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INTRODUCTION
The word model is used for any structurally analogous substance, which

can, with advantage, be compared with substantially more complicated
structures. The advantage of using model substances as tools in polymer
science follows from the fact that the simple substance is more easily pre-
pared in a perfectly defined state. Macromolecular science offers many
occassions for the use of this research technique since it permits the prepara-
tion of general and typical trait of polymers in the repetition of structural
units; these groups can also be incorporated or simulated by a similar group
either individually or in a small number in small molecules.

A comparison of polymeric substances with the analogous low-molecular
ones may have a number of purposes.

(1) To compare the reactivity of the reactive groups of the analogue bound
by low-molecular chains with the reactivity of the same groups bound to a
macromolecular skeleton. From this comparison, some qualitative correlation
rules may be derived. By means of these rules it is possible to forecast the
reactivity of polymers from the known reactivity of simple substances,
and apply in this way the entire experience of classical organic chemistry.
The concern may be either with the reactivity of groups, whose conversion
is not connected with a substantial alteration of the macromolecular structure
(polymer analogue reactions, ion-exchangers, redox-exchangers) or with
reactions which affect the macromolecular chain (destruction, cross-
linking of the polymers, etc.).

(2) To deepen the knowledge of the mechanism of macromolecular
syntheses. In the case of synthetic polyreactions, which are not of chain
character, this effort is practically identical with the general interest of
organic chemistry. Specific modelling is, however, required by chain reac-
tions, for which the individual partial reactions may be elucidated by means
of models.

(3) To examine the structure of the polymeric chain by comparing some
properties of the polymer (especially spectra of all possible kinds) with the
properties of the analogues (synthesized model substances of reliably known
structure).

The interest in model substances thus penetrates into many fields of
polymer science. The organic chemist is the joint collaborator, and generally
his possibilities are the limiting factor. Without mobilizing the preparatory
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methods of modern organic chemistry, of its art and experiences we could
not suceed. Of course I am unable to describe here the participation of
organic chemists in the preparation of the generally very complicated
substances, frequently with maximum demands with respect to structural
and stereochemical individuality and purity. I need only mention, in general,
that the participation of organic chemists is the strongest bond with which—
notwithstanding the ever rising degree of physicalization—polymer science
continues to be bound to general organic chemistry.

MODELS OF THE REACTIVITY OF POLYMERS

Polymer analogue reactions
In comparing the reactivity of isolated groups it is a rule that the character

of the reactive group bound to the suitably selected model (i.e. such a model
which also simulates the screening effect of the vicinal part of the macro-
molecular chain) does not differ essentially from the character of the same
group in the polymer. This rule has served in countless cases to allow macro-
molecular variants of low-molecular reagents to be found, and led to an
unprecedented evolution of ion-exchange and oxidation—reduction exchange
resins.

Considering, however, the quantitative reactivity indices, the relation
of the simple model to the polymer is found to be more complicated. Com-
paring the monofunctional compound with a polymer analogue we shall
find a quantitative agreement even in the kinetic data in such reactions,
in which there is no interaction of two or more of such groups. Therefore
we may a priori expect very good agreement in the case of reactions taking
place in a monomolecular mechanism. For example, we may state that of
all possible structures of anion exchangers, the structure (A) with the basic
chain would be optimal, because the model substance (B) compared to

—CH2—C(CH3)— C(CH3)3

CH2—N(CH3)30H CH2—N(CH3)30H
+ +

(A) (B)

other simple quaternary bases is the most thermally stable one1.
The course of reactions, in which the mechanism of two or more groups

is engaged, is substantially influenced by the spatial possibilities of the
mutual influence of reactive groups which occur repeatedly in the polymer.
The significance of stereochemistry for these interactions has already been
discussed in detail by Smets in his lecture at the Symposium in Prague2.
In that lecture it was also stressed that it was possible to interpret the mecha-
nism of this mutual influence by means of two- or polyfunctional models with
precisely defined conformation of the reactive groups. In the present
symposium we are also encountering studies which use an exact model to
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solve the influence of tacticity on the course of a reaction involving two or
more groups (polyvinyl alcohol and heptane-2,4,6-triol acetalization)3.

Besides stereochemical effects, specific strain of the macromolecular
structure could change the reactivity. The saponification rate of poly-
methacrylic acid diglycol esters, depends strongly on whether the glycol is
ester-bound by one or both hydroxyl groups to the polymethacrylic acid4.
With the large distance of the two hydroxyl groups the direct effect of
esterification of the one diglycol end on the hydrolytic capacity of the ester
group on the other end may be neglected, a fact which becomes evident
from practically equal rates of hydrolysis of the mono- and diester of this gly-
col with monocarbonic acids5. The outstanding stability of the ester cross-
links in glycol-methacrylate gels might perhaps best be explained by the fact
that due to the general tension in chains the angle of the C—C—O bond
in the basic planar structure of the ester rather tends to be opened, which fact
hinders the narrowing of this angle in the formation of the tetrahedric
transition state which is a condition of hydrolysis.

Polymer degradation
The chemistry of model stubstances is doubtless the only way to progress

in the, as yet very imperfect, understanding of thermal oxidation of photo-
chemical degradation processes of polymers.

The first step in any discussion of degradation problems is the finding of
those locations in the polymer which are most responsible for degradation.
It must be decided whether these are locations with a regular structure, which
are an absolutely prevalent part ofthe polymer, or whether these are exceptional
sites (terminal groups, structural defects), which are present only in a slight
proportion, but may be exceptionally sensitive to the destructive effect of
heat, light or oxygen.

The object on which attention has concentrated most in this respect is
polyvinyl chloride (PVC). A comparison of the stability against destruction
of low-molecular PVC models of absolutely regular structure with the
much lower stability of the polymer has led to the justified suspicion that the
low stability of the polymer is caused by abnormal structures which may
occur in jt6. Therefore research investigations on the destruction of PVC
have been oriented to these defect structures. The problems such as the part
played in the destruction, e.g. by double bonds, from which the decomposi-
tion might set out, as well as the mechanism of this decomposition can again
be solved only on the base destruction experiments with simple unsaturated
model chlorides.

The technically significant photodegradation of polyamides has also been
elucidated by means of simple model amide. It has been shown that the weak
spot is the C—H bond vicinal to the nitrogen atom, and that amides substi-
tuted on these bonds are practically not oxidized7. In agreement with this
fact is the formation of radicals in the a-position with respect to the nitrogen
atom, established by means of e.s.r. techniques on model amides as well as on
polyamides8.

In addition to model substances representing chemical reactivity of poiy-
mers there are certain physical reactions or properties which can be elucidated
by means of suitable models. The electric conductivity of polyconjugated
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polymers in relation to the length of polyconjugated chains was investigated
recently with polyphenylenimines

It was shown that the top value of conductivity was reachedjust in a sequence
of three phenyleneimino groups9. This result is in agreementwith the observed
independence of the conductivity of polymeric acetylenes on their molecular
weightl°. This indicates that in long polyconjugated chains the sections of
undisturbed conductivity are rather short.

MODELS OF POLYMERIZATION MECHANISM
The principle of many macromolecular syntheses is simply the polymeric

version of low-molecular synthesis, known for a long time and investigated
in detail. In such cases known reactions are model reactions in the first
approximation. The specific deviations produced by the increasing chain
length were studied with higher-order models. We should mention at this point
the classical work of Flory" and others, who have shown with models of
esterification with varying chain lengths, that significant deviations are
actually concerned only with the first members of these model series. By
means of models the natural assumption has been verified that the asymp-
totic approach of reactivity to the final reactivity of a very long chain
demands models with a higher number of units in the case of short mono-
meric model units12, and that on the other hand in the case of polymers
having longer units (Nylon-6) the reactivity of the terminal groups is well
represented already by the simplest low-molecular models'3' 14• Confronting
low-molecular model reactions with analogous polymer syntheses we are,
beside these quantitative kinetic details, interested especially in the side
reactions, including those of catalytic systems to which no attention was paid
earlier, if they take place only in a slight fraction of a per cent. For example
in anionic caprolactam polymerization the C—C condensation of amide
derivatives had to be verified by means of model substances. Being negligible
in current organic syntheses this side reaction had not yet been found and
examined in transamidation reactions. Nevertheless, in this macromolecular
version it has a very substantial significance for the degree of branching and
life-time of a catalyst'5.

To elucidate the mechanism of radical polymerizations model reactions
were used for every partial reaction. Relatively least typical is the model
technique for the chain growth reaction proper, since an enormous amount
of kinetic data has been collected for reactions of a monomer with a free
radical in the form of copolymerization parameters, from which known
approximations may be used to derive the relations of each monomer
to a full scale of various free radicals. Nonetheless low-molecular models
helped to amplify this experience, e.g. by comparing the reactivity of
primary normal alkyl radicals of different lengths with ethylene the variation
of the kinetic reaction constants of ethylene addition have been studied to
obtain a picture of the practically constant rate of growth reaction starting
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from the first step already'6. For anionic polymerization, simple models of
living polymers have been prepared by Szwarc, by means of which it was
possible to eliminate the difference between the first step, in which the
catalyst interferes as a foreign type ion, and the following steps in which the
growing anion practically does not change any more17. Ziegler's work was,
in its time, pioneering, leading to an understanding of the polymerization
mechanism of dienes by alkaline metals.

In the field of transfer reactions, polymerization of monomers dissolved
in the respective model substances gave an answer to the problem of bran-
ching caused by a reaction of the polymer radical with the polymer chain'8' 19•
Data obtained by other methods have strongly overestimated the partici-
pation of this reaction. But even the model method could lead to inaccurate
results, if an imperfectly terminated model was used, containing active end
groups instead of transfer-inert terminal methyl groups. For this reason
complications occurred, e.g. when low polymers or telomers were used, in
which the high transfer activity of the terminal group interfered20'21. The true
low values of transfer by the polymer (the value of the transfer constant is of
the order of 10—4) explain why analytical methods leading to a direct de-
termination of the branching locations have failed. In the special case of
polyvinylchloride, which polymerizes under strongly heterogeneous con-
ditions, no simple relation could be found between model transfer and branch-
ing22.

It was attempted to determine branching in the polymer analytically
under the assumption that a tertiary chlorine atom is located at the branching
site. The content of tertiary chlorine atoms, however, remained within the
limits of error even when the sensitivity of the spectroscopic determination
was increased by selective substitution of the tertiary chlorine atom with the
strongly absorbing phenoxyl group23.

Experiments with the bimolecular reaction of model radicals prove the
termination mechanism more conclusively than indirect methods based on
a comparison of molecular weights. Overberger24 proved this by means of
models closely approximating the steric and polar properties of the poiy-
styrene radical. The radical prepared from the respective azohydrocarbon
showed that the polystrene radical terminates exclusively by recombination.

STRUCTURAL MODELS
The structure of the homopolymers of non-symmetrical models may be

discussed in succession on several levels: (i) the structure of the chains
without respect to stereo-isomerism; (ii) stereochemical structure; (iii)
conformation structure schematized by the staggered angles; (iv) absolute
conformational structure.

Except for the highly crystalline polymers with practically pure tacticity
whose structures in the crystal domains may be studied directly by x-ray
analysis, the only method for the study of the steric structure of amorphous
polymers is by a comparison of the polymer with suitable models, in which
the structural problems over all levels mentioned are more easily determined.

The characteristic trait of this kind of research is the experience that all the
steps of a more and more exact view of the structure cannot be carried out in
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succession and for each step seperately and with the use of a single specific
method. Their discovery takes place usually in parallel and with the simul-
taneous or suitably alternating application of several experimental and
computation methods. Even those methods which in the field of the simplest
low-molecular substances are sometimes able by themselves to offer an
unequivocal conclusion about the structure, e.g. n.m.r. or i.r. spectra, are
unable to offer any sufficient information about polymers, unless their
results are mutually confronted.

The forms of both i.r. and n.m.r. spectra are sensitive to the configurational
and conformational structures of molecules. Parameters obtainable from
n.m.r. spectra are the chemical shifts and spin—spin coupling constants.
From the value of chemical shifts, configurational and conformational
structure cannot be derived directly, but symmetry properties of the mole-
cules can in some cases be used to decide between several structures to be
considered. This is the case with the 2,4-disubstituted pentanes, the so called
dimer models of stereoregular vinyl polymers. As explicitly shown in Bovey's
lecture25 in the preceding polymer symposium in Prague, configuration of
these molecules can be determined from the equivalence or non-equivalence
of methylene protons. On the other hand, vicinal coupling constants are
known to be a function of the dihedral angle, and this angular dependence
can be utilized for conformational structure determinations. Also the
applications of these techniques to conformational structure determinations
in vinyl polymers and their models have been extensively summarized in
last year's lectures of Shimanouchi26 and Bovey25.

A specific feature of n.m.r. spectra of compounds existing in the form
of several rotational isomers in mobile equilibrium is the fact that both the
chemical shifts, and the coupling constant are a weighted average of the
values corresponding to the individual conformers. Without additional
information, the structure and population of conformers can therefore be
determined from n.m.r. spectra only in cases where the number of con-
formers considered does not exceed two. Already the simplest model of a
stereoregular vinyl polymer, the 2,4-disubstituted pentane, has 6 energetically
different conformers in each configuration. For this reason, additional
information on conformer population must be sought on the basis of other
methods.

Besides theoretical energy calculations, infrared spectra represent the
most important source of information on this point. Contrary to n.m.r.
spectra, the infrared spectrum is composed of superimposed spectra of all
conformers present; however, generally valid rules connecting conforma-
tional structure and the form of infrared spectra do not exist. A determina-
tion of conformational structure from the frequencies and intensities of
infrared bands requires therefore a very thorough analysis of the character
of all the bands concerned, and such an analysis has to be performed
individually for each type of polymer. PVC is an example of a polymer
the infrared spectra of which have been analyzed in this manner to a con-
siderable detail.

Although the structure of PVC model compounds has been solved in
papers which have been presented at the Prague symposium or earlier2635,
I should like to review the principles on which this analysis was based, as
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this is a typical example of how a judicious combination of infrared and
n.m.r. methods can contribute to the solution of a complex structural prob-
lem.

Conformational studies of PVC model compounds were based on the
finding that C—Cl stretching vibrations are a function of the spacial
arrangement of the conformer36, and frequency ranges of CC1 stretching
vibrations of various structural types have been determined in a great number
of simple compounds37. These established frequency ranges have been
applied by Shimanouchi37 to the analysis of the vibrational spectra of
DL-2,4-dichloropentane as a model of syndiotactic diads in PVC, and of
meso-2,4-dichloropentane as a model of isotactic diads in PVC. Spectra of
the isotactic model were found to exhibit only bands corresponding to the
TG conformation (which is a part of a three-fold helical form); spectra of the
syndiotactic form contained only bands corresponding to the straight chain
zig-zag TT conformation. This result was surprising because the existence
of the folded GG form could not be excluded on steric grounds.

A more recent analysis of n.m.r. spectra28 of the same models confirmed
the presence of the TG, GT helical forms in the isotactic isomer; in
addition to the information already known from infrared spectra, it revealed
the existence of a mobile equilibrium between the right- and left-handed
helical forms. In the DL-isOmer, analysis of n.m.r. spectra seemed to contra-
dict results obtained from infrared; values of vicinal coupling constants and
their temperature dependence indicated the presence of both the TT and
GG forms. An explanation of the absence of the CC1-stretching band of the
GG form in the infrared spectrum had therefore to be sought. Results obtained
on stereoisomers of 2,4,6-trichloroheptane34, the trimer model of PVC,
together with some theoretical considerations38' 39 seem to indicate that in
the case of two or more interacting chlorine atoms separated by one methylene
group the frequency ranges established in monochloro derivatives need no
longer be valid. Combining in an analogous manner the information on
i.r. and n.m.r. data, the conformational structure of all the three stereo-
isomers of 2,4,6-trichioroheptane was established33' 34.

PVC is also an example of a polymer where the relation between model
compound and polymer structure could be demonstrated. Assuming in the
polymer the existence of only those conformation forms found in the model
compounds an infrared method of tacticity determination in amorphous
samples of PVC was worked out, based only on the intensity of the isotactic
CC1-stretching band40' a'-. The tacticity value obtained by this method is in
good agreement with the value found independently by Bovey42, using
an n.m.r. method with a-dcuterated PVC.

Using this tacticity value, together with band shapes derived from model
compound spectra, a theoretical spectrum of the CC1- stretching region of
amorphous PVC can be constructed40. Excellent agreement with the shape
of the experimental spectrum indicates that the assumption of comparable
conformational structure of models and polymer was sound. By measuring
specifically deuterated samples of PVC, Yoshino43 has shown the methylene
proton band of PVC to be sensitive to tetrad configuration. The chemical
shifts of methylene protons in various types of tetrads are in good agreement
with the trends observed in n.m.r. spectra of dimer and trimer models.
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It follows of course from Yoshino's finding that the stereoisomers of the
tetramer are the smallest units modelling rigorously the n.m.r. spectra of
PVC.

From this short review it is evident that a combined infrared and n.m.r.
study of model compounds can yield important information on the structure
of polymers. Of other vinyl polymers, model compounds have recently
been studied in poly(vinyl alcohol)4447, poly(vinyl acetate)48' 28, 45, poly
(methyl acrylate)49'52, polystyrene51' and polyacrylonitrile29' 56, 57,
based mainly on n.m.r. Due to the lack of parallel detailed infrared studies,
some simplifying assumptions on conformer populations had to be made.
In all these cases it will be necessary to supplement the n.m.r. data with
detailed analysis of i.r. spectra of both models and polymers. Such an
analysis could, in the future, probably be performed in the case of polystyrene
and poly(acrylonitrile) in which conformation sensitive bands are known
to exist.

Of all the above mentioned procedures, conformational structure may be
determined with an accuracy which is limited by the simplifying assump-
tion of the existence of pure staggered conformational forms.

Studies of this type are expected to be further refined by investigations
of deviations from this schematic assumption. Deviations from exact stag-
gered angles can be expected a priori, and have in some cases been proved
experimentally58, e.g. by diffraction studies. Their order of magnitude is in
line with some of the inconsistencies observed in the analysis of n.m.r.
spectra59. Deviations from staggered bond angles will evidently prove
important in correlations of polymer properties with calculated conforma-
tional structures60; such correlations are the main aim of conformational
studies, and one of the highest aims of polymer science in general.
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