cooling of the resulting mixture. The product was easily recrystalllzed

from a diethyl ether-ethanol solvent mixture. The trimer of nonanal

was difficult to Isolate in comparison to the products from the trimer-

izatlon of other higher aliphatic aldehydes which were easier to work

up

The Infrared spectrum of the product (pg. 255) was consistent with

the 2>4,6-tr1-n-alkyl-1,3.5-tr1oxane structure of product.

Because the desired product could be satisfactorily prepared by a

different procedure, the SbClj catalysed trimerizatlon of nonanal was



not further investigated.

Nonanal cyclic tri.er was also prepared by the reaction of nonanal.

- buU. with catalyst. The exothermic reaction which occurred
When the catalyst was added to the aldehyde gradually subsided. The
product was Isolated In 57% yield by pouring the reaction mixture Into
a mixture of diethyl ether and ethanol

. cooling the resulting solution,
and filtration of the resulting suspension. This straight forward

procedure was only successful If the aldehyde was properly pretreated
and distilled at least once before use.

When crystallized in a thin layer, either from solution or from

the melt, the trimer showed a very strong tendency to crystallize in a

circularly symmetric array. Depending upon the crystallization condi-

tions either radiating bundled axlalite or spherulitic morphologies

were observed. The sample of nonanal cyclic trimer prepared with H^SO^

catalyst was used in the characterization experiments discussed below.

The Infrared spectrum (KBr) (pg. 255) and the PMR spectrum

{CDCI3) (pg. 262) were consistent with the 2,4,6-tr1-n-alkyl-l .3.5-tr1-

oxane structure of the product. The Infrared spectrum was dominated by

bands assignable to fundamental deformations of C-H bonds of the alkyl

groups, absorptions near 1160cm.''' and 1120cm."'' , in the general C-C

and C-0 skeletal vibration region, were assigned to C-0 bond stretching

in the cyclic acetal structure. The infrared spectrum of a CHCl
3

solution of the trimer is shown in Figure 4 (A). The PMR spectrum

was dominated by absorptions of protons of the long alkyl group of the

product. The triplet near 8=4.80 was assigned to the resonance of the

acetal ic protons of the trimer (R-CH^-CHO-) . The other absorptions in



the spect.™ could .e ass.^ned to resonance absorptions c. the .e.a1„1„,
protons Of the a,.,l g.oup. The P«R (90 MHz) spect™. of the trl^e.

CDC,3) 1s Shown In F1g..e 5 (A). In the « spect.u. seven distinct
absorptions were recorded and were tentative,, assigned as Indicated In
Figure 7 (A) (pg. 142).

The thermal decomposition of nonanal cyclic tri.er In N- was inves-
tigated by TGA; the results are given In Table 4 (pg. ,34). The tem-
perature Of .aximu. rate of weight loss was similar to that observed
for trimers of other higher aliphatic aldehydes. The melting behavior
Of the cyclic trimer was investigated by DSC under a wide variety of
conditions. Results of representative runs are given in Table 5 (pg.

135). All annealing and quenching of samples was performed in the

calorimeter; a significant influence of thermal history upon peak tem-

perature and transition enthalpy was never observed. Only one endo-

thermic transition was observed in samples between -50° and 4-100"'c.

In all cases the enthalpy associated with fusion endotherms equalled the

enthalpy associated with crystallization exotherras within the limits of

experimental error.

,

3. Decanal cyclic trimer . Decanal cyclic trimer was prepared in

95% yield from pretreated and distilled decanal when the reaction was

conducted in diethyl ether-pentane with SbCl^ catalyst. The product

precipitated during the reaction and was readily isolated. Reaction

of the aldehyde in bulk with H^SO^ catalyst was much less successful,

regardless of the purity of the aldehyde. The product could be easily

recrystallized from a diethyl ether-ethanol mixture.

The infrared spectrum (KBr) (pg. 255) and the PMR spectrum
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Figure 4 (cont'd):
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Figure 5:

90 MHz PMR Spectra of Aldehyde Cyclic Tri mers

A. Nonanal Cyclic Trimer
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Figure 5 (cont'd)

C- Undecanal Cyclic Tri mer
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(CDCI3) (P9. 263) Of the product we.e 1„ .g„t with those expected
on the basis of the 2.4,6-tri-„-aU,,.i .s.S-tn'oxane structure of the
product. Initial Inspection of the PMR spectrun, (60 HHz) of the
product in the region of 8=4.50 - 5.50 (RCHO-) suggested that a fixture
Of the two possible geometric Isomers of the trisubstltuted tHoxane
-ght have been obtained because of a slight a.blgulty of the triplet
Of the acetallc proton. However, further measurements performed with
expanded scale Indicated that the same value of the first order coupling
constant (5.1 Hz) was obtained, within experimental error, regardless
Of the direction of measurement. This value agreed well with the value
Of the coupling constant (J=5.15 Hz) between the acetallc and methylenic
protons Of the all cis cyclic trimer of propionaldehydel^S.

Double resonance or spin-spin decoupling PMR experiments (90 MHz) ,

were performed in an attempt to detect the presence of two geometric

isomers in the product; the spectrum obtained in a typical experiment

is shown in Figure 6. The sample was irradiated with a decoupling sig-

nal applied at various frequencies in the region corresponding to

S=1.48 to S=1.80 and the spectrum was recorded in the region of 8=4.50

to 8=4.90. In passing from scan A to scan M (Fig. 6) the frequency of

the decoupling signal was adjusted in steps equivalent to 0.25 from

8=1.48 to 8=1.80. No significant change in the PMR spectrum was ever

observed. Any minor variations which were observed in the region of

8=4.50-4.90 with the decoupling frequency applied were the same as

those which were occasionally observed when the spectrum was repeti-

tively scanned in this region without application of the decoupling

radiation.
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Th.n la.er Chromatography (TLC) on co^ercUny available al™,„a
TLC Plates was employed 1„ attempting to detect the presence of more
than one specie 1n the product. A concentrated (Ig./.i.) cHCU solution
Of the product was prepared and spotted onto the TLC plates. The plates
were then developed to a height of 16-17cm in thp fM,i/cm. in the following solvent
-xtures (solvents, volume ratio. of mobile component). CHCK. neat
ca. l; CHCl3:CH3CH(0H)CH3CH3. 1:1. 0.87; CHCl3:CH3CH(0H)CH,CH,, 1:2.

"

0.79; EtOH:CHCU, 3:1, ca 1 in ;,n ..c i3» ^ ca. I. In all cases only one mobile band was
observed.

Gas chromatography on a carbowax 20M column was employed for a

Similar purpose. The trimer was injected as its MCH solution. When

the^injection temperature was 190°-260°C and the column temperature was

200°-230°C only two peaks were observed with a 3-5yxl . sample. The

retention times of these peaks corresponded to those of MCH and mono-

meric aldehyde. If lower injector and column temperatures were employ-

ed, the peak having the retention time of monomeric aldehyde became

progressively broader and distorted as the temperatures were lowered.

The results of the double resonance PMR experiments and the TLC

experiments gave no indication that the cis-trans isomer was present

in addition to the all cis isomer because the PMR spectrum in the

region of 8=4.50-4.90 would consist of three closely spaced triplets

if this were the case.

Although the bandwidth of the decoupling radiation employed was

sufficiently narrow that simultaneous decoupling of all acetalic protons

from the protons of adjacent methylene groups was not possible, it was

still expected that even partial decoupling would have produced more



;;"7T;"""
m

-S..so-..,o.e,.„o..,eP„«3pect.„

portions. ^

The stenc rep„i.e.ents of the long aliphatic side chains could
best be accomodated with the aU,l g.oups 1n the e.ultoHal positions
about the 6-.e*e.ed Hng. m the c1s-trans 1so.e. at least one al.y,
group would be required to occupy an axial position. Thus, on the
bas.s Of .1ni.al stenc Interaction, the all ds Isomer would be con-
sidered the favored Isomer. It Is therefore suggested that the all
CIS .so.er of the nonanal cyclic tr1.er was the Isomer obtained
Higher order splitting of the acetalic protons could account for co™-
Plication of the spectru™, In the region of question. Higher order
splitting has been observed In the PMR investigation of proplonaldehyde
cyclic tr1.er

.
Furthermore, the possibility of aggregation of the

long chain molecules in solution, resulting In incomplete signal

averaging and attendant loss of resolution, was also considered as a

possible source of complication of the PMR spectrum of the trimer. The
cyclic triraer decomposed to aldehyde under the conditions of the GC

experiments and hence these experiments were of no value 1n investiga-

ting the isomeric purity of the product.

The infrared spectrum of decanal cyclic trimer in CHCI3 solution

is compared with that of other aldehyde cyclic triraers in Figure 4. The

PMR (90 MHz) spectrum of the cyclic trimer of decanal (CDCI3). together

with that of the cyclic trimers of other higher aliphatic aldehydes, is

shown in Figure 5 (B). The CMR spectrum (CHCI3) of the trimer is shown

in Figure 7 (B).



The thermal decomposition of decanal cyclic tri.er in N •

tigated by TGA; the resnUc • 2 ^nves
J' '^M, ine results are given in TablP a rv. ^

rr..
-

a
'

«n laDie 4. The temperature ofmaximum rate of weiaht incc •weight loss was quUe si™i,ar to that observed for thecyclic tnmer of nonanal.

The .eltmg hehavlo. of the c,cl,c tn'^er was Investigated ,y OSC

^ ^^^^^^^ Of representative r.ns are
-eninrahles. annealing and ,.ench1ng of the samples was per-
^o^ed in the calorimeter; a significant Influence of thermal histor,
upon pea. temperatures and transition enthalpies was never observed
Only one endothermic transition was observed In samples of the trlm^r
- the temperature range of -Bo" to .100°C. ,n all cases the enthalpies
associated with the fusion endotherms equalled the enthalpies associated
wuh the crystallization exotherms within the limits of experimental
error.

When crystallized from solution or from the melt the trimer exhi-
bited a pronounced tendency to crystallize In a spherulltic morphology.

^-JiS^^^^M^J^m^^n^er. undecanal cyclic trimer was prepared
1n m yield from pretreated and distilled undecanal when the reaction
was conducted In diethyl ether-pentane solvent with SbClj catalyst.

The product precipitated during the reaction and was readily isolated.

Trlmerlzatlon of undecanal In bulk with H^SO, catalyst was less success-
ful, the Isolation of the trimer being more difficult. The crude pro-

duct prepared with SbClj catalyst was soluble In CHCI3. The product was

easily recrystalllzed from a diethyl ether-ethanol mixture.

The Infrared spectrum (KBr) (pg. 256) and the PHR spectrum (CDCl )

(pg. 264) were In agreement with those expected on the basis of the
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TABLE 4

kyl

ill£!j<i^l_Groue

Octyl

Nonyl

Decyl

Undecyl

b
-

'5%

220

219

247

182

max

(in °C)

276

274

294

239
At 20 C/min. in Trimer^^;^^7^^~~^ '

ether-ethanol mixture.
^ecrystallized from a diethyl

Werature at which 5% weight loss had occurred,

l!^^!:!!^:!^:^!^^ of TG curve (MOT)
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.Y-tn-n-aU.,-,.3.S-tHo.a„e st.ct.e o. t.e p.c.t. ..sorption
bands ass,g„a.,e to .....ental aefo™at1o„s of C-H tonas .e.e CeaH.-dent and ao^nated t.e spect... Two .ands t.e „1
-..enc. region of C-C and C-0 s.eleta, v1..at1ons

. „ea. neo and
1120™. ..ere assigned to C-0 stretching 1„ the aceta, structure

The « spectru. of undecanal cyclic tr1.er was ,u1te similar to

acetallc protons per tr1.er .olecule the m signal of these protons Is
proportionally weaker and this sltnat-inn , , .wis situation seriously impeded attempts to
investigate the Isomeric purity of the samples by PMR.

The trimer was also Investigated by TLC and GC. I„ TLC experiments
a concentrated (Ig./ml.) solution of the trimer was spotted onto the
TLC plates which were then developed as In the case of decanal cyclic
trimer; (solvents, volume ratio. of mobile component), CHCI3. -at.
ca. l; CHCl3:CH3CH(0H)CH2CH3. 1:1, 0.85; CHCl3:CH3CH(0H)CH2CH3. 1:2.

0.72; EtOH:CHCl3, ca. 1. The trimer was also examined by GC pre-
cisely as discussed in the case of decanal cyclic trimer; the results
of the TLC and GC experiments were completely analogous to those dis-

cussed for decanal cyclic trimer.

The infrared spectrum of undecanal cyclic trimer. in CHCI3

solution, is compared with that of other higher aliphatic aldehyde

cyclic trimers in Figure 4. The PMR (90 MHz) spectrum of undecanal

cyclic trimer. together with that of other higher aliphatic aldehyde

trimers, is shown In Figure 5 (C). The CMR spectrum of the trimer is

shown in Figure 7 (C) (pg. 142).

The thermal decomposition of undecanal cyclic trimer in N„ was
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-vestlgated ,y TGA; the results a.e given in TaMe 4. The te.pe.atu.e

Of nonanal and decanal. The type and a.cunt of l.punties present 1n
samples ™ust be considered when comparing their thermal decomposition
behavior. If the level of ^purities 1n the undecanal cyclic trimer was
indeed lower, resulting In a slightly lower rate of production of vola-
tlles. this difference would be accentuated by a slightly lower rate of
volatilization of the decomposition products. If the Intrinsic thermal
stability of all samples were similar, then the observed rate of weight
loss would be more influenced by the rate of volatilization of the de-

composition products.

The melting behavior of undecanal cyclic trimer was investigated

by DSC under a wide variety of conditions. Results of some representa-

tive runs are given in Table 5. All annealing and quenching of the

samples was performed in the calorimeter; a significant influence of

thermal history upon the peak temperatures and transition enthalpies was

never observed. Only one endothermic transition was observed in samples

in the temperature range of -50° to +100°C. Within the limits of ex-

perimental error the enthalpies associated with fusion endotherms

always equalled the enthalpies associated with crystallization exo-

therms.

When crystallized from solution or from the melt the trimer showed

a pronounced tendency to crystallize in a spherulitic morphology;

similar to the trimers of nonanal and decanal.

^ Dodecanal cyclic trimer . Dodecanal cyclic trimer was prepared

in a cryde yeild of 23% by the SbCl^ catalysed reaction of dodecanal in



diethyl ethe.pentane solvent. Although the product was Isolated
directly fro. the reaction fixture the yield was considerably lower
than was expected on the basis of the result, nf'

tne results of the experiments with
decanal and undecanal . The trlmer w;,c o=c-nzrmer was easily recrystall ized from a
diethyl ethe.-ethano, .l.tu.e. The 1„..a.ed spect™. (KB.) (p,. ,56)
and the P.R spectr™ (CDCI3, (P9- ^65) were consistent wUh the

2.4.6-tn-n-alk„-l,3.5-tnoxa„e structure of the p.od^ct. The general
appearance of the spectra were very similar tn th„very similar to those recorded for other
higher aliphatic aldehyde cyclic trimers.

The infrared spectrum of a CHCI3 solution of the trimer of dode-
canal. together with those of other higher aliphatic aldehyde cyclic
trimers. is shown in Figure 4 (D). By far the strongest and most pre-
dominant absorptions were recorded in the region of 2980 to 2820cm.-',
the strongest absorptions were at 2925 and 2860cm.-l. These absorptions
were invariant from one cyclic trimer to the next and were assigned to

C-H stretching in methylene groups of the long aliphatic chains. A

shoulder was recorded on each of these two bands and was most clearly

seen in the spectrum of nonanal cyclic trimer. The position of these

shoulders near 2960cm.-' (on peak at 2925cm.-' ) and near 2870cm.-' (on

peak at 2860cm.-') was quite stable in the series and these absorptions

were assigned to C-H stretching in the terminal methyl groups of the

long aliphatic chains. Moderate to weak absorptions resulting from

various C-H bending modes were recorded in the region of 1480 to

1340cm.-', the most predominant band in this region was recorded at

1470cm. (Sj; CH^). Moderate to strong absorptions were recorded at

1150 and 1120cm.-' and these were assigned to stretching of skeletal



C-0 bonds 1„ the tn'substUuted tHoxane structure
The aspect.™

,90 HHz, Of dodecan., cyclic tnW On cocntogether with those of other hinh
^^MmCDCl ),

other higher aliphatic aldehyde cvrl,v ,
is Shown in Figure 5. The PMR .

si.i, .
' ' ^" '"^^ t'-^-e^^ were veryW. The wea. absorption recorded i„ the region of ao .Which appeared as a trinlof

'

""9- ^xP^cted, the apparent

.'.-.creased. - reUtiyei. wea. intensity of the signa inthis region impeded the dPta,-i<.H , .•
'''' ^"""^^^ the samples by PMR

spectroscopy, pmr experiments conducted with 2x to 5X sr i
. :

^ ^° ^cale expansion
an

.
,n some instances, decoupling experiments, both gave no strong

indication of overlapping triplets in the region of the spectra in
question. The occurrence of higher order splitting has already been
cned as a possible explanation for the .ore complicated appearance of
the wea. signals of the acetal protons. The strong absorption recorded
- the spectra near 8=1.35 was assigned to the protons on the interior
ethylene groups of the n-aUyl substituents of the trioxane ring. The
Shoulder on the low field side of this absorption was assigned to the
protons Of the methylene group directly attached to the carbon atom of
the trioxane ring. The resonance absorption of the protons once re-
eved from the trioxane ring might have also contributed to this
Shoulder.

The PMR signal near 8=0.90 was assigned to the terminal methyl
group of the n-alkyl group. As expected the apparent relative intensity
of this signal decreased as the length of the alkyl group increased in



the sa.e way as the signal of the acetallc p.otons. The ,enera,
appearance of this a.so.ptlon s1g„a, was Identical to that no^ally
Observed for the terminal .ethyl group of long chain co^pounds^^^

The cm spectru. of dodecanal cyclic tri.er Is compared with that
Of other higher aliphatic aldehyde cyclic triers In Figu.e 7. Seven
distinct signals were recorded In each spectra. As Indicated In the
figure the resonance absorptions of all but one carbon ato. occurred at
higher field than that of the CHCI3 standard. The resonance absorption
Of the interior .ethylene groups (3 to 5) showed as a single absorption
The cm spectra gave no evidence of the presence of .ore than one geo-
metric Isomer in the samples.

The thermal decomposition of dodecanal cyclic trimer In was in-
vestigated by TGA; the results are given In Table 4. It was noted that
the temperature of maximum rate of weight loss recorded for this trimer
was significantly lower than that recorded for any of the other three
trimers investigated. It is believed that this was due to a higher

level of Impurities in this trimer as compared to the others.

If the dodecanal cyclic trimer was dissolved in CHCI3 and this

solution was washed with NaOH^^ and distilled water, then the tempera-

ture of maximum rate of weight loss of the trimer recovered from this

solution and recrystal 1 ized resembled more closely that of the other

trimers (280°C). This observation supports the suggestion that the

lower temperature of maximum rate of weight loss originally observed

for dodecanal cyclic trimer was due to a higher level of Impurities in

this trimer.

The melting behavior of dodecanal cyclic trimer was investigated



142



by DSC unde. a wide vaHet. of conditions, the .esuUs of t.pica, .ns
are given 1n Table 5. An annealing and guenchlng of sa.ples was per-
formed 1n the ca,oH.ete.; a significant influence of the™a, histo..
upon pea. temperatures and transition enthalpies was never observed
AS seen in Table S the largest step increase in .elting point (hot stage
-croscope) and pea. temperature (DSC) was observed between nonanal and
decana, cyclic trimers. Similarly, the largest step increase in the
heat Of fusion (in cal./g.) was observed between the same two cyclic
trimers. The step increases in melting points, peak temperatures, and
transition enthalpies observed between the other trimers were more
Similar. The melting points of the trimers fall in the same general
temperature region In which melting and various polymorphic transitions
are observed for certain other types of long chain compounds, particular-
ly glycerides of fatty aclds^". This observation is perhaps no acci-
dent but reflects the Influence of the long alkyl groups on the crys-

tallization of the various types of compounds. As will be discussed

later, polymers of higher aliphatic aldehydes also exhibit thermal

transitions in the same general temperature region.

In general only one endothermic transition was recorded for sam-

ples of dodecanal cyclic trimer In the temperature range of -50° to

+100°C. In some DSC scans recorded for virgin samples of dodecanal

cyclic trimer a very small peak was recorded near 66°C In addition to

the main peak at 61°C. This peak was never observed In thermograms

once the sample had been melted in the calorimeter, regardless of the

thermal history of the sample.



C. Polyhexanal (PHXA)

l-iairaductlon. This experiment was conducted to verify the
general efficacy of stabilization of aliphatic aldehyde polymers
having longer side chains by the technique of endcapping with acetic
anhydride. Hexanal was chosen for this experiment for two reasons
Th,s monomer Is sufficiently volatile (b.p.=128°C) so that the TGA
curve of the polymer should .ore truly reflect the degradation of the
polymer and not the rate of volatilization of degradation products
whKh have a boiling point above the limit of thermal stability of the
polymer. Secondly, the length of the side chain of hexana, Is suffi-
ciently long that polymers of hexanal exhibit the phenomenon of side
chain crystallization^^, ^^^.^^^ ^^^^^^^ ^^.^^ ^^^^^^^^^^ ^^^^
behavior might also be important in the endcapping reaction.

In conjunction with this experiment, but for a different purpose,
the extraction of LTB with HCH was investigated to assess the suita-

bility of the method used to prepare LTB Initiator solution for use in

the polymerization of higher aliphatic aldehydes. The initiator

solutions were prepared by weighing a quantity of fresh LTB sublimate

(assumed to be pure LTB) into a volumetric flask and diluting to volume

with dry MCH. It was believed that an initiator solution whose con-

centration was known to at least 2 significant figures could be pre-

pared by this procedure, which would be quite adequate for preparative

scale polymerization.

2. Polymerization of hexanal, endcapping of the polymer, and TRfl

of the product. Hexanal was polymerized in MCH at -78°C with 2 mole%



tillation and treatment of the distill. -.udistillate with molecular sieves. Themonomer was added to the cold (-7R^n .
^ "^"^^^^ °^ initiator and solvent-

the concentration of monomer with resoert tn iwitn respect to solvent was 20%. in a
blank experiment monomer and solvent ;,f ^u-this same concentration, formed
a homogeneous solution at -78°C.

After the poly.er,-.at1on was allowed to proceed ove.nlgHt a chilled
-xture of acetic anhydride and pyridine was added to the cold poly-

ten,perature and an all.uot of the fixture, which contained a nu.ber of
gel particles, was withdrawn and poured Into acetone. The polymer
isolated in this experiment (M yield based on .oncer, 13% of total
yield) was washed with acetone and dried at reduced pressure over KOH
Acetone was added to the remainder of the reaction mixture and the end-
capping reaction was allowed to proceed at 60° to ^20°C for 1 hr during
Which time the polymer did not dissolve but became highly swollen and
lOOml. of volatiles was collected. The polymer recovered by filtration
of the hot reaction mixture (40% yield based on monomer. 87% of total

yield) became harder and opaque with repeated acetone washing and was

subsequently treated exactly as the polymer Isolated before the end-

capping procedure was completed.

The TGA curves of the two samples are compared in Figure 8. A

weight loss was already registered for the uncapped sample near 80°C,

whereas no noticeable weight loss was observed for the more completely

capped sample until a temperature near 120°C had been reached. Although
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more

the TGA cu.ve of the uncapped sa.ple was b.oade. than that of the
ccpletely capped sa.ple. the te.pe.atu.e of ™x1.„ negative slopr'^
the TGA curve (HOT) was si.1,a. fo. ,oth sa.ples. The TGA curve of
the .ore cc.p,etel. capped sa.ple was sharper than that of the uncapped
sample. This observation probably resulted from two effects First
a degradation of molecular weight probably occurred when the endcapping
was conducted at elevated temperatures resulting In a higher concentra-
tion Of endgroups In the more completely capped sample. Second, there
was probably a disparity In the level of Impurities between the two
samples; the more completely capped sample having the lower level of
impurities. The results of the TGA experiments Indicated that sta-

bilization of aliphatic aldehydes with longer side chain length by

treatment with acetic anhydrlde/pyrldine was possible and that it was
probably feasible to attempt this technique with polymers of higher

aliphatic aldehydes.

The higher stability of the more completely capped sample was

verified by visual observation of the "shelf-life" of the samples.

Both samples were stored at room temperature in the dark in open con-

tainers. Within two weeks the originally solid white sample of uncapped

polymer had transformed into a yellow oil which primarily consisted of

hexanal and hexanoic acid. The appearance of the more completely

capped sample was unchanged after 6 months of storage; only a faint

odor of hexanal was detected in the sample after this time.

3. Extraction of LTB with MCH. Titration of the aqueous washings

of the MCH extract of samples of LTB showed that a good correlation

existed between the amount of MCH extractable base in the LTB and the
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yield Of s.b,1.ate f.o. the samples. This suggested that, of the

- subl1.ed f.o. the sa.p,e and Its solubility Is g.eate. than that of
any other species. These observations allowed greater confidence to
be placed In the .ethod used to prepare the Initiator solutions.

D. Polynonanal (PNA)

I^-Jntroduction. A number of experiments were conducted to in-
vestigate the polymerization of nonanal . The most pertinent of these
experiments were described in detail in Chapter II and will be dis-
cussed in this section. All experiments were conducted with the objec-
tive in mind of preparing polymer in sufficient amount and with

sufficient stability for preliminary investigation of the properties

of the polymer, particularly its melting behavior.

Two sets of exploratory scale polymerization experiments were

conducted. One set was carried out using MCH solvent and initial

monomer concentrations of 0.6M to 0.9M with 2 mole% LTB initiator;

the monomer was undistilled. Another set was carried out using n-hexane

solvent at initial monomer concentrations in the range of O.IM to 0.9M

and 5-10 mole% LTB; the monomer was distilled once. Two preparative

scale polymerization reactions were successfully carried out. In one

such experiment a procedure very similar to one which was known to be

successful for the polymerization of heptanal was followed^^ the poly-

mer was endcapped with acetic anhydride at elevated temperatures. In

a second experiment an improved procedure was used which involved con-

trolled cooling of the polymerization mixture. The preparative scale



Polyn,enmlons w1ll5e discussed later 1„ .ore detail
m both sets 0. e.plo.ato.. scale pol,.en-zatio„s the UB initiate,was added as its MCH solution to a snl,,.- ,

'mtiator
iution to a solution of monomer in the desired-vent after the solution had .een cooled to -IsO to -.0,

Charon, had previously .een found to result in significantly lowery-Hs Of polymer in the case of theW aliphatic aldehydes when the
Charging temperature was below -60°C. probably as the result of occlu-
s-n Of initiator by the poller which formed rapidly2\ the experi-
-nts reported Here the charging was at a temperature which was expected
to be near the threshold temperature of the polymerization so that rapid
polymer formation was not expected to be as serious a problem. In the
polymerization of higher melting aliphatic aldehydes with longer aUyl
Chains the miscibility of the components of the polymerization mixture

an important factor which affects the mixing of the components
Monomer precipitated at the charging temperature in both sets of explo-
ratory reactions. The problem of monomer precipitation was more sig-
nificant when n-hexane was the solvent (phase separation at -20°C at
ca.^O.SM monomer) than when MCH was the solvent (phase separation at
-20°C at ca. 0.9M monomer). Although polymer was never obtained from
any of the exploratory reactions i„ sufficient amount, a small amount

was obtained from some polymerizations in n-hexane. This observation

suggested that, as expected, both monomer purity and monomer solubility

were important factors to be considered if polynonanal was to be pre-

pared in workable yield. (In both sets of exploratory reactions the

purity of the solvent and initiator was such that these were suitable

for use in the polymerization of chloral.) From consideration of the



-uns Of the explo.ato.y pol..en-.at1o. an. co^pan'son „Uh the .nown
aspects Of aldeMe pol^eHzatlon U was .ecogntzed that adequate con-
trol Of puHfled ™no.er concentration, solvent nature, and reaction
temperature history would h^vc -h^ kry would have to be exercised in preparative scale
polymerizations.

As mentioned previously two techniques were employed for the poly-
merization Of nonanal to crystalline polymer. Poller was obtained In
the highest yield with the highest Inherent viscosity when the tem-
perature history of the polymerization reaction was carefully con-
trolled. The technique of endcapping with acetic anhydride was

effective for the stabilization of polynonanal. Both polymers had the
same chemical structure and very similar crystal structures, and

exhibited a dual melting behavior or double melting point. Polynonanal

could be extruded Into filaments at a temperature near or above the

first melting point. Analysis of the x-ray diffraction diagrams indi-

cated that polynonanal is capable of existing in a crystal structure

which is completely analogous to one which has been established for

polyheptanal

.

2. Synthesis and characterization of PWA .

li. Synthesis and chemical characterization. Two slightly

different procedures were successfully employed for the preparation of

polynonanal. In the first procedure, which was very similar to the

procedure which has been used for the anionic polymerization of heptanal

and octanal, freshly distilled nonanal was injected into a mixture of

MCH and LTB which had been chilled to -58° to -60°C. If the temperature

of the solvent / initiator mixture was lower (e.g. -72°C) no polymer



"^=^^"~--te™.eo.t.e sclent/
1s too

--^e„.o„o.eM.„.„.sU..esw.en
injected and does not n;icc ^ ^ -, .not pass ,„to solution, therefore, polymerization is

tor mixture at somewhat higher temperatures so.e crystal, i.ation of
^nomer occurred, however, a sufficient amount of monomer was in solu-
t-n such that pol..erizatio„ proceeded, .fter a period of 20 min. the
viscosity Of the polymerization mixture had increased considerably and
the polymerization was assumed to be substantially complete. The poly-
merization mixture was then kept overnight at -780c. A chilled mixture
Of acetic anhydride and pyridine, as well as acetone, was added to
quench the polymerization and to endcap the polymer. The reaction mix-
ture was then warmed to room temperature and the suspension of small
gel-like particles was subsequently heated to a temperature of m°C in
order to accelerate and force the endcapping reaction. The secondary
hydroxyl groups of the polymer chain ends are shielded by the long
alkyl side chain and hence are less reactive. Therefore, polymer

degradation during the heterogeneous endcapping reaction is unavoidable.

Polynonanal (PWA) was Isolated directly by filtration from the hot

reaction mixture. Polynonanal. obtained in 35% yield by this procedure

(PNA-I). had an Inherent viscosity of 1.06dl./g. at 66°C (in tetralln).

In the second procedure (Procedure II) freshly distilled nonanal

was Injected into a solvent / initiator mixture which was maintained

at -20°C, a temperature which was expected to be near or above the

threshold temperature of the polymerization yet low enough that base

catalysed side reactions of the aldehyde were suppressed. When the



bath temperature was lowered to -BO^C the formation of some gel par-
ticles and a general thickening of the polymerization mixture (ca IM
in ,„onomer) was observed as the bath temperature cooled to near -46°C
As the bath temperature was brought to near -55«C the polymerization
fixture became very stiff and difficult to stir, m addition to poly-
.eruation. some monomer precipitation was also observed; the polymeri-
zation was assumed to be substantially complete at this time. The poly-
merization mixture was allowed to sit overnight at -78°C. A chilled
mixture of acetic anhydride and pyridine was added to the polymerization
mixture in order to quench the polymerization and endcap the polymer.

In this procedure the endcapping reaction was conducted for several

hours at or below room temperature. It had been reported that the rate

Of polymer degradation more effectively competes with the rate of the

endcapping reaction when the endcapping reaction of polyaldehydes

having longer side chains was conducted at elevated temperatures".

Polynonanal prepared by this second procedure (PNA-II) was obtained in

a very highly swollen state. Polyaldehydes, as they are prepared,

typically retain a significant portion of absorbed monomer which may

be separated from the polymer with acetone^^.

In the case of anionically prepared polyaldehydes having longer

side chains (e.g. polynonanal) swelling of the polymers by solvents,

as well as monomer, is another impediment to facile isolation of the

polymers. The addition of acetone to the reaction mixture appeared to

deswell the polynonanal to a certain extent and aided the filtration

of the reaction mixture. However, the polymer still retained some

monomer and solvent. Because the polymer remained swollen during the



length, filtration process, so.e polype, degradation, which is facili-
tated When the polyaldehyde is dissolved o. swollen, undcuhtably
occurred during the isolation procedure. The yield of crude, wet PNA-II
was high but after drying overnight in the vacuu. desiccator the yield
Of polyner was 38%. Only a portion of this decrease in weight of pro-
duct could be attributed to a loss of adsorped ™ono.er during the
drying. The majority of the decrease in yield was believed to be due
to degradation of the polymer which was not sufficiently stabilized
during the endcapping reaction. The inherent viscosity of the polyner.
after acetone washing and redrying, was 2.9dl./g. at 61°C (in tetralin).

In both procedures the polymer appeared as a highly swollen

gelatinous .ass before the addition of the endcapping reagent; analogous
to polyheptanal prepared in MCH with LTB initiator^l. Qualitatively

speaking, the solubility characteristics of PNA-I and PNA-II were the

same and, in general, PNA was more soluble in common organic solvents

than PHA prepared under similar conditions.

The infrared spectra of PNA-I (pg. 257) and PNA-II (pg. 258) were

very similar to each other and indicated that both polymers had the

same polyacetal structure. Absorptions in the region of 3300 to

3500cm."^ (0-H) were more clearly evident in the infrared spectrum of

PNA-II which indicated that, as expected, this sample of PNA was less

completely endcapped.

The PMR spectra of PNA-I and PNA-II (pg. 266 and pg. 267 respec-

tively) were identical and gave further indication of the polyacetal

structure of the polymers. Furthermore both samples of PNA could be

degraded by 2,4-d1n1trophenylhydrazine reagent; the melting point of



the hydrazone obtained from PNA-I v,/;,^ th.

The 1„f...ed spectru. of a CHCI3 -lut^'on of P„A-„ 1. shown 1„
F^9u.e

9 (p,. ,55). Befo.e the spect.™ „as .eco..ed m-U had twice

- was ve.y s1.1,ar to that of nonana, c.cllc tH^e.. pa.tida.l, in
those regions where absorptions due to fundamental deformations of C-H
bonds were recorded, m such regions the infrared spectru. of the
polymer was superi.posable upon that of the tri.er. The most signifi-
cant differences between the spectrun, of polymer and cyclic trimer were
in the region of 1150 to mc.r\ The differences in the spectra in
th,s region indicated differences in the C-0 skeletal stretching .odes
between polymer and cyclic trimer. Only a weak absorption near 1720cm.-l

(.C=o). but no 0-H absorption, was found in the solution spectrum of the
polymer. These observations indicate that the sample of PNA used in the
infrared measurement had a reasonably high DP„. The Tong alkyl polymer
side chains comprise a high relative weight percent of the polymer

sample (ca. 90%) and absorptions due to deformation of bonds in the

side chain tended to dominate the spectrum of the polymer.

The PMR spectrum {90 MHz) of PNA-II (Figure 10) was quite similar

to that of nonanal cyclic trimer and indicated the similarity in

chemical structure between the two species. The most notable difference

between the spectrum of polymer and trimer was the width of the signal

lines, particularly in the region of 8=4.5-5.0, which were greater in

the polymer spectrum. The broadening of the signals in the PMR spectrum

of the polymer was thought to be due to conformational rigidity of the
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Figure 9:

'•R- spectra of Higher Aliphatic Polyaldehydes In CHC,

t I

icnF

A. Polynonanal

B. Polyundecanal
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Polyne. chains (e.g. ,o™atio. of a helix, etc. in solution) o. the
higher viscosity of the polype, solution. Although no fi™ evidence
regarding the stereochemistry of PNA-I or PHA-„ was obtained fro. PMR
measurements it was believed that both poly.ers were highly isotactic
The tacticity of PHA, prepared by anionic polymerization, had been
investigated by PMR spectrascopy (300 MHz) and the polymer was found to
be highly isotactic^l. Since PNA-I was prepared under essentially the
same conditions (solvent, initiator, temperature) as the PHA discussed,
n is reasonable to suggest that PNA-I was similarly highly isotactic.
The Similarity in properties between PNA-II and PNA-I suggested that
both samples were the same.

b. Thermal stability of the polymer. The thermal stabilities

Of PNA-I and PNA-II were investigated by thermogravimetric analysis

(TGA). Generally speaking, even well stabilized samples of higher

aliphatic polyaldehydes will thermally degrade at temperatures near or

above 150°C. Because the boiling points of aliphatic aldehydes increase

as the length of the alkyl group is increased the boiling points of the

thermal degradation products (principally monomer) of longer side chain

polyaldehydes may lie near or even above the temperature at which the

rate of degradation of the polymer becomes significant. In this situa-

tion, the rate of weight loss of samples of polyaldehydes becomes more

sensitive to the rate of volatilization of the thermal degradation pro-

ducts.

The results of TGA of aliphatic polyaldehydes are known to be

influenced by a number of factors, the most important of which are the

crystal linity of the polymer and, especially, the kind and level of



impurities present in the polymer^^ in th. , n uHuiymer
. m the work reported here the

temperature of onset of weight loss and the temperature of a fixed
sn^an percent weight loss (5.) were found to ,Ue the .ost reproducible
indication of polymer thermal stability as measured by temperature pro-
grammed TGA and these data gave the best correlation with other experi-
mental Observations. In some cases the results of differential scanning
calorlmetry (DSC) could also be correlated with polymer stability.

PNA-I and PNA-II were prepared and endcapped by different pro-
cedures. The endcapping of PNA-I was carried out under conditions
Which should have favoured more complete acetate endcapping of the
polymer. The thermal degradation of polyaldehydes occurs primarily
by an unzipping mechanism which begins at the chain ends. Thus, other
factors being held equal, it would be expected that a polymer with more

stable endgroups would have a higher thermal stability. Because polymer

degradation begins at the chain ends the results of TGA of a sample of

polyaldehyde could depend upon the molecular weight of the sample. If

a law of mass action applies to the polymer degradation.

PNA-I showed an onset of weight loss (degradation) at 110°C and

had a temperature of 5% wt. loss of IIS^C when the polymer thermal

stability was Investigated by TGA at a programmed heating rate of

20°C/m1n.. The temperature of onset of degradation was 93°C and the

temperature of 5% wt. loss was 97°C for acetone treated PNA-II under

the same conditions. Both PNA-I and PNA-II had a temperature of

maximum rate of weight loss (HDT) near 160°C; there was only a slight

difference In shape and general characteristics between the TGA curves

of PNA-I and PNA-II. The lower temperature of onset of degradation and



e temperature o. 5. „t. ,oss recorded .or PH..„
^„

P A-I was attr.„ted to t.e .„er t.erma, staM,U. o. P„..„ ,_e
less complete e„dcapp1„g of this sample. The fact that the mj

(temperature at maximum slope of TGA curve) was similar for both PNA-I
and PNA-ri probably resulted from the complex Interaction of the various
factors Which Influence polyaldehyde degradation.

The results of TGA experiments Indicated that repreclpltatlon of
PNA-II from toluene resulted In a polymer with Improved thermal sta-
bility. When repreclpitated PNA-II was Investigated by TGA the tem-
perature Of onset Of weight loss and the temperature of 5^ wt. loss were
105 C and llO^C respectively. Apparently the most unstable portion of
the polymer had been degraded while the polymer was In solution In
addition, the level of Impurities was also decreased. The repreclplta-
ted PNA-II had MDT identirfll +n i-u^-t- r ^,Identical to that of the unreprecipitated polymer.
The improvement in polymer thermal stability achieved by reprecipita-
tion was seen by DSC.

The relatively higher stability of PHA-I vs. PHA-II was also

noticed in the "shelf-life" of the polymer samples when each was stored

in an open container at room temperature in the dark. PHA-II was com-

pletely degraded to monomer within 2 weeks whereas PHA-I appeared to

be unchanged after a period of several months. The deterioration of

PHA-I and PHA-II, as determined by visual inspection, was significantly

accelerated when the polymers were exposed to ambient laboratory light

which probably resulted from autoxidation phenomena.

X-ray diffraction by PNA powder. The number and intensity of

diffraction maxima photographically recorded for toluene reprecipitated



PHA-II (pg. 272) as compared to PHA-I fnn o7o^ . ^. .™ 1 ^pg. 272) indicated a much lower
crystanmuy for repredpUated PHA-II. The ,ue„ch1„g effect of the
toluene reprecipitation procedure was also indicated by DSC The
calculated d spacings (Bragg equation) and relative intensities corres-
ponding to the diffraction rings of the powder diagrams of PHA-I and
PHA-II are listed in Table 6 and Table 7 respectively.

The series of d spacings calculated for the strongest diffraction
r.ngs of each powder diagra. were quite similar which indicated that
the crystal structures present in each sa.pl e were alike. The .ajor
difference between the two diagrams, besides the obvious factor of
intensity, was the greater number of diffraction maxima recorded for
PNA-II in the region of 2 less than ca.eio.s". The lower angle reflec-
tions of long side chain polymers are usually related to the spacings of
Planes which may be either parallel or perpendicular to the planes in

which the side chains lie and which are separated by regions of crys-

talline side chains^S, 115_ p^^^.^^^ interpretations of the x-ray

diagrams in terms of the crystal structure of PNA will be considered

later in relation to the diffraction diagrams of oriented samples of

PNA.

h—Investigati on of the melting behavior of PNA by n<;r The

melting behavior of PNA, prepared by two different procedures, was

evaluated by DSC. It was also found that certain observations made

during the investigation of the melting behavior by DSC could be related

to the polymer thermal stability. Heating rates of 10°C/min. or

20°C/min. were normally used in the DSC measurements. These heating

rates were very convenient and the results obtained at these heating
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TABLE 6

X_-ray Diffraction

Reflection
#

Ke 1 at! ve
Intensity

d (in A) Comments
tm

1 m 21.15

2 vs 15.20 si. diffuse

3 w 12.74 It II

4 w/m 10.48

5 w 8.12

6 m/s 7.38

7 w/m 6.59

8 w 5.15

9 s 4.66

10 w 4.36

11 s 4.15 diffuse

12 w 3.63

Acetone washed powder
distance, 113mm..

Exposure time, 6 hrs.; sample-to-film



TABLE 7

Reflection

Azray Diffraction by PNA-tt

Relative
Intensity

d (in X)

s 21.39

vs 15.30

vw 11.37

m/w 7.68

vw 6.88

m/w 4.86

m/s 4.19

vw 3.78

vw

# Tn;::;;:., ° comments

1 . ...

si. diffus

2

3

4

5

6

7

8

9 (?)

diffuse

Polymer reprecipitated from toluene and ground at -50°CExposure time, 6 hrs.; sample-to-film distance, 114mm..*



rates were the most reproducible. In general th.9^"eral, the results obtained at
h^9he. heating rates not differ significantly fro. those obtained
at 10 C/.1n. or 2oOc/.1n.. When lower heating rates were used It was

t^es Of the sample. Such a phenomenon Is commonly encountered 1„
dynamic the™al experiments such as DSC. It was believed that when
lower heating rates (e.g. ^.s^c/mln.) were used, polymer degradation
and polymer recrystallization (which may be Influenced by monomer) both
occurred to a significant extent during the experiment. Hence, these
effects may have clouded the effects of the desired variables (quench,
annealing temperature, etc.) when lower heating rates were used. Unless
otherwise noted, the precision of the transition enthalpy measurements
was ±3% or better (95% confidence). The peak temperatures measured

were believed to be within S^C of their actual values at the specified

heating rate.

Two transition regions were identified by DSC in both samples of

PNA, similar to the behavior which had been observed for other, pre-

viously known long side chain polyaldehydes^^. In analogy with other

long side chain polyaldehydes
, the first melting region of PNA, which

was observed between 40° and 70°C, corresponded to changes in struc-

turation of or "melting" of the polymer side chains. The first, or

side chain, transition itself appeared as one or more "transitions",

in as much as the DSC thermograms of the polymer showed fine structure

in this temperature region. The second transition was normally ob-

served in the range of 120°-135°C. This second transition, which was

assigned to melting of crystal structures in which the main chain



participated, was characteHstlcall, observed as a .ore or less pro
nounced shoulder on the hroad decomposition endother. which was usuaH.

gradation readily occurred at higher temperatures the behavior of PNA

- the second transition region could not be investigated in as .uch
detail as in the first .elting region. The occurrence of this dual
melting behavior In PNA could be verified by optical microscopy using
a hot-stage accessory.

Baseline departure and return points, and to some extent endo-
therm shapes, were found to be dependent upon sample geometry. For
this reason peak temperatures were taken to describe the melting be-
havior and transition temperatures. The peak temperatures were more

reproducible and gave better correlation with transition temperatures

determined by other methods. It should also be noted that the transi-

tion enthalpies were also found to be somewhat dependent upon sample

geometry although such variations were rarely more than 6% (twice the

precision of the experiment).

Typical DSC scans recorded for PNA-I are shown in Figure 11.

those for PNA-II are shown in Figure 12. In Figure 12 only the first

transition region is shown, since the DSC scans of PNA-II in the

second transition region were identical to those of PNA-I. The per-

tinent data regarding the DSC thermograms of the Figures is given in

Table 8 and Table 9. In some instances, endotherms were recorded below

room temperature in the DSC scans of samples of PNA.

The temperature range of the first transition region was very

similar for both samples of PNA. However, there was a difference in
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P-^ te.pe.atu.es an. enaot.e.. ,,-„e st.ctu.e between scans o. P„A-I- e. .e en.a,. assoc.. .e ... .ans.t-n Of a sa.p,e o. P,,-, ,,,,^3 ^^^^ ^^^^ ^^^^^^.^^^^ ^

history in the calorimetpr <;„,i,onmeter. Such difference between PNA-I and PNA-II
probaM. reflected the different histories Imparted to the sa.ples
«.n-ng synthesis, stabilization, and Isolation of the polymers. (p„a-I
was isolated by direct filtration of the hot e„dcapp1„g reaction
mixture through a war. funnel and cooled to room temperature at a

temperature and was obtained by filtration of the reaction fixture with
theaidofanonsolvent.) The effect of sample prehistory (i .e treat-
ment Of the sample before calorl.etric measurements) upon the behavior
Of the sample in the first transition region was also observed when a

sample of PNA-I was repreclpitated from CHCI3. When a sample of the
less CHCI3 soluble PNA-I was scanned to 80°C a multipeaked endotherm
was Observed which had a major peak at 46°C and minor peak at 61°C; the

total heat of fusion in the first transition region was 3.4cal./g..

When the sample was subsequently quenched from 80°C and rescanned. the

endotherms of the first transition region were much broader, the peak

temperatures were lower, but the enthalpy associated with the first

transition region was Increased to 5.0cal./g..

The melting behavior of PNA-II was drastically altered when the

polymer was repreclpitated from toluene. Typical DSC scans recorded

for repreclpitated PNA-II are shown in Figure 13, the data pertaining

to the several curves of Figure 13 are collected in Table 10. As
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TABLE 10

Scan

B

Description

Initial scan
to 90''C

Hold 1 min. at
90°C, quench,
scan to 90°C

Hold 1 min. at
90°C, quench,
scan to 90°C

Hold 1 min. at
90°C, quench to
52°C and anneal
20 min. , quench
and scan to
90°C

Hold 1 min. at
90°C, quench
to 74°C and
anneal 10 min.

,

quench and
scan to 190°C

Peak Temperatures

iin_!c)

46; 72

49; 77

53; 77

62; 77

67; 77'

AH
First Transition^

in cal ./q.

2.1

5.2

6.0

8.0

13.6

Data corresponding to DSC scans of Figure 13; heating rate, 20°C/min.

^Same as in Figure 13.

Peak near 77 C made nearly constant contribution of ca. leal /q to
the first transition enthalpy (curves A thru D)

.

*^Peak Separation was not possible.



PNA-II

previously mentioned, the x-rav nnwH. ^•X ray powder diagram of reprecTpi tated r.M .

.

suggested an overall lower crvst.ns .

in th. P.-

crystallinity for this sample. As indicatedin the Figure and accompanyinq TablP th. .nying Table, the transition enthalpy of toluene
reprecipitated PNA-TT in •

toiuene

' " --^S'™ °f the first transition was signl-
^-antl. lower than that of the native material, .hen the repreclpi-^

- to a te.perat.re aho.e the first transition
ut be,o. the second and then subsequent,, quenched fro™ this tempera-

ture and rescanned. the transition enthalp, in the first meUing region
was increased. This observation indicated that recr.stanization and/or
reorganisation phenomena probahi, occurred during the experiment and.
at least as far as the first transition is concerned, thermal quenching
Of the sample was less effective in suppressing the crystallization of
the sample than was quenching during the reprecipitation procedure.

The lower crystal 1 1n1ty of the reprecipitated PNA-II and the
ability Of the sample to recrystallize on heating was more dramatically
indicated when the sample was observed at different temperatures between
crossed polars. When the reprecipitated material was first viewed
between crossed polars at room temperature the entire field of view
was completely extinct. If the temperature of the sample was increased
to 40°C, then, as the temperature approached 40°C. the transmission of

light increased and vivid colors were observed in various regions of

the sample. The transmission persisted when the sample was removed

from the hot stage, quickly cooled to room temperature, and re-examined.

In order to better assess the effect of the reprecipitation pro-

cedure on the properties of the polymer and. hopefully, gain more de-

tailed insight into the nature of the crystallization of the polymer.



it was decided to annp;^l fh« + ianneal the toluene reprecipitated PNA-II at . t»ture near 100°C, midway between the . .
« H at a tempera

y Between the two transitions of pna it u„

a melting behavior similar to either PNA T n

nni .
"'^''^ P^^-II- Howeverpolymer degradation occurred to a sianif.- . .to a significant degree during such treat-ment and the effprtc: n-F ^ .

treat-

°' "-Pl^-"ted the effects of the
thermal treatment, thus the results of th,'.

g,„,3_
°^ ^'^^^ experiment were very ambi-

in addition to the transitions already discussed, another transl-
>o„. Which occurred below room temperature, was also recorded In some

thermograms of PNA (see Fig. 12 curvp r.y- curve D). These sub-ambient peaks
were most frequently observed in DSC scan, of c iU5L scans of samples of PNA-II which
had been heated one or more times to temperatures of 70°C and above
Occasionally, low temperature pea.s were recorded In the DSC scans of
virgin samples of PNA-II tHp n<;rnm u. Ihe DSC scan of a virgin sample of PNA-II
Which Showed sub-ambient peaks In Its Initial scan, is reproduced In"
Figure 14. This sample was the same as that for which the thermo-
grams of Figure 12 were recorded except that the sample was aged In
the sealed DSC pan for 36 hrs. before the measurement was made. Peaks
occurring below room temperature were not found in the DSC scans of
PNA-I. The sub-ambient transition of PNA was spread over a temperature
range of as much as 40°C and generally was observed as one or more
peaks with shoulders.

It was intriguing to consider the possibility that such sub-ambient

transitions, which were previously unreported for long side chain poly-

aldehydes, were an indication of polymorphism or multiple phase
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transitions of the aU-vi ci^^ u •aUyl s,de cha,„s of the polymer. The occurrence ofpolymorphism in the case of ,ow molecular weight lono ch
•

,
^^^9tit long chain compounds

tr^lycerides of fatty acids) is well .nown^^^ However, poly--Phis. or multiple phase transitions i„ relation to the crystal li.-
Of the Side chains of eo. li.e polymers has never heen documented,

even ,n those cases where the corresponding monomers exhibit polymor-
phism. Nore careful examination of the thermograms of m indicated
that the lowest temperature transitions were not manifestations of
-Uiple Phase transitions involving solely the polymer side chains
If th,s were the case, then such behavior would have been strong indi-
cation that true "independent" side chain crvst;,ln„fcridin crystallization occurred in
PMA.

The consideration of three factors indicated that the s^mbient
peaks in DSC scans of PNA were due to the presence of monomeric nonanal
in the samples and not due to the occurrence of multiple phase transi-
tions. Firstly, the temperatures of these peaks, particularly the one
at the higher temperature, corresponded quite well to the melting point
Of monomeric nonanal as determined by DSC. Secondly, there was no

straight forward effect of thermal history upon either the low tempera-

ture peaks or the first transition peak (40°-70°C) or their relation-

ship. Thirdly, there was no correlation between the sub-ambient peaks

and the first transition peaks of the kind which would have suggested

polymorphism or multiple phase transition behavior. If indeed the low

temperature peaks and the first transition peaks represented the

melting of two different crystalline modifications of the aliphatic

side chains which could not be interconverted by a reversible process.
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then, depending upon thecal Msto... one transition should have do.ina
ted over the other. The only simple and reproducible effect of thermal
history upon the relationship of the low temperature and first transi-
tion endother.s was that, as the sa.ple was repeatedly scanned to or
annealed at temperatures near or above 70°C. then the low temperature
endotherms always increased at the expense of the first transition
endotherms. If a reversible transformation of one crysta, structure to
another was responsible for the observations In question, than a dis-
crete relationship between the low temperature transitions and the
40° to 70°C transitions should have existed. If kinetic factors hin-
dered the complete interconverslon

. then a specific effect of thermal

history upon the two sets of endotherms was expected. All these con-

siderations led to the conclusion that the low temperature peaks were

^ost likely the manifestation of the presence in the samples of monome-

ric nonanal. either initially present or formed in situ by polymer

degradation.

The presence of monomer in the polymer affected the crystallization

and melting behavior of the polymer in a complicated way, particularly

in the first transition region. When monomer was present in the sample,

the enthalpy associated with the first transition endotherms (40° to

70°C) was always depressed, except when the level of monomer was very

low. The first transition endotherms were always broadened and the

peak temperatures were at lower temperatures when monomer was present

in the samples. Monomer was compatible with polymer, swelling the

polymer at room temperature and dissolving it at temperatures greater

than ca. 50°C. It is possible that, at low concentration, monomer
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Plastldzed the po„.e. an. aiae. Us c..sta„ ...tlon .the. than M„-
--ennoU. "oweve. transition enthalpies of s.Oca, oMess „e.e
usually calculated for the fiVct -i-the first transition endotherms when It was
suspected that .ono.er was present In significant amounts (i e If
notlceahle low temperature pea.s were recorded). This effect was true
even if the weight of the polymer sample was corrected for loss to de
gradation by assuming the entire low temperature transition to be
»nomer and calculating the apparent weight of monomer by using the
data of Table 5.

When a low temperature transition was observed 1„ samples this was
normally observed as two overlapping peaks; a broad peak near -30°C.
Whose position was variable, and a sharper peak near -20°C, which fre-
quently had a Shoulder on its low temperature side. When this low

temperature transition first appeared in a sample, presumably at rela-
tively lower monomer concentration, the relative areas of the two over-
lapping peaks appeared nearly equal with the -30°C peak perhaps being

slightly larger. In comparison, when monomer alone was investigated

by DSC under similar conditions, only one peak was observed which most

closely resembled the -20°C peak of the low temperature transition.

The peak at -20°C became predominant in a polymer sample, which showed

sub-ambient transitions, if the sample was subjected to conditions

which favored polymer degradation. The -20''c peak clearly dominated

at estimated monomer concentrations above ca. 25%. It was also noted

that. If significant low temperature peaks were recorded in the initial

portion of the thermogram of a sample, then the endotherms in the

second transition region (IZO^C), including the decomposition endotherm,
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expecte. ,f u «as a.s^ed that the low te„e pea.s we. to— whUh -"He. .0.
^^^^^ ^^^^^POW ae.a.at.„ h. act., to swen 0. .3so.e the pow.

When low temperature pea.s were observed, the details of the OSC
scans 1„ this temperature region could not 5e explained solel. on theP-1se Of fusion of mono.erlc nonanal. Two possible explanations of
the details of the suh-a™h1e„t pea.s were considered; both of which In-
dicated limited miscibilitu o-f ,r,omscbilny of monomer and polymer at these temperatures
Firstly. It was considered that the two sub-ambient peaks were the
result Of fusion of monomeric nonana, In two different environments
That .s. the peak at -20°C may have resulted from the fusion of "free"
^nomerlc nonanal. which crystallized without Influence of the polymer
Whereas the peak near -SO'c may have represented the fusion of monomerL
nonanal which was misclble with the polymer. The second possible ex-
planation considered was that monomer and polymer were capable of
cocrystalllzatlon and exhibited solid solution, eutectic, or similar
behavior. In this event it was thought that the -30°C peak represented
the fusion of such cocrystal 1 ine regions, probably rich in monomer,

while the peak at -20°C represented the fusion of "free" monomer present
above the misclbility limits. The results of the direct observation of
the melting behavior of PNA by optical microscopy, when the polymer was

deliberately contaminated with monomer, were consistent with either

explanation and served to verify the general results of DSC investiga-

tion. The microscopic experiment did show that only the crystallinity

responsible for the first transition of PNA was present in samples



PMA-I

Which had been degraded to a significant extent.

- PNA-U.as chained, were bn-tt,e. easn, „™.ed powde. at .00.
temperature. However, when PNA was heatPH to . .was neated to a temperature which was
near or above the upper limit of the first tran.itinTirst transition region a greater
degree of molecular .ohim. existed In the samples. At such tempera-
tures the polyner could be extruded through an orifice. This behavior

- Characteristic of other pol.al dehydes
, possessing sufficiently long

side chains, which. lUe PNA. soften but do not flow when heated above
the,r first transition". X-ray examination of extruded PNA Indicated
that significant orientation was achieved in the extrusion process. In
complete agreement with what had been known from PHA.

When a sample of PNA was extruded at 80°C through a 0.762cm.
capillary a smooth trace of the force required to maintain constant

crosshead speed was obtained; the value of the apparent viscosity at

the steady state was 3350 poise. The slightly opaque filament easily

supported Its own weight to at least 40cm. below the die and readily

colled before breaking as it was collected. Some of the curvature

introduced when the filament was coiled became set as the filament

cooled to room temperature. Polymer degradation occurred during the

extrusion process as evidenced by the odor of monomer which was detected

and by the Infrared spectrum of material salvaged from the rheometer.

The TGA curve of extruded PNA-II (PNA-IIE) was slightly different

than that recorded for the original material; the onset of weight loss

was 105°C. The TGA curve appeared as a straight line from 145° to 195°C

which represented the portion of the curve of maximum negative slope.



182

Degradation of less stable fractions dun'ng extrusion and. possibly
Changes In the crystalllnlty of the polymer were believed to be the'
reasons for the sllgbt differences between the TGA curves of extruded
and non-extruded PNA.

Two transition regions were observed when the .el ting behavior of
PNA-IIE was investigated by DSC and optical microscopy, the transition
regions of the extruded polymer were essentially the same as for the
unextruded polymer. The DSC scans of extruded and unextruded PNA are
compared in Figure 15. only the first transition region is shown. The
enthalpy associated with the first transition endotherms was always

lower for the extruded samples than for powdered samples. Typically,

values of 4 to 6cal./g. were observed for the first transition of ex-

truded PNA whereas values of 5 to 7cal./g. were recorded for unextruded

PNA (except for sample reprecipitated from toluene). As suggested in

Fig. 15. the temperature of the major peak of the first transition

region was slightly lower for the extruded sample. Furthermore, the

enthalpy associated with the first transition of a sample of the ex-

trudate was always greater when the sample was scanned a second time,

unless the sample had been scanned to a temperature greater than 95°

to 100°C. This increase in transition enthalpy was observed regardless

of whether the sample was cooled slowly or rapidly after the first

scan; the rate of cooling did. however, affect the peak temperatures.

The behavior of PNA-IIE was completely analogous to that which had

been observed for extruded PHA excepting that the decrease in peak

temperatures and transition enthalpies observed for the extruded sam-

ples, as compared to powdered samples, was not as dramatic in the case
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Of m as in the case of PHA. The thermograms of extruded PNA also

the former showed less distinct fine structure than those of the latter
AS previously mentioned, the orientation effect of the extrusion process
was the same In the case of PNA as reported for PHA.

The appearance of the DSC scans of PNA-IIE 1n the second transl-

Hcwever. the baseline departure at the second transition was sharper In
the case of extruded samples of pna th^nijjieb OT PNA than for powdered samples. This
observation was believed to rpflpn- ri^f^r.to reflect differences between the samples in
regards to crystallinity

, sample geometry, or both.

Two transitions were also observed for PNA-IIE when samples of the
extrudate were examined between crossed polars with a hot-stage equipped
microscope at a heating rate of loVmin.. Notable changes in the

pattern and color of transmitted light occurred between 60° and 68°C.

Only very small changes in the sample were observed as the temperature

of the sample was raised to n5°C when the sample transformed into an

optically isotropic material at 115° to 120°C. The softness and plia-

bility of the sample at temperatures intermediate between the two tran-

sitions was also verified by optical microscopy. When 0 or 1 cover

slips were employed, no deformation of the sample was observed until

the temperature of the sample had been increased to 115°C. If, how-

ever, several cover slips were used so that the closure of the hot

stage exerted a force on the sample, then the sample was seen to deform

at temperatures of 75° to 85°C.

As mentioned earlier, the x-ray diagrams of PNA-IIE indicated that
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TABLE 11

Tentative
"

2

3

4

5

8

9

10

11

12

13

21.13

VS 15.28

10.83 220

7.73 400

vw 7.43

s 6.82 420

W 5.43 440

4.87 620

vw 4.55

w 4.19

vw 3.80

vw (3.5)

equitorial

^^"^ equitorial

equitorial

II

^'^^ 640 reflection at
this spacing
may be visible
in meridonal
regions

extends from
equator

stronger away
from equator

^llmm^
^il^'^ent; exposure time, 8 hrs.; sample-to-film distance,

b.
".

Assuming a model analogous to that suggested for PHA by Wood,
Negulescu, and Vogl^^ ; with a=30.56A.
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significant orientation occurred during the extrusion process. The
pattern of Intensities observed for PNA-IIE (p, ,85, «as ver. sl.lUr
to that Which had been reported for extruded PHA and suggested that the
crystal structure of m .Ight be similar to that proposed for m I„
fact, .ost Of the reflections observed In the diffraction diagra. of
PNA-IIE could be assigned on the basis of a tetragonal unit cell (see
Table 11), completely analogous to that proposed for PHA. having
-30.56A. The c length was not directly determined but was believed to
be the same as In PHA. namely c=4.52?. Several diffraction rings were
Observed which were not assigned on the basis of the tetragonal unit
cell, similar to what had been reported in the case of PHA. The
reasonable agreement between the observed and predicted d spaclngs
strongly suggested that PNA, lite PHA. Is capable of crystallizing in a

manner whereby both main and side chains participate in the unit cell of
the crystal lattice.

^"-^^^^^^^^^-^^^
Two transition

regions were evident in samples of PNA when the melting behavior of the

polymer was investigated by DSC and optical microscopy. X-ray diffrac-

tion measurements, particularly with oriented samples, performed at

room temperature strongly suggested that PNA was capable of existing

in a crystalline form in which both main chains and side chains par-

ticipate in the unit cell. When this is the case the unit cell is most

likely tetragonal having 4 polymer chains, in a 4/1 helical conforma-

tion, per unit cell in which the sense of the chain helices alternate

within the unit cell. This crystal structure was suggested for PNA on

the basis of the crystal structure of PHA. The proposed unit cell of



PH. and PNA as wen..as seen to be very s1.W to the unU cells ot
Polybutana, (PBA) and other pol.aldeMes wUh shon side chains The
principal difference between the unit cell of P«A (or PHA, and that of
PBA see.ed to be the angle of Inclination of the side chains with re-
spect to the edges of the ™it cell. It appeared that the helices of
the long side chain polymers are rotated about their axes with respect
to the helices of PBA In order that more efficient packing of the side
chains might occur^^.

The strongest diffraction rings observed for oriented filaments of
PNA were also clearly observed 1n the diffraction patterns of powdered
samples of PNA. This observation indicated that the same crystal struc-
ture was present In all samples of PNA Investigated. Although the
details of the DSC scans of the various samples of PNA were different,
the similarities In the temperature regions of the transitions of the
various samples of PNA also suggested that the same crystal structures
were present in the samples.

Insufficient data was obtained to allow firm conclusions to be

drawn regarding the precise structural changes which accompanied the

endothermic transitions of the samples. However, comparison of the

results of DSC and x-ray investigation of the melting behavior and

crystal structure of PNA against the known behavior of other comb like

polymers allowed the range of plausible explanations of the data to be

narrowed. It was believed that two types of crystal Unity were possible

for PNA. the crystall inity being controlled by the side chains when

only the outer paraffinic methylene groups entered the crystal lattice.

The second type of crystallization thought to be possible for PNA was
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^tal lattice, as previous,, discussed. Beth t.pes of cystalHnU,
P™.a5„ coexisted In sa.p,es of PHA. The simultaneous coexistence of
both types Of cystammt. had heen postulated for the case of co.h
ll^e polyfa-o,ef1ns). Polymorphism of crystal structures (or sub-
structures) was also considered as a possible alternative explanation
of the dual crystallinlty explanation.

Information regarding the packing of the side chains of crystalline
PNA was afforded by the Infrared spectrum of the polymer In certain
frequency regions. However, It was believed that the Infrared spectra
did not discriminate between side chains packed in "sub-cells" of a

tetragonal unit cell and those packed in regions of true side chain
crystallization. Indeed, in the case of low molecular weight long

chain compounds and several classes of comb like polymers, a correlation
had been observed between the mode of packing of the alkyl groups and
the Infrared spectrum of the compound In the region of 720cm.-l. m
general, a single band of moderate Intensity, was recorded near 730cm.-l

In the Infrared spectrum of films of PNA. this absorption always had

a noticeable shoulder near 750cm.-l If hexagonal packing of the

aliphatic side chains predominated, then a single absorption near

720cm.-lwas expected^^S^ ^ shoulder on this CH^ rocking band

had been observed when hexagonal packing of alkyl groups was indicated

In the case of certain low molecular weight long chain compounds and

PHA. Thus, the appearance of the infrared absorption spectrum of PHA

in the region of 720cm."' was taken to indicate that the n-octyl side

chains of PNA were essentially hexagonally packed. If the side chains
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were packed in rhombic fashion

,„ . \
' ^"""'^t have been observed

in the region of 720cm."\

Since the infrared spectra of samples of P„A were recorded for

question as to how well these f1,. data could be correlated with the
structure present In other dissimilarly treated samples of P„A The
DSC thermogram 1„ the first transition region of a film of PNA. cast

CHC,3. was gualltatively the same as that of the starting material;
suitable allowance being made for the effect of sample geometry. On
the basis Of this observation it was thought that the infrared spectrum
Of the film was a fair representation of the sample in general.

The interpretation of the x-ray diffraction diagrams of PNA in

terms of a unit cell In which both main chains and side chains par-
ticipate has already been discussed. The x-ray diffraction diagrams
of several samples of PNA indicated that this type of unit cell was

present In samples which had significantly different histories. In

addition to reflections assignable to this type of crystalluation,

several reflections were observed which were not readily assigned on

the basis of the tetragonal unit cell. The strongest of these un-

assigned reflections and the one which was characteristically present

In all samples of PNA was the reflection which corresponded to a

spacing of ca. 4.2A. Other unassigned reflections were weaker and

more or less specific to a sample of PNA which had been treated In a

particular way (e.g. extruded, repreclpitated, etc.). Several possible

explanations for these unassigned reflections were considered. First,

It was thought that these reflections might have been due to the
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existence of sUght modifications of the tetragonal unit cell, perhaps
orthorho*1c. In which both .a1n chains and side chains participated
Such a speculation had been offered to account for unassigned reflec-
tions and other peculiarities In the case of PHA. A principal drawback
to this explanation was that the spacings corresponding to several of
the unassigned reflections varied according to the history of the sample
of PNA. Which would have .eant that several modifications of the tetra-
gonal unit cell were possible. If this were the case It was thought
that a different one of these should have predominated in at least one
Of the samples compared to the others. Reflections of different sub-
cells Of the alkyl chains within essentially the same tetragonal unit
cell was also considered as an explanation for the unassigned reflec-

tions.

The third possible explanation of the unassigned reflections that

was considered was that these reflections had their origin in a crystal

lattice which involved only aliphatic side chains of the polymer. A

strong reflection corresponding to a spacing of 4.2A had been reported

in the case of most other types of comb like polymers in which the

crystallinity of the polymers was exclusively due to crystallization

of the -CH^- containing side chains which pack in a hexagonal manner.

The comparatively diffuse appearance of the 4.2A reflection of PNA, as

well as the fact that this reflection extended from the equator to

some extent in oriented samples of PNA, was better reconciled with this

third explanation. However, the 4.2A reflection probably had some

contribution from the packing of side chains within the tetragonal unit

cell. If most of the unassigned reflections of various samples of PNA
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in-

DSC

were indeed the result nf +^result Of true side chain crystallization then 1t
thought that the slight differences in .

<:''«i" crystallization
d^cated by x-ray .Ight also .e reflected in that portion of the
tHer.ogra.s of the polymers which corresponded to melting of the side
Chains, in fact a difference in the DSC scans in the first transition
region was observed between the various samples which had slightly
different unassigned x-ray reflections. That is. the unassigned reflec-
tions Of P„A were related to the first transition. The differences in
x-ray pattern and first transition endother.s was due to variation in
packing of the side chains.

The highest transition enthalpies associated with the first tran-
sition of m were recorded for thermally treated (annealed) sa.ples of
the polymer which had been reprecipitated fro. toluene. Crystallization
Of side chains of co.b like polymers, without incorporation of the .ain
chain, is never truly "independenf of the main chain. The effect of
alleviating main chain restrictions on side chain crystallization In

the case of vinyl type comb like polymers has been investigated^^. In

the case of PNA various experimental observations indicated that the

overall crystallinity in PNA was lowered by the toluene reprecipitation

procedure. In this event, the number of main chain units Involved in

crystallization was lower and the constraints imposed upon those main

chain units which do not participate in crystallization was less than

in samples with higher main chain crystallization. Thus, when the

sample was thermally treated, the side chains attached to non-crystal-

lized main chain units were better able to pack efficiently because of

the reduced constraints placed upon them and the heats of fusion were



increased.

The results of experiments conducted with orientPH . ,oriented samples of PNAcould also be reconciled with idea of true k •t™^ side chain crystallization
PNA. The reduction of transition enthalpy and pea. temperature oh---ed for the first transition when PNA was extruded was believed to
due to the disruption of side chain pacMn, imposed by orientation

and crystallization of main chain repeat units. Overall, the extrusion

tion in the case of PNA than had been observed for PHA. This situation
was not totally unexpected since the side chains of PNA are longer and
could be expected to exert greater influence on the poller crystalliza-
tion than in the case of PHA. m the case of PNA much less drastic
thermal treatment was required in order to reverse the effects of the
extrusion process on the first transition than were required in the case
^-c niiAof PHA

The one or more peaks observed in the first transition region of
PNA were thought to represent slight variations of side chain packing,

and perhaps size and perfection of side chain crystallites, which may

have been more significant in the polyaldehydes because of the shorter

side chain length and difference in polarity between the main and side

chain

E. Polydecanal (PDA)

L_introduction. Two techniques were successfully used for the

preparative synthesis of polydecanal (PDA). In both cases MCH was

used as the solvent and LTB was the initiator. One technique was very
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-na. to the tech„1,„e „h1c. was .o.d to .e..1
tion Of PHA and which was aUo effective fo. the preparation of m
The second techn1,.e Involved .ore ca.efu, cont.o, of the cha.,1n, and
polymerization temperature. sLIlar to the ^proved technique for the
polymerization of nonanal. ,n .oth Instances the endcappin, reaction
was carried out at or below room temperature.

The products obtained by both procedures had the same polyacetal
structure. PDA was obtained In higher yield and with higher Inherent
viscosity When the second technique was used. The purity and concen-
tration Of reagents and the temperature history of the polymerization
reaction required more careful control to ensure successful polymeriza-
tion Of decanal. When the endcapping reaction was carried out at or
below room temperature, the yield of Isolated polymer was less sensitive
to the time of the capping reaction provided that the duration of the

endcapping reaction was less than 4 hrs.. PDA was sufficiently stable

so that the polymer could be Isolated and handled at room temperature

and stored for 2-3 days.

Two transition regions were identified for PDA. At temperatures

within the first transition region PDA possessed sufficient mobility

so that the polymer could be extruded through an orifice. The extrusion

was accomplished under various conditions and with samples of PDA having

different histories. The effects of the extrusion process on the

melting behavior of PDA in the first transition region were different

in comparison to the effects which were found in the case of PNA. X-ray

investigations indicated that the orientation Induced in the extrusion

of PDA was less than that induced In the extrusion of PNA (or PHA).



Attempts were made to Dreoarpprepare oriented specimens of PDA by mechanical
treatment of the extrudatp an tuxtrudate. All these attempts were unsuccessful.

i- Synthesis and rharactenzation_of_P^

- synthesis and chemical characterization. PDA was prepared by
the anionic polymerization of decanal with LIB in HCH using two
different techniques. In the first technique, which was very similar
to the technique which had been successful for the polymerization of
heptanal and octanal. monomer was injected into a mixture of solvent
and initiator which was maintained at -58°C. Decanal is less soluble
1n HCH than nonanal (or, especially, heptanal) and a significant amount
Of decanal precipitated immediately when the monomer was injected.

However, a sufficient amount of decanal was soluble or dissolved in the

polymerization mixture so that polymerization did proceed. (If the

initial charging temperature was lower than -58°C when a similar ratio

of monomer to solvent was used, then only a trace amount of PDA was

obtained.) After a period of 30 min. no changes in the appearance of

the polymerization mixture were observed and the polymerization was

allowed to proceed overnight at -78''c. A chilled mixture of acetic

anhydride and pyridine was added to the polymerization mixture to quench

the polymerization and endcap the polymer. The reaction was subsequent-

ly allowed to proceed for 1 hr. at room temperature. PDA was isolated

by pouring the reaction mixture into chilled methanol and filtering the

resulting suspension. PDA with an inherent viscosity of 0.84dl./g. was

isolated in 17% yield by this procedure.

In the second procedure monomer was added to a mixture of solvent

and initiator which was maintained at -20°C. The temperature of the
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polymerization fixture was then brought to -78°C in 1 5 hrs i„ a
controlled way. After the polymerization mixture was allowed to sit
overnight at

-y^o,
, ^^^^^^^ ^^^^^^ ^^^^^^^^^ ^^^^^^^^

was added to the polymerization mixture to ,uench the polymerization
and endcap the polymer. The endcapping reaction was subsequently
allowed to proceed for several hours at room temperature. PDA with an
inherent viscosity of l.,5dl./g. was isolated in ,3% yield by pouring
the reaction mixture into cold acetone and filtering the resulting
suspension. When the reaction mixtures were poured into either methanol
or acetone the product was obtained with much greater ease than was PNA
When the latter was isolated by direct filtration of the reaction mix-
ture.

Decanal had previously resisted all attempts at its anionic poly-

merization by conventional aldehyde polymerization techniques. The

crystallization of the monomer in the reaction mixture at the polymeri-

zation temperature had been cited as the most likely general reason for

the failure of these reported polymerization attempts^^. However, it

was found, as discussed here, that with the proper choice of solvent

and monomer concentration and with the proper control of temperature,

a favorable ratio of the rate of polymerization to the rate of monomer

crystallization could be achieved and PDA was obtained. It was also

observed that PDA was quite unstable under the conditions traditionally

used for the endcapping of polyaldehydes and excessive heating of the

endcapping reaction above room temperature drastically reduced polymer

yield.

In both procedures the endcapping reaction was carried out only



196

0. te.pe.t.e .0. a pen.. 0. t.e. „.e„ t.e e.c.pp.,

n":r"^^^-^^-'------s..epo,.e..e.e
--.c^entl. sta.e to .e IsoUtea at .00. t.pe.at.e an. sto.e. .0.

-Pe.at.e .0.
,

H.S. (-st p.oce..,
.
t.e .s.t., po,,.e.

tenorated (visually) more rapidly than if .apidly than if the endcapping reaction wasearned out for a lonqer upHnr] n-p 4-,- /nger period of time (second procedure) PDA
Obtained the second p.ocedu.e. In which the temperature history was»re carefun. controHed and the endcapping reaction was of longer
duration, was used for the characterisation of POA h. thermal and other
techniques.

The swelling and solubility behavior of higher aliphatic poly-
aldehydes was considered in discussion of PNA. The solubility charac-
teristics of PDA were the sa.e as those of PNA and PDA could also be
conveniently reprecipltated from toluene.

PDA was degraded by 2,4-d1n1trophenylhydraz1ne reagent, the
hydrazone melted at 103° to 105°C. The Infrared spectrum of PDA

(pg. 259) Indicated that the polymer indeed had the expected polyacetal
structure. Only minor differences were observed between the infrared
spectrum of PDA and that of PNA.

The PMR spectrum of the polymer was also consistent with the struc-
ture of the polymer (pg. 268). It was necessary to use a solution of

minimal concentration for the PMR experiments because of the viscosity

of CDCI3 solutions Of PDA. Under these conditions only a weak, broad

signal was recorded in the region of S-4. 5-5.0. The presence of some

monomer in the sample used to obtain the spectrum was also Indicated.
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-e P«. <,o HH.) spect.™ o, POA . s.own ,,,,,
spectrun, was very sl.iUr to that of PNA. As expected t.
relative

expected, the apparent

'------^thea.so.pt,-on,-„the.e.-onofS..awas„ea.e.
-he case Of POA hecause Of the .eUtlvel. ,owe. 0. aceta,1c

.^^^ ^-^-^ -—« that of .caj
-ctn™e.a„d,-„.cateda.a.thes1.-,an-t..che.-ca,

st.cture
between the two species.

^ Thermal stability of the polymer As in thoK 'yiiitfr. AS in the case of PNA, the
te.pe.atu.es of onset of weight loss and the temperature of 5. wt. ,oss-re found to he the .ost consistent and reproducible criteria for
-parin, the thermal stabilities of samples of POA. Acetone treated
PDA had a temperature of onset of weight loss (degradation) of gS^C and
a temperature of 5. wt. loss of IObOc. These temperatures were slightly
higher than the corresponding temperatures of similarly treated P„A
This situation could have been due to a slightly higher thermal stabl-
lUy Of PDA but .ay simply have reflected the higher boiling point of
the thermal degradation products of PDA. When PDA was repreclpltated
from toluene the temperatures of onset of weight loss and St wt. loss
were found to increase indicating a higher thermal stability for the
repreclpltated material. This phenomenon, which was also encountered
in the case of PNA. was believed to be the result of a decrease In

level of Impurities In the polymer and the removal of less stable

fractions.

The relative stabilities of samples of PDA could also be assessed

by visually comparing the shelf life of the samples. PDA which was

treated with acetic anhydride for only 1 hr. at room temperature com-
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was

PDA

Pletely decomposed to .ono.e. (Identified as Us 2.4-d1n1t.ophe.„i-
M..o„e, .-tMn 2 da.s at .00. te.pe.t.e 1„ t.e da.. . pen.d 0.

to
5 days was required for complete decomposition of PDA which

treated with acetic anhydride for a ionger time. When samples of
were stored in open containers at room temperature and exposed to
ambient laboratory light all samples appeared to deteriorate at a
greater rate.

c. x-ray diffraction by PDA powder. The x-ray diffraction diagram
Of a powdered sample of toluene reprecipitated PDA is shown on page 273
the calculated d spacings and relative intensities are listed in Table

'

12. The x-ray diffraction diagram indicated that, as in the case of
PNA. the overall crystallinity of toluene reprecipitated polymer was
lower than in other dissimilarly treated samples. I„ the case of tolu-
ene reprecipitated PDA the strongest diffractions were recorded at
smaller angles, in analogy to toluene reprecipitated PNA. In the case
Of other crystalline comb like polymers, where only the paraffinic side
chains participate in the crystal lattice, the small angle x-ray re-

flections Of the polymers had been related to planes which contain the

side chain ends and which are perpendicular to the long axis of the

side chains. The x-ray diffraction by PDA will be discussed further

In relation to extruded samples of PDA.

——Investigati on of the melting behavior of PDA by n.sr. The

melting behavior of PDA was investigated by DSC. The DSC investigation

of the melting behavior of PDA was augmented by investigation of the

polymer transitions by optical microscopy. In some cases the observa-

tions made during the DSC experiments could be correlated with the
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TABLE 12

Reflection

1

2

3

4

5

6

JLlgiLDiffraction by PDA^
Relative
intensity ^ (in A)

ms

m

m

m

24.28

14.41

7.15

4.87

4.49

» hrs.
, sample-to-film distance, n4mm.

Comments

diffuse

near end of
diffuse halo

diffuse

may be part of
diffuse refl.5

50°C; exposure time,



and thus, polymer degradation effectively overlapped the second transi-
tion. AS a result of this the second transition and degradation endo-
therms were usually poorly resolved in DSC experiments. Typically, the
second transition of PDA was. at best, observed as an inflection on the
low temperature side of the decomposition endotherm. In rare cases a

mre clearly resolved shoulder, not observed in TGA measurements, was

recorded on the decomposition peak. The significant overlapping of

degradation with the second transition of PDA was also indicated in hot

Stage optical microscopy experiments.

Typical DSC scans of different samples of PDA are reproduced in

Figure 16, in most cases only the first transition region is shown.

Pertinent data relating to the thermograms of Figure 16 are collected

in Table 13. In some cases, transitions were observed in samples of

PDA at sub-ambient temperatures.

The first transition of powdered samples of PDA showed as two

overlapping endothermic peaks or a single peak with very noticeable

shoulders. Typically, a transition enthalpy of lO-llcal./g. was ob-

served for the first transition of acetone washed PDA. The details

of the first transition of PDA were also sensitive to the treatment

of the sample before the calorimetric experiment. This was particularly

evident when samples of PDA which had been reprecipitated from toluene

were examined by DSC. The enthalpy associated with the first transi-

tion of reprecipitated PDA was notably lower than the enthalpy associa-

ted with the first transition of the native material (5cal./g. vs.

lOcal./g.). The enthalpy always increased when a sample of reprecipi-

tated PDA was scanned through the first transition a second time; this



polymer stability. The instn,m»„t=iinstrumental parameters normally used for the— the same as those normally „^^^
Of HA .or the same reasons as were previously .iscusse. Polymer de-
gradation durin, the OSC measurements was a still more significant fac-tor ,n the investigation of the melting behavior of PDA than even in
the case of less completely stabilised PNA. Unless otherwise noted the
precision Of the transition enthalpy determinations and the accuracy of
the temperature calibration were the same as in the case of PNA Nor-
mally, pea. temperatures were found to give the most convenient and
reproducible description of the endothermic transitions, particularly
in the first transition region.

Two transition regions were observed when the melting behavior of
PDA was investigated by DSC. In this respect the behavior of PDA was
the same as other higher aliphatic polyaldehydes. The first transition
for PDA occurred over the range of 40° to 65°C according to DSC and
the first transition of PDA was recorded as a series of endothermic

peaks or a single peak with shoulders. A transition in this temperature
region was also indicated by optical microscope experiments. That Is.

significant changes occurred in the way polarized light was transmitted

through a sample of PDA in the region of 56°-65°C. however, the sample

maintained a significant degree of structural integrity at these tem-

peratures. A second transition was observed in the region of 110°-130°C

by DSC for samples of PDA. When a sample of PDA was observed between

crossed polars. the sample transformed to a viscous, optically isotropic

fluid at 95°-110°C.

Significant degradation occurred in PDA at temperatures near 90°C
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more
s o... ane. t.e .>st scan. . ..^e aspects t.e .e.a.-o. o.
PDA was ve.. sl.iw to t.at o. m and the e..ect o. toluene
reprecipitation was indicated al<;naicated also in the case of PDA. The lowering
Of first transition pea. temperatures observed when PDA was reprecipi-
tated was less than that observed in the case of PNA. Furthermore when
a sample of reprecipitated POA was scanned through the first transition
region, quenched, then rescanned. the pea. temperatures in the second
scan were more than I5OC lower although the enthalpy associated with
the first transition was nearly 30% higher; this behavior was contrary
to that Observed for PNA (compare curves D and E of Figure 16 with
curves A and B of Figure 13). Reprecipitated PDA was less thermally
stable than reprecipitated PNA and. hence, could not be as extensively
annealed. However, a trend to increased transition enthalpy with ther-
r-al treatment was seen for reprecipitated PDA which, taken with other
factors, indicated that toluene reprecipitation produced quenching

effects in both PDA and PNA.

The effects of crystallization of side chains in reprecipitated

PDA when a sample of the polymer was heated were also seen by optical

microscopy as in the case of PNA. The initially high extinction of

reprecipitated PDA decreased when the sample was heated to 55°C and

the increased transmission persisted if the sample was then cooled.

A transition was frequently seen at below room temperatures in

DSC scans of samples of PDA which was believed to be the result of the

presence of monomer in the polymer. These low temperature peaks were

usually observed in samples of PDA which had been heated or aged in the



sa.p,e pans. ,„e.al
,

,ow te.pe.atu. transitions we.e seen In
DSC scans of PDA when the sa.ple Had been subjected to less drastic
conditions than those which resulted In appearance of ,ow temperature
transitions for PNA. .or.ally. this ,ow temperature transition was
Observed as a multiple pea.ed endothermic transition. In rare cases
If the relative amount of monomer was assumed to be extreme (high or
low) the low temperature transition In PDA appeared more as a single
peak.

When low temperature peaks were observed then the details of the
first transition of PDA were altered in a complicated way. Generally.
if a small (ca. 3cal./g. polymer sample), multiple peaked, low tempera-
ture transition was recorded In the DSC scan of a sample, the enthalpy
associated with the first transition endotherm was lower In relation to
that Observed when no low temperature transitions were found. In rare
cases If a very small single low temperature peak was recorded In the

initial thermogram of a sample, then the enthalpy associated with the

first transition closely resembled that observed when no low temperature

transitions were recorded (ca. lOcal./g.). if a sample which showed

such behavior was heated to ca. 80°C, quenched, then rescanned, then

a multiple peaked low temperature transition was recorded and the

enthalpy associated with the first transition was depressed. When the

sub-ambient peaks were relatively small (corresponding to up to 8cal./g.

polymer sample) the relative areas of the low temperature peaks were

comparable and enthalpies of up to 6cal./g. were observed for the first

transition. As the total area of the low temperature transitions in-

creased, the peaks gradually coalesced to a single peak at -4° to -5°C
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Which increased at the expense of an other peaks upon continued the™a,
treatment of the sample.

As the sample was treated in the calorimeter under conditions which
were expected to enhance polymer degradation, then the appearance of the
low temperature transitions in the "polymer" sample gradually approached
that Of the DSC scans recorded for monomeric decanal in independent ex-
periments. If a significant low temperature transition was observed,

then the transitions normally observed above 90°C (including polymer de-

gradation) were suppressed or totally absent.

The best explanation of the low temperature peaks was that polymer

and monomer were capable of cocrystall ization involving the side chains

of the polymer and the alkyl group of the monomer. Such a phenomenon

strongly indicated the true side chain crystallization in PDA. In such

a situation the lower temperature sub-ambient peak represented the

fusion of cocrystalline regions which were relatively rich in monomer

whereas the higher temperature peak of the sub-ambient transition was

thought to represent the fusion of essentially "free" monomer. The

merging of the two transitions seemed reasonable at higher monomer con-

centration which resulted when the polymer was further degraded. The

suppression of the higher temperature transitions when significant low

temperature transitions were observed was thought to be a natural con-

sequence of the fact that significant degradation had already occurred

and that the liberated monomer dissolved and promoted the degradation

of remaining polymer, as well as causing a broadening of the transitions

of remaining polymer.

4^ Extrusion of PDA and characterization of the extrudate. PDA



- - Oene., c..cten-s.-cs as P« po^.^. at .oc. te.-— « te.e.at.es at t.e .ppe. .n.e o. t.e n.t t.ansU.n
re.o„ the. was sumdent .olec.W .oM,U. 1„ POA so that the po„-
mer could be extruded to a coherent fii.m .^^l^^^^nt as was observed with other
comb like pol yaldehvdes^^ dhaehydes

.

PDA was extruded at 53°C through capillaries

Z ----es were reextruded
at C. X-rav investigations of the various extrudates Indicated that,
contrary to the case of PNA. significant, set orientation was not
achieved in the extrusion process.

PDA powder was extruded at 53°C through two different capillaries
having L/D values of 34 and 40 respectively. ,„ each case an Irregular
trace of the force required to maintain constant crosshead speed was
recorded. An indication of a yield stress was also observed, this was
more evident when the capillary having a L/D of 40 was used. An average
value Of the apparent viscosity of 1.4 x 10^ poise was calculated when
the capillary having an aspect ratio 34 was used, when the capillary
having aspect ratio 40 was used, an average value of 5.8 x 10^ poise

was calculated. These values were calculated by using the value of the

force Indicated by the best horizontal line which could be drawn through

the Irregular force traces. In the second extrusion performed at 53°C,

using the capillary having aspect ratio 40. the force was observed to

drop to a second approximately constant value toward the end of the ex-

trusion.

Both extrudates obtained at 53°C were pelletized. combined, and

reextruded at 60°C through a capillary having an aspect ratio of 34.

In this case a very irregular force trace was recorded which varied by



as much as 10 kg.

In al, extrusions the extrudate appeared soft and so.ewhat ruhher.
could easily support Us own weight at least 40c.. below the cap-

inar, exit, .hen PDA was reextruded at 6oOc the extrudate appeared to
have a th1n llguld coating on Its surface which was believed to be
decana, and was easily removed with acetone washing. The filaments ob-
tained fro. each extrusion were easily colled while war™. so.e of the
curvature Introduced by the colling became ''sef when the extrudate
cooled and became more brittle.

The Ideal conditions of steady state capillary flow were not
approached in the extrusion experiments. This situation was indicated
by the fact that the force traces were very irregular and that an in-
dication of yield stress behavior was observed. Thus, it was thought
that the values calculated for the "melt" viscosity of PDA were of 11™-
ited validity.

The various anomalies observed during the extrusion of PDA were

thought to be due to the interplay of various factors relating to the

crystallinity of the polymer and possibly extraneous factors as well.

Melting and recrystal 1 ization of the side chains was believed to be

more in balance during extrusion of PDA that in the case of PNA and

the polymer mobility was more restricted which was reflected in the

irregular force trace. In this case restriction of side chain mobility

resulted in restriction of crystalline and noncrystalline main chain

units. Reextrusion of the original extrudates (which showed different

first transition behavior than the original powder) was even more

complicated which suggested a relation between side chain melting (or



transition were influencing the extrusion h.hy tne extrusion behavior of PDA under the
conditions employed.

The thermal stability of PDA extruded at ^7°rtfxiruaed at 53 C was examined by TGA
he temperature of onset of weight ,oss and temperature of » «. ^oss
COO C and moc respectively, for the acetone washed and dried extru-

through thermal degradation of poller during the extrusion. A break
was Observed In the TGA curves of the extrudates which was not observed
in the TGA curve of the original powder. Two explanations for this
break were considered. It was thought that the break In the TGA curve
Height have been due to the presence In the sample of fractions of
different thermal stabilities which became more noticeable by TGA when
very unstable polymer was removed by thermal degradation. It was also
thought that the break In the TGA curve may have been the result of a

change In degradation mechanism caused by Impurities, particularly

metallic Impurities, introduced during the extrusion process. Changes

In sample crystall inlty and geometry may also have affected the shape

of the TGA curve.

Degradation of PDA during DSC measurements on powder samples was

strongly suspected. For this reason 1t was attempted to Investigate

the thermal stability of PDA extrudate under conditions simulating more

severe, average conditions that samples were subjected to in DSC
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experiments. Known weights of PDA, extruded at 53°C. were placed Into

conductively heated under an atmosphere of 1n a beaker fixed in a
water bath which was held at y2°C. Sample pans were removed at various
time intervals, opened, and their contents extracted with acetone.
After 10 min., 60% acetone insoluble material remained; after 25 min.,
only 20% acetone insoluble material remained. On the basis of these

observations it was confirmed that significant polymer degradation

probably occurred during DSC measurements on the extrudates as was

thought.

The extrusion process affected the melting behavior of PDA in a

peculiar and unique way in comparison to other long side chain polyalde-

hydes. This was particularly true in regards to the behavior of PDA in

the first transition region. The peak temperatures of the extruded ma-

terial were higher than those of the original powder and the higher

temperature peak of the first transition was clearly dominant in the

thermograms of the extruded sample. The enthalpy associated with the

first transition was always greater for the extruded samples than for

samples of the original powder. Furthermore, the enthalpy associated

with the first transition of extruded PDA was always less when a sample

of the extrudate was heated through the first transition, cooled, and

then rescanned. Thus, the changes in the behavior of PDA in the first

transition region which occurred when the polymer was extruded were

different than the changes which were observed in the case of PNA. It

was attempted to anneal samples of extruded PDA which had been once

heated through the first transition in order to determine whether the
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enthalp, associated v,1th the first transition could again he Increased
to the higher value observed for the virgin extrudate. However, when
samples of the extrudate were heated to 72°C. quenched to 53°C and
annealed, the .axl.un, first transition enthalpy attainable (10 .In.
annealing) was ca. half that of the original extrudate. At longer
annealing tines polj^er degradation was significant and its effects
dominated over all other effects.

The second transition of PDA was less readily observed in samples

extruded at 53°C, particularly if the presence of even a small amount

of monomer was suggested by the appearance of a relatively small low

temperature transition. In fact, even the polymer degradation endotherm

was sometimes conspicuously missing in thermograms of extruded PDA.

The second transition of extruded PDA was more easily observed by

optical microscopy and occurred at lower temperatures and over a broader

temperature range (15°C) than in the case of the original PDA powder.

The influence of polymer degradation and polymer crystallization were

thought to account for the suppression of higher temperature endotherms

in the thermograms of PDA because of broadening and cancellation of

signals

.

Typical DSC scans recorded for PDA extruded at 53°C through a

capillary having L/D=34 are reproduced in Figure 17 and are described

in Table 14. The thermograms recorded for PDA extruded at 53°C through

a capillary having L/D=40 were identical to those of the polymer extru-

ded through the first capillary in regards to peak shapes and transition

enthalpies while the peak temperatures were, on the average, 2°C

higher. The apparent increase in peak temperatures for PDA extruded at
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Figure 17: DSC of Extruded Polydecanal (PDA) (20°C/min.)
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TABLE 14

Scan

B

Sample

Description

DS^of PDA Extnj dpfj_^f_q2°r^
First Transition

Peak Temperatures
0

First scan to
80°C

After first
scan to 80°C
(A) quench and
rescan

Heated to 80°C,
quenched to
52°C and ann-
ealed 7 min.

,

quenched

Heated to BO^'C,

quenched to
52°C and ann-
ealed 12 min.

,

quenched

Heated to 85°C,
quenched to
52°C and ann-
ealed 18 min.

,

quenched

45; 55

59

59

56

Data of DSC scan of Fig. 17. Capillary L/D=34

AH
First Transition

incal ./q

12.0

7.4

7.4

5.9

Same as in Fig. 17

^Shoulder

^Low temperature transition recorded, peaks at -6° and -2°C

^Low temperature transition recorded, broad peak -6°C

^Low temperature transition recorded, peak at -4°C, shoulder at -11°C.
Total area corresponded to 18. leal. /g. based on initial sample weight.



- was not ... to .e s1,„1.-eantl. .pen.ent upon
heating .ate „.en heating .ates eg.al to o. g.eate. than 20°C/.1n. we.e
used. However. endothe™ic shifts 1„ the region of the second t.an-

assodated with the first transition endother.s always eguaHed the
enthalpy associated with first tranc^it-inn .nrst transition exotherms when heating or
cooling rates of 2oOc/™l„. or 4oOc/.1n. were used. Po„.er degradation
interfered at lower heating rates; precision was sacrificed at higher
heating rates.

In the case of PDA the .ajor effect of extrusion of PDA at tern-

peratures within the first transi + inn v^on-;^transition region appeared to be an annealing
Of the crystallinity responsible for the first transition. This was
indicated by the fact that peak temperatures and transition enthalpies
were invariably higher for extruded PDA as compared to the initial

powder. X-ray investigations indicated however that orientation of PDA
during the extrusion was not very significant. These observations were

believed to be related to two factors; firstly, the increasing dominance

of the side chain in controlling polyaldehyde crystallization and

secondly, the temperature of extrusion was within the range of the first

transition which is related to the crystallization of the aliphatic

side chains.

The enhancement of the first transition of PDA induced by the

extrusion process was even more evident in the thermograms of the

extrudate obtained by reextrusion of the original extrudates at 60°C



through a capillary having L/D=34. The peak shapes of this extrudate
were identical to those of the 53°C extrudate, however, peak tempera-

tures were 5^-6^ higher and heats of fusion of H-lScaL/g. were

observed. The DSC scan of a sample of the reextruded polymer is re-

produced in Figure 18. Transitions at temperatures above the first

transition were more clearly evident in thermograms of PDA extruded at

60°C, the exact reason for this is not known. It was speculated that

higher temperature transitions were more evident for two reasons.

Firstly, since the polymer had been treated at different conditions a

change in polymer crystal 1 inity was thought possible. Secondly, poly-

mer degradation during DSC could have been less significant in the

reextruded PDA than in the case of the original extrudate because of

still further removal of polymer of lowest thermal stability during

the second extrusion.

X-ray diffraction diagrams of PDA extruded at 53°C and 60°C in-

dicated that the orientation of polymer introduced by extrusion was

much less significant than had been observed in the case of PNA. This

situation severely limited the progress which could be made toward

elucidating the crystal structure of PDA. However, the number of ob-

served reflections and their intensity in the diffraction diagrams of

extruded PDA strongly suggested that PDA was capable of crystallizing

in manner by which both main chains and side chains participate in the

unit cell. In the case of other comb like polymers where polymer

crystal 1 inity arises solely from the packing of the side chains only

a few reflections are generally observed at larger angles, the strongest

0
of which corresponds to a spacing near 4.2A. In such polymers two
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to the type of layer packing of the side chains"^

-chanica, treatment of m ext.udate; .oth cold rolling and cold
drawing were attempted. POA e.trudate was ,uite brittle and the sa.ple
failed during the mechanical treatment. X-ray and DSC investigations
indicated that no change in the orientation of the sample or i„ the
-Uing behavior of PDA-E was achieved by additional mechanical treat-
ments.

Two transition
regions were identified for PDA. In analogy to other long side chain
polyaldehydes it was believed that the first transition of PDA (40° to
75°C) represented a change in the packing or crystallization of the

aliphatic side chains whereas the second transition region (110° to

130°C) reflected the true melting of the polymer involving the collapse
Of a crystal lattice in which the main chains participated. X-ray

Investigations indicated that PDA was capable of existing in a crystal-

line form in which both main chains and side chains participate in the

unit cell. As mentioned before, the number and intensity of wide angle

reflections were too significant to assume that crystallization of PDA

involved only the alkyl side chains. The pattern of the x-ray diffrac-

tion of PDA, particularly for the extruded samples, suggested that the

unit cell which incorporated both main and side chains was perhaps

tetragonal, as in the case of PNA and PHA, or possibly a slight modifi-

cation of this (e.g. orthorhombic''^^). If true side chain crystalliza-

tion was responsible for the first transition of PNA, then the



occu..nce of this phenomenon „.s even .o.e ,1,e,. m the case of PDA
Which has a stin ,on,e. siae chain. The assumption that t.e Indepen-
dent side Chain crystal, l.atlon was .esponslhle fo. the f1.st transition
Of PDA was consistent with experimental observations. Some of the
reflections observed In the x-ray diffraction diagrams of PDA, parti-
cularly the reflection which corresponded to a spacing of 4.2?. were
undoubtably due to the crystallization of the side chains.

The infrared spectru. of PDA cast as a fll™ from CHCI3 suggested
that the side chains of PDA were hexagonally packed, at least under
this condition of sample treatment. It was thought that the Infrared
spectrum of the polymer in the region of 720cm.-' did not truly discri-
minate between the packing of the side chains in regions of Independent
side chain crystallization vs. packing of the side chains within a unit
cell in Which main chain units also participated. Comparison of the

available data suggested that in regions of side chain crystallization

the side chains are hexagonal packed. An attempt was made to measure

the Infrared spectrum of extruded PDA directly so that this might be

compared with the spectrum of solvent cast films of PDA in order to

compare the packing of side chains in the two samples. However, ab-

sorption of energy by the extrudate was such that the sample softened

while in the beam.

In some respects PDA was unique in comparison to other comb like

polyaldehydes, this was particularly true in regards to the effect

of extrusion on the behavior of the polymer in the first transition

region. The changes in behavior for PDA were due to the greater in-

fluence of the aliphatic side chains. A significant change in polymer



properties over a narrow ranap nf c-ih^ u • .range of side chain lengths had been observed
in the case of co.b like poly(a-olefins) . Thus, the fact that PDA
behaved in a peculiar manner in comparison to PHA was not alarming
particularly since a trend to increasing influence of the side chain
on polymer properties was observed in the case of PNA.

Extrusion of PDA appeared to have an annealing effect on the side
chain crystallization. Thus, to first approximation, the thermal

effects Of the annealing process appeared to be more significant than
the mechanical effects in the case of PDA. It was thought possible

that, at the temperatures used for extrusion, the orientation induced

by the mechanical effects may have induced a "zippering" of the side

chains before significant orientation of main chains (or crystallites

involving them) was induced. If such was the case, then it could be

said that independent crystallization of the side chains impeded the

crystallization of the main chains, a situation opposite to that

thought to be the case in comb like polyaldehydes with shorter side

chains

.

It is possible that if higher temperatures were used during ex-

trusion then a more favorable relative rate of main chain crystalliza-

tion might have resulted and a more oriented sample of PDA, with more

typical behavior, would have been obtained. However, even when PDA was

extruded at 60°C, a temperature several degrees above the highest peak

temperature observed for powdered PDA, the annealing effect of the

extrusion process was still clearly evident.



F. Polyundecanal (PUA)

h Introduc tion. Polyundecanal (PUA) could be prepared by

anionic polymerization only from carefully purified monomer using a

procedure in which monomer, solvent, and initiator were mixed near

-20°C followed by controlled cooling of the reaction mixture. Typical

aldehyde polymerization procedures (e.g. addition of monomer to well

cooled solvent / initiator mixture) were unsuccessful for the anionic

polymerization of undecanal to crystalline polymer.

The novel procedure was used in two successful preparations of PUA

at two different initial monomer concentrations with two different

monomer / initiator ratios. The temperature histories of the two reac-

tions, including the endcapping steps, were only slightly different.

The chemical structure of the product was the same in both cases. It

was found that, just as in the case of PDA, if the endcapping reaction

was conducted under relatively mild conditions, PUA was sufficiently

stable to be isolated, handled, and stored for several days at room

temperature.

Two transition regions were identified for PUA. However, the crys-

tallization and melting behavior of PUA was somewhat different than for

other polyaldehydes. X-ray diffraction diagrams suggested that,

overall, the crystallization of PUA was different than for PNA or PHA.

PUA could be extruded and gave coherent filaments. X-ray diffrac-

tion measurements showed that orientation during extrusion was even less

in the case of PUA than was observed in the case of PDA.

2. Synthesis and characterization of PUA .



a. synthesis and chemical characterization. Undecanal is even
less soluble in those solvents typically .sed in the anionic polymeriza-
tion Of aliphatic aldehydes than either nonanal or decanal. If .ndeca-
nal was added to a cold (T<-5oOc) fixture of solvent and initiator,
the crystallization of monomer from its solution effectively competed
with polymerization. The polymerization of undecanal to crystalline
polymer was only achieved if monomer, solvent (MCH). and initiator

(LTB) were mixed at a relatively higher temperature (ca. -20°c) then
carefully cooled (cryotachensic polymerization).

This procedure was successfully used for two preparations of PUA.

In the first case, the relative amount of monomer was 18% to solvent

(ca. 0.8M in monomer) and 3 mole% initiator was used. PUA having an

inherent viscosity of 1.3dl./g. was obtained in 15% yield (PUA-I). m
the second case the relative amount of monomer was 9% to solvent (ca.

0.4M in monomer) and 6 mole% initiator was used. PUA having an inherent

viscosity of 0.82dl./g. was obtained in 46% yield (PUA-II). in both

preparations the endcapping reaction was conducted only at room tem-

perature or below for up to 3 hrs.. The overall temperature histories

of the two preparations were only slightly different. When the lower

monomer concentration was used with higher mole% initiator then a

higher polymer yield was realized. However, as expected, the molecular

weight of the polymer was lower as suggested by the lower inherent

viscosity.

The chemical properties and structure of PUA-I and PUA-II were the

same. The infrared spectra of both samples of PUA (pg. 259) were very

similar to each other and to the spectra of other aliphatic polyalde-



hydes ana 1„.-c.tea the pc,,.ceta, st™ctu.e c. the pol,.e.. The 1n..-
spectru. Of a CHCI3 solution of PUA is co.pa.ed wUh that of m 1„

Figure 9.

The 90 HHz spect.u. of PUA-II 1s shown 1„ Pig..e 10 and further
indicated the polyaceta, structure of the po,y.er. As discussed before
reproducible Integration of the PHR spectra of the higher pol.aldehydes
was difficult to achieve. However. Inspection of the spectra revealed
that, as expected, the relative area of the acetallc .ain chain protons
and side chain .ethyl groups decreased as the length of the side chain
increased.

When either PUA-I or PUA-II was subjected to acidol.tic degradation
in the presence of 2,4-dinitrophenylhydrazine the sa.e aldehyde 2,4-di-

nitrophenylhydrazone was obtained which melted at 104°C.

b. Thermal stability of the polymer. The thermal stability of

PUA was investigated by TGA. Both samples of the polymer had identical

TGA curves. As in the case of PNA and PDA the temperature of onset of

weight loss (degradation) and the temperature of 5% weight loss were

the most convenient indicators of polymer thermal stability as measured

by programmed TGA and this data was the most consistent with other

observations regarding polymer thermal stability.

PUA, as obtained from either preparation, had a temperature of

onset of weight loss of 1G4°C and a temperature of 5% wt. loss of 125°C.

The spread between these two values (20°C) was larger than that observed

in the case of other higher aliphatic aldehyde polymers. Since the

polymer synthesis, stabilization, and purification procedure, as well

as sample geometry, in the case of PUA was very similar to the case of
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volatmty Of degradation products and not due to a significant change
- polymer degradation mechanism, etc.. However, the crystalllnlty of
PUA may have been different than In the case of PNA or PDA and hence
such factors as 0^ adsorption and permlation, which may affect TGA
results, might have been partly responsible for the slightly different
TGA observations in the case of PUA.

When stored for 2 weeks in loosely closed vessels at room tem-
perature in the dark PUA-I and PUA-II transformed into yellowish oils
consisting largely of monomer which was identified as its 2,4-dlnitro-

phenylhydrazone.

X-ray diffraction by PUA powder. The X-ray powder diagram

(pg. 276 )
of acetone washed PUA-I (which was identical to that of

PUA-II) was noticeably different from that of PNA or PDA. This

suggested that, under similar conditions, PUA crystallized differently

than PNA or PDA. However, the x-ray powder diagrams of PUA were

similar to those of several other comb like polyaldehydes in that two

closely spaced, slightly diffuse reflections were recorded in the

region which corresponded to 4.2A to 4.7A.

The spacings and relative intensities corresponding to the reflec-

tions recorded in the x-ray diffraction diagram of PUA are recorded in

Table 15. The fact that the x-ray diffraction diagram of PUA was quite

different from that of other comb like polyaldehydes was thought to be

due to the influence of the side chains on polyaldehyde crystallization;

which was even more significant in the case of PUA.

3. Investigation of the melting behavior of PUA by DSC . The



TABLE 15

^ Intensity h {^nj)
1

2

14.84

8.42

Comments

w 7.28

m

m

4.63

4.22

diffuse, may
be two close
ly spaced
reflections

diffuse



5eha.-o. of PUA was Investigate. OSC. The instrumental pa.a
-te.s typlcan, .sed we.e the sa.e as in the case o. othe. M.her
aliphatic aldehyde po,..e.s and again the™al treatment of the samples
was performed In the calorimeter. Pea. positions gave the most repro-
ducible and consistent representation of the melting behavior. Optical
microscopic observation of samoles s« = fUT samples as a function of temperature were
also useful In relation to the DSC studies.

The DSC scans of PUA were influenced by the sample geometry. This
was particularly true in relation to pea. shapes and apparent baseline
departure temperatures. The measured transition enthalpies of samples
of PUA also Showed some dependence on sample geometry. The sample geo-
netry also seemed to influence baseline shapes and slopes moreso than
in the case of PDA or PNA. and hence there was more ambiguity in base-
line interpolation. Thus, even through the precision of peak area

measurements (with a given Interpolated baseline) were the same as In

the case of PNA or PDA, less confidence could be placed in the transi-

tion enthalpy measurements. The level of precision of the transition

enthalpy measurements in the case of PUA was assumed to be half that

in the case of PDA or PNA, e.g. 6%; the accuracy of the temperature

measurements was the same.

Two transition regions were identified for PUA. The second transi-

tion was less significant in the case of PUA than in the case of poly-

aldehydes with shorter side chains. Thermograms of PUA-I and PUA-II

were very similar to each other, particularly In regards to transition

regions and peak shapes.

The first transition of PUA was in the region of 30° to 65°C and



had an associated heat of 14-18ca, ./g. . The f,>st transition v,as

normally recorded as two overlapping endother.lc peaks. However, the
transition was so.et1™es recorded as a single, broad peak with or
Without Shoulders. The appearance of the DSC scans In the first transi-
tion region depended, to so.e extent, on sa.ple geometry. If the first
transition was recorded as only a single peak, which was .ore frequently
the case with very coarse powder or clumped samples, then the transition
enthalpy seemed to be greater by as mwrh ;,q 9n<ya i-cr uy as mucn as 20/o in comparison to the
transition enthalpy when thp trfln«;ifinn ..^^ . .wrien tne transition was recorded as multiple endo-
therms.

The details of the first transition endotherms of PUA did not

exhibit a noticeable dependence on heating rate when heating rates of

loVmin, to 80°C/min. were used. If a sample of PUA was heated at

20°C/min. through the first transition, cooled, then rescanned (both

at 20°C/min.), the enthalpies associated with both endotherms and the

exotherm were all equal within experimental error. In such cases the

exotherm was a single, nearly symmetrical peak whereas the first transi-

tion endotherms consisted of multiple peaks.

The second transition of PUA occurred at a temperature where

polymer degradation was significant. Normally, the second transition

of powder samples of PUA was recorded as a shoulder on the broad decom-

position exotherm. In rare cases, if small (ca. Img.) samples of fine

PUA powder were scanned, the second transition was more clearly resolved

and a definite peak was recorded on the shoulder of the decomposition

exotherm.

When samples of PUA (I or II) were observed between crossed polars



at a ,eat1„g .ate these behaved very similar to s1.1,aHy
treated sa.ples o. POA o. m, at least up th™„,h the .>st transUicn
At temperatures between 45° and 60°C sa.ples of PUA appeared to soften

Changes 1n the transmission of poUrI.ed ,1,ht through the sa.ple
were observed. At SS^C a greater extinction was observed than at
corresponding temperatures for similarly treated PNA or PDA. Between
75 and 85 C transmission Increased In samples of PUA. The second tran-
sition Of PUA was observed at 100° to 105°C by optical microscopy At
these temperatures the sample became optically Isotropic and rapid
polymer degradation occurred.

Typical DSC thermograms recorded for PUA-I are shown In Figure 19

(corresponding data In Table 16); those for PUA-II are shown In Figure

20 (corresponding data In Table 17). As previously mentioned and

suggested In the figures, the first transition of PUA was normally re-
corded as two overlapping peaks. The peak positions depended on the

origin of the sample and its thermal history. Since peak shapes de-

pended on both sample history and sample geometry, it was not always

possible to separate the two effects.

The details of the melting behavior, particularly in the first

transition region, were slightly different between PUA-I and PUA-II.

However, similar trends were observed in both cases. Thus, if either

sample of PUA was heated through the first transition, quenched, then

rescanned, the peak temperatures were observed to be lower but the

transition enthalpies were only slightly decreased. If samples of PUA

were annealed from below, then the temperatures of the lower tempera-

ture peak of the first transition was increased and the apparent
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TABLE 16

Scan

A

B

D

Sample

Description

DSC of PUA-I^
First Transition

Peak Temperatures

First scan to
70°C

After first
scan (A) quench
to 52°C, anneal
5 min. , quench

First scan to
75°C

After first
scan (C) quench
to 54°C, anneal
10 min. , quench

After second
scan (D) quench
to 44°C, anneal
10 min. , quench

^Data of DSC scans in Fig. 19

^Same as in Fig. 19.

Shoulder.

50; 57

44; 57

53^; 56

41; 56

41; 56

AH
First Transition

in cal. /q.

14.7

14.4

16.4

12.8

12.9
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TABLE 17

Scan

Sample

Description

DSC of PUA-II^
Mrst Transition

Peak Temperatures

Data of thermograms of Fig. 20.

'Same as Fig. 20.

AH
First Transition

A Virgin

un l;

46; 62

(in cal./q.)

14.8

B Heated to 45°C,
annealed 5 min.,
quenched

53; 61 14.9

C Heated to 48°C,
annealed 5 min.

,

quenched
55^; 61 14.5

D

a.. .

Heated to 52°C,
annealed 6 min.

,

quenched
57^; 62 17.7

Shoulder.



-lat,ve a.ea of the h1,.e. te.pe.tu.e pea. was Incased. If samples
Of PUA we.e heated to a te.pe.atu.e ahove the f1.st transition .eglon
then quenched to the desired annealing temperature the effects of
annealing did not follow such a simple pattern.

Transitions occurring below room temperature were recorded in
thermograms of and PDA when the presence of monomer in the samples
could be expected, m the case of PUA low temperature transitions
were much less frequently observed and were recorded, typically as a
single peak, only in the thermograms of samples which had been subjected
to conditions which promoted extensive degradation. Since the thermal

stability of PUA was similar to that of the other polyaldehydes Inves-

tigated it was assumed that, under similar conditions of thermal treat-

ment, comparable degradation to monomer should have been produced in

PUA. It was thought that the presence of low to moderate levels of

undecanal in PUA was at first indicated by a decrease in the apparent

point of baseline departure at the first transition. The presence of

monomer in samples of higher aliphatic polyaldehydes always resulted

in a lowering of the apparent point of baseline departure. However,

the magnitude of the apparent depression was greatest in the case of

PUA and the assignment of baseline departure point at the first transi-

tion was the most difficult for this polymer. The apparent point of

baseline departure at the first transition of PUA was decreased by as

much as 15° to 20°C when PUA was treated under conditions which had

resulted in the appearance of low temperature peaks in thermograms of

PDA or PNA. The magnitude of this discrepancy was larger than that

which was normally observed on the basis of sample geometry alone.



31 S.OWS t.e OSC scan of a sa.ple of PUA v,Mc. .a. .eenheated fro. .00. temperature to 6lOc, Held at 6lOc for iz ™i„
^^^^^^^ -^^^

to e.er.e.e
:

temperature transitions were recorded.

The Significant decrease in the lower limit of the first transi-ts" region of PUA and the corresponding increased difficult, in deter-
-ning the point of .aseline departure at the first transition region
as discussed were thought to possibly be related to a very broad

Because the side chains of undecanal and PUA are relatively longer and
because the melting point of monomer and the first transition of
polymer were more similar in the case of PUA it was thought that
Physical interaction of monomer and polymer could extend over a broader
range of temperatures and compositions which gave rise to the broad

transition. The fact that PUA may crystallize in a slightly different
way than PNA. may also have promoted greater physical interaction of
monomer and polymer.

i:--ixtrus^^ and characterization nf th. ^.^nHn^: PUA

could be extruded if heated to the first transition. However, x-ray

diffraction experiments indicated that very little, if any, orientation

of PUA was introduced by the extrusion process.

PUA-II was extruded at 60°C through a capillary having a L/D

value of 34. The trace of the force required to maintain a constant

crosshead speed was regular and smooth, the apparent viscosity was
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4920 poise. T.e flU.ent ext.udate was .a.,. aMe to suppon Us own
weight to a length of 40™. he,o« the capliu.y e.1t and failed at that

easll, bent back on Itself 1„ a short radius; curvature created b.
such bending became set when the extrudate cooled. At roo. temperature
PUA extrudate (PUA-E) became stiff and could be broken with a .1n1mu™
of splintering. The greater flexibility of PUA "melf and the fact
that PUA-E qualitatively behaved In a more plastic, brittle manner was
thought to be due to a difference in the crystallization of PUA in

comparison to PNA or PDA.

The thermal stability of PUA-E was investigated by TGA. An in-

crease in the stability of PNA and PDA was indicated when these were

extruded; this phenomenon was also observed in the case of PUA. The

thermal degradation of PUA-E was checked under several conditions to

determine whether thermal treatment, such as that which might be

imparted during DSC measurements, would affect the polymer degradation

in a way measurable by TGA. If PUA-E was thermally treated in the TGA

apparatus, the temperature of onset of weight loss and temperature of

5% wt. loss were decreased and changes in the shape of the TGA curves

were observed. The TGA experiments indicated that degradation of PUA

and contamination of the polymer with monomer under conditions of the

DSC experiments was likely. The measurements also suggested that PUA

powder also became contaminated with monomer during DSC measurements

even though distinct low temperature peaks were not recorded.

The x-ray diffraction diagram (pg. 276) of PUA-E indicated that

a minimal orientation was induced during the extrusion process. The



x-ray dlff.ctlon diag.a. of PUA-E was ve.y s1..a. to that of PUA

those Of ext... PNA o. POA, p...,,,,, ^,
view Of the relatively small number of reflections th.tf til lections that were recorded.

The melting behavior of piia r •Of PUA-E was investigated by DSC. Most
measurements were made usina the n<;r 9 ..i •using the DSC-2 calorimeter and were checked
asamst .esuus obtained with the CSCB caloH^ete. The ext.uslon
process, unde. the conditions employed, had a less noticeable effect
on the melting behavior of PUA.

Two transition regions were recorded for PUA which was extruded
at 60 C. The temperature regions of the transitions and the peak
Shapes Of the endotherms In the first transition of PUA-E were very
similar to those of the original PUA powder. Again, the endothe™ of
the f,rst transition appeared as two peaks. The peak temperatures
were slightly higher and the lower temperature peak of the first tran-
sition was more predominant in the case of PUA-E as compared to the

original powder. The enthalpy of the first transition of PUA was

hardly affected by the extrusion process; values of 15-18cal./g. were

observed for the first transition of PUA-E.

Uncharacteristic baseline shapes, which were observed when fresh

samples of PUA-E were scanned for the first time in the DSC-2 (Fig. 22,

curve A), made baseline interpolation difficult and impeded accurate

measurement of the first transition enthalpies. Values of the first

transition enthalpy of PUA-E obtained from DSC-IB measurements agr.eed

with those from DSC-2 measurements. Data from several thermograms of

PUA-E are collected in Table 18.

Various thermal treatments affected the first transition of PUA-E
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nu.be. Of instances the f,>st transition enthalpy of PUA pow.e. was

treatment, although pea. temperatures and shapes had been affected In
a similar way. This was thought to he due to fo™at1on of a relatively
higher amount of monomer under given conditions In the case of PUA
powder Which was less thermally stable. The second transition of PUA
was .ore clearly evident In samples of PUA-E; the exothermic break at
the second transition was sharper and shoulders were more noticeable.

In isolated cases a low temperature transition, which closely

resembled that observed in the case of PNA and PDA. was recorded 1n

DSC thermograms of thermally treated PUA-E (Fig. 22, curve E). The

explanation of these low temperature transitions was the same as in

the case of PNA and PDA. It was thought that monomer possibly inter-

acted more efficiently with polymer side chains in the case of PUA.

When monomer was present in PUA this seemed to result in the occurrence

of a broad, difficultly distinguished transition which complicated the

identification of baseline departure points. Such a transition is

suggested in Figure 22, curve E, in the region of 23° to 40°C. The

fact that low temperature transitions of the type encountered in the

case of PNA and PDA were, rarely, recorded for PUA was most conveniently

explained on the assumption that a specific thermal treatment (such

as more prolonged annealing) caused formation of Increased amounts of

monomer and caused interaction of monomer with polymer side chain to

become constrained to more narrow ranges of temperature and composition.

5. Melting behavior and crystal structure of PUA . Two transitions



were observed for PUA. The first transition of PUA i3sO-e,%, which
usually exhibited an associated enthalpy near 15cal./g.. was due to
melting of crystals which involved only the side chains whereas the
second transition was due to collapse of a crystal lattice in which the
backbone chains participated. The second transition of PUA was less
significant than that of PNA or PDA. The polymer was softer and

appeared to be .ore nearly optically isotropic at temperatures between
the first and second transition than did the other polyaldehydes

investigated.

The effect of monomer (from polymer degradation) on the DSC scans

of PUA, particularly in the first transition region, could be best

explained on the basis of specific interaction of monomer and polymer

such as cocrystallization or related effects. The occurrence of this

type of interaction was taken as a manifestation of the ability of

higher aliphatic polyaldehydes to form crystalline regions without in-

corporation of main chain units. The influence of other structural

parameters being held equal, this type of monomer polymer interaction

was expected to become more favorable as the length of the side chain

was increased. When monomer - polymer interaction resulted in co-

crystallization phenomena in the case of PNA and PDA this was seen as

an endothermic transition which occurred below room temperature in DSC

scans of these polymers. Such a transition was rarely observed in the

case of PUA. Instead, because of effects related to increased side

chain length, monomer - polymer interaction was shifted to higher

temperatures and different compositional ranges. Also, changes in the

kind and relative decrease in amount of main chain crystallization, as



a result of Increased side chatn length, .ay have caused the polype, to
be .ore per.eable to .ono.e. and caused .ore pol«r side chains to be
in an environment conducive to interaction with .cnomer alkyl groups
Th,s .ono.er polymer interaction gave rise to a transition, which was
broader and occurred at rplatiuoiv, t,,- uat relatively higher temperatures, and which partly
overlapped with the normal first transition of PUA.

When PUA was extruded at 60°C the extrudate was initially softer
than that of the other higher aliphatic polyaldehydes investigated.

However, at room temperature the extrudate behaved in a more brittle

plastic manner and fractured with a cleaner break than extruded PNA or

PDA. In this respect PUA behaved in a manner more similar to other

known classes of comb like polymers^^^ X-ray diffraction and DSC

measurements indicated that extrusion of PUA caused negligible orienta-

tion and had very little effect on the polymer melting behavior in the

first transition region.

At first inspection the results and conclusions regarding extrusion

of PUA and the effect of extrusion on polymer melting behavior seemed

to be in conflict with those for PDA where an increase in AH and peak

temperatures in the first transition of PDA-E were attributed to

effects of increased side chain length. This apparent conflict was

believed to be due to the fact that the conditions during the respective

extrusions were not, relatively speaking, comparable and that main chain

crystallization in PUA was less significant. PUA seemed to have very

little, if any, main chain crystallization of the type present in PDA

and the side chains of the polymer were less constrained when heated

to melting in the rheometer. In this case shear forces during extrusion



disrupted .olecular alignment and poly.er crystallization controlled by
the s.de Chains occurred as PUA cooled to roo. temperature after being
extruded. Under the conditions of extrusion the side chains of PDA were
probably not well .olten and recrystal 1 ized during extrusion. However
an effect of increasing influence of the side chains was seen in that
orientation and crystallization of .ain chains of PDA were diminished
because of crystallization of the side chains. The presence of main
Chain crystallization in PDA may have enhanced side chain crystalliza-
tion under the specific conditions by maintaining the side chains in

relative positions conducive to their crystallization.

The x-ray diffraction diagrams of powder and extruded PUA were

very similar to each other and noticeably different from those of

either PNA or PDA. The most striking difference was the relatively

small number of reflections observed in the case of PUA, particularly

at values of 2^1ess that about 12°. In this region only 3 reflections

were observed for PUA whereas 6 or more reflections were observed for

both PNA and PDA. The difference in x-ray diffraction between PUA and

either PNA or PDA suggested that the crystal! inity of PUA was different

than that of PNA or PDA. The number and distribution of diffraction

rings suggested that crystallization of PUA was more dominated by

packing requirements of the side chains and involved less contributions,

if any, from the backbone. According to the x-ray experiments the

main chain crystallization in samples of PUA was either so slight as to

be difficultly detectable or produced a crystal structure quite

different from that in the case of PNA.
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0l^he_20l^. The behavior and properties of PUA were generally con-
sistent With those Of PNA and PDA. However, the first transition of PUA
assumed a more dominating role and main chain crystallization was less
prevalent in this polymer. The results of characterization experiments
on PNA, PDA. and PUA, as well as the effect of monomer on the polymers-

melting behavior, were most conveniently reconciled if it was assumed
that two distinct types of crystal 1 inity were possible for these poly-

mers. It seemed quite reasonable that packing of the paraffinic side

chains should more and more dominate the crystallization of polyalde-

hydes as the length of the side chain was increased.

Increasing influence of the side chain on polymer melting behavior

with increased side chain length had been observed in the case of

poly(a-olefins) which are structurally similar to the polyaldehydes in

many respects. The fact that the side chains of polyaldehydes influence

the melting behavior of the polymer at relatively shorter side chain

lengths in comparison to the olefin polymers was thought to be related

to the difference in polarity of the main and side chains in the case

of the polyaldehydes. This difference in polarity favored segregation

of the side chains and hence promoted their independent crystallization.

When comb like polyolefins (having more than 12 side chain carbon

atoms) were heated to a temperature above the side chain melting

transition the polymers recrystal 1 ized to accommodate both main chains

and side chains in the same crystal lattice. This recrystal lization

was clearly evident in DTA scans of the polymers^^^. Such pronounced

recrystal lization effects were not clearly observed in DSC scans of



polyaldehydes, however, some recrv^t;,n

•

recrystallization of PUA between the first
and second transition was indir^+^A kindicated by optical microscopic investiga-
tion. It should be noted that x-r^v Hiff' diffraction by PUA in the region
Of 26=20 was very similar to that of the polyolefin having 20 side
Chain atoms. Where polyaldehyde recrystallization was possible during
calorimetric analysis (to accommodate main and side chains in the same
crystal lattice) this was probably impeded by the polarity difference
between main and side chains. Polymer degradation occurred to a sig-
nificant extent when thermal treatment of polyaldehydes was attempted
at temperatures between the first and second transitions.

In the case of comb like acrylate. vinyl ester, and related poly-
mers the crystallinity of the polymers had been found to be exclusively
due to crystallization of the side chains which pack in a hexagonal

lattice
.

The x-ray diffraction diagrams of these polymers was

characterized by^a moderate to strong reflection corresponding to a

spacing near 4.2A. A similar reflection was observed in the case of

PUA, PDA, and PNA and suggested that the side chains of the polymer were

also hexagonally packed. The infrared spectrum of PUA was similar to

that of PDA and PNA and the appearance of a singlet (with shoulder) in

the region of 720cm."'' also suggested that (under the conditions of

sample preparation) hexagonal packing of the side chains prevailed.

However, infrared spectroscopy did not discriminate between side chains

packed in regions of true side chain crystallization vs. regions of

simultaneous main chain - side chain crystallization.

78
Jordan has treated the data from calorimetric measurements on

comb like acrylate, vinyl ester, and related polymers based on a model



for crystallization of the side chains employing literature data for
thea„ - 1

transition of paraffins. It «as found that the crystall inity
of these polymers could be adequately expressed by the following

equation

:

X = F X AH(n)x(14.02fi^

Where X^^ is the fraction of crystalline side chains; F is the

inverse of the weight fraction of the polymer consisting of side

chains;AH is the heat of fusion (in cal./g. sample) experimentally

determined; n is the number of methylene groups (counting the terminal

methyl group) in the side chain; 14.026 is the molecular weight of a

methylene group. The denominator represents the equation of the line

which fit the enthalpy data of the - 1 transition of n-paraffins

over a range of chain lengths similar to that of the polymers. The

first term (C) was taken to be zero since only the changes in enthalpy

over a short range of chain lengths were of interest; k is the value

of the enthalpy per mole CH^ and n is the number of carbon atoms in the

hydrocarbon. This treatment has been extended to the first transition

68of polyaldehydes
. Treatment of the first transition data of poly-

aldehydes by this method is somewhat arbitrary since crystall inity in

polyaldehydes has a contribution from the main chains and polyaldehydes

exhibit multiple rather than single peaks in the first transition

region. However, the quantity X^^ is a useful "index" for comparison

of the side chain crystallization in various samples of polyaldehydes.

Typical ranges for this parameter for PNA, PDA, and PUA are listed in

Table 19. These calculations, performed assuming hexagonal packing,

indicate the expected increased influence of the polymer side chains
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TABLE 19

Typical Range of AH"
Polyaldehyde

Polynonanal

Polydecanal

Polyundecanal

First Transition

in cal ./ q.

5 - 8

9 - n

14 - 18

Calculated according to Jordan^^ assuming k = 745

Range of X

0.12 - 0.19

0.21 - 0.25

0.31 - 0.40



on crystallization behavior.

The dual transition behavior of polyaldehydes, which was first
Observed .ore than 15 years ago for polyaldehydes having a side chain
length as short as 4 carbon ato.s^^ had been confirmed and investigated

greater detail for the case of PHA which showed considerable crys-
tallization Of its ™ain chain^^ When PUA was prepared and its .elting
behavior investigated, two transitions were also recorded for this
polymer. These two transitions could be related to the occurrence of
two types of crystallization in the poly.er. Packing of the side
chains, which was responsible for the first transition of PUA, exerted
a dominating but probably not exclusive role in the crystallization of
this polymer. The side chains of polyaldehydes influence the melting

behavior and crystallization of the highly-crystalline polymers to a

greater extent at a relatively shorter side chain lengths than in the

case of poly(a-olefins) which, amongst the known classes of comb like

polymers, are the closest structural analogous of the polyaldehydes.

The ability of the side chains of PUA to strongly influence the crys-

tallization of the polymer, at a side chain length of 10 carbon atoms,

suggested that PUA was very close to a point where the crystallization

of polyaldehydes could be expected to be exclusively controlled by

packing of the side chains.

G. Polydodecanal

1. Introduction . Numerous attempts were made to prepare poly-

dodecanal (PDDA) by anionic polymerization of dodecanal with LTB

initiator; both exploratory and preparative scale polymerizations were
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conducted. PDDA having adequate stability was never obtained in suffi-
cient yield for thecal characterization experiments. In exploratory
scale experiments the order of reagent charging was found to have little
influence on the results of the experiments; which was thought to be
partly due to monomer solubility. The inherently low solubility of
dodecanal under a variety of polymerization conditions was a serious
complication which was not easily circumvented even by more careful
control of the temperature history of the polymerization reaction.

Although no polymer was isolated from preparative scale polymeriza-
tions, certain observations made during the course of the reactions

suggested that a polymer of dodecanal had been obtained. The reasons

for the failure of dodecanal to yield adequately stable, isolatable

polymers when subjected to conditions very similar to those which were

known to afford polymers of aliphatic aldehydes having shorter side

chains is not well understood.

2. Attempted synthesis of PDDA. Several exploratory scale inves-

tigations of the LTB initiated anionic polymerization of dodecanal in

hydrocarbon solvents were conducted. The details of one such investi-

gation which gave encouraging observations and results are described in

chapter II. In this investigation dodecanal which had been pretreated

and distilled once was used; the mole percent initiator (ca. 2%) was

the same in each run. Charging of monomer into prechilled Initiator

solution and the reverse charging (initiator into chilled monomer solu-

tion) were both used. Several endcapping reagents were also explored.

In the series of experiments in question the polymerization reaction

was subjected to several cooling-warming cycles in an attempt to obtain



a favorable .ono.er-poly.er equlllbn'u.. Fetation of opalescent gel
(not Observed when solutions of .ono.er or Initiator were cooled) indi-
cated that polymerization had occurred.

A white solid was obtained in some of the runs by pouring the
reaction mixture into a chilled mixture of DMF and methanol. The white
sol.ds Obtained when acetic anhydride was the endcapping reagent were
quite similar and PMR spectroscopy indicated that both had the same

polyacetal structure. The low viscosity of CHCI3 solutions, the more
Sluggish reaction with 2,4-dinitrophenylhydrazine, and the fact that

degradation of the products at room temperature uncharacteristically

levelled off with time suggested that the product was not a pure poly-

aldehyde. However, the film forming characteristics observed during

preparation of samples for infrared measurements and the fact that de-

gradation occurred when the products were allowed to stand at room tem-

perature indicated that polymer was obtained. The DSC scans of the

white products were very similar to those of dodecanal cyclic trimer

excepting that transition regions were broader and transition enthal-

pies lower.

Preparative scale polymerization of dodecanal was attempted in

both MCH and toluene solvents at different initial monomer concentra-

tions employing close control of the reaction temperature history.

Only freshly purified or prepared reagents or solvents were used. Sig-

nificant precipitation or crystallization of monomer occurred in all

cases. However, as in the case of undecanal polymerization, monomer

was compatible with the reaction mixture to a lower temperature if

toluene was the solvent instead of MCH. The increase in viscosity of



the reaction fixture and the fetation of discrete gel particles (par-
ticularly if MCH was the solvent) Indicated that polymerization had
occurred and that PDOA probably existed in solution or in a highly
swollen state at temperatures near or below -40°c.

In all cases stabilization of polymer was attempted by addition
of acetic anhydride and pyridine to the polymerization mixture in order
to endcap the polymer; conditions similar to those of other higher

aliphatic aldehyde polymerizations were used. After a time the reaction
m-xture was poured into cold acetone; a difficultly filtered, turbid
solution was obtained which yielded a small amount of highly swollen

material. Washing of the isolated material resulted in a trace yield

of off-white solid; insoluble in toluene, cyclohexane, CHCl, and

H2CCI2. Usually, a near quantitative recovery of monomeric dodecanal

Cas its bisulfite addition compound) could be obtained from the filtrate.

Several factors were thought to account for the failure to isolate

PDDA with sufficient purity and stability and in sufficient yield for

preliminary characterization experiments; each of which was in one way

or another related to the length of the alkyl group. Dodecanal has the

highest melting point and the lowest solubility in typical aldehyde

polymerization solvents of all aliphatic aldehydes whose polymerization

was investigated and crystallization of monomer from its solution was

in competition with polymerization. Such phenomena affected the rate

of polymerization and the position of monomer-polymer equilibrium. It

was also thought that the physical properties of the polymer itself

influenced the polymerization and impeded isolation of the polymer.

Any rigorous treatment of the thermodynamics of aldehyde
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P0ly.en-zat1c„ .ust take Into account the crystallization of pol,.e.
whKh occurs dun-ng the polymerization. It is possible that crystalli-
zation of PDDA occurred to a different extent or in a different way
than in the case of other polyaldehydes and the .onomer-poly.er equili-
brium was affected in an unfavorable way. This could have resulted fro.
intrinsically different crystallization of PDDA which «y have been
swollen or dissolved during polymerization to a different extent than
In the case of polyaldehydes with shorter side chains. Crystallization

of the polymer during polymerization, which is an additional and impor-

tant driving force for the preparation of higher isotactic polyalde-

hydes, 1s also Influenced by the swelling of polymer by monomer and

solvent. If the physical properties of PDDA were indeed such that the

polymer was more readily swollen then this would have impared precipi-

tation of the polymer and facilitated more extensive degradation of

the polymer during stabilization and Isolation at room temperature.

In at least one experiment it was attempted to Isolate polymer

by quenching the polymerization and precipitating the polymer directly

by addition of chilled acetone to the cold polymerization mixture.

However, although gel-like particles were evident when the mixture was

warmed to ca. -30 C, no polymer was isolated.
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INFRARED SPECTRA
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APPENDIX II

PMR SPECTRA
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APPENDIX III

X-RAY DIAGRAMS



Toluene Reprecipitated PNA-II

PNA-I
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Reflection Relative
d (in 8)# Intensity Comments

1 m/s 27.14

2 vs 14.19 may be two closely
spaced reflections

3 m 8.40

4 m 7.78

5 m/s 7.24

6 vw 6.78

7 vw 6.43

8 w 5.54

9
•

w 5.27

10 s 4.82 diffuse

11 s 4.45 diffuse

12 s 4.23 diffuse

13 m 3.90

14 w 3.64
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PDA Second Extrusion, 60°C. Exposure time. 14hr

Reflection

#
Relative
Intensity

o
d (in A)

' 1 vs 14.75

2 m/w 8.71

3 m 7.85

4 m 7.32

5 vw 6.74

6 w 5.58

7 w 5.23

8 m/s 4.84

9 m 4.45

10 m/s 4.19

11 w 4.00

12 ni 3.87

13 vw 3.63

Comments

smeared in meridonal
regions

diffuse in all regions



PUA-I

PUA-II Extruded
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