
Chapter 14 

Polymers 

Rubber, gutta percha, and paper comprised the early materials for wire 
insulation in telephony. Wax-impregnated paper was used in some capacitors. 

Hard rubber was used in some molded piece parts. These materials, based on 
natural products, are members of a broad class of substances called "poly
mers." The technology of the late 19th century and the early 20th century 
also produced synthetic substances such as cellulosic products and phenol
formaldehyde resins, which also found uses in the telephone plant. These 
early materials were derived in the chemical industry largely by opportune 
discoveries, not through fundamental research. However, the picture progres
sively changed in the 1930s and afterward. Synthetic polymers were 
discovered that depended upon simple molecules, instead of upon the architec
ture of cellulose and rubber. First, the products of the coal and coking indus
tries produced the ingredients for large molecules such as the polyesters (for 
example, Mylar·) and the polyamides (nylons). Subsequent exploitation of 

petroleum and natural gas as raw materials has led to a vast number of 
wholly synthetic polymers used in textiles, tires, packaging films, paints, 
household items, toys, etc. 

Bell Laboratories has been a pioneer in the discovery of new polymers, and 
in the measurement and understanding of their fundamental properties and 
engineering parameters. In particular, Bell Labs has responded to the Bell 
System's insistence on reliability by carrying out extensive research on the 
chemical and mechanical causes of the failure of polymers in service and of 
the means to extend lifetime. As a result, polymers, which in the public's 
mind are commonly seen as short-lived and disposable, have been made into 

durable substances that can be depended upon for long use. 

I. THE EVOLUTION OF POLYMER CHEMISTRY 

Until the late 1920s, chemists had believed that naturally occurring 

substances such as rubber, silk, and cellulose were indefinite organiza-
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tions of rather simple molecules held together by forces of some spe
cial but undetermined ·character. Only with difficulty was the idea 
developed that these substances consisted of very large molecules 
compos1ed of repeating structural units. These molecules became 
known as polymers, from the Greek meros, meaning part. The forces 
between molecules do, in fact, exert important influences upon the 
properties of polymers, just as they do in simple molecules. However, 
these forces are not unique. The molecules of polymeric substances 
follow the same laws of chemistry and physics that apply to simple 
substances. 

In th1e 1920s, the work of H. Staudinger in Germany and W. H. 
Carothers in the United States led to the synthesis of long-chain 
molecules of definite structure and composition. These substances 
were excellent compounds for exploratory studies of the fundamental 
properties of polymers. For example, in the years just before World 
War II, chemists at Bell Laboratories examined the relationship of 
mechanical strength to :molecular structure. C. S. Fuller showed that 
the way the various repeating units are combined and the regularity 
of the atomic positions in the units significantly affect such properties 
as elasticity and tensile strength. Fuller, W. 0. Baker, and N. R. Pape 
demonstrated the importance of crystallinity, as determined by X-ray 
diffraction techniques, to the strength of polymers.l The growth of 
polymer science at Bell Labs helped set the pace for the development 
of the synthetic plastics :industry in the United States. 

II. SYNTHESIS AND MOLECULAR STRUCTURE OF POLYAMIDES AND 
COPOLYAMIDES 

The growth of polymer science in the late 1930s had an impact on 
the Rubber Reserve pro~~ram in the years prior to World War II. (For 
more on this topic, see section I of Chapter 16.) Although this work 
was important to the war effort, it had added significance in laying 
the groundwork for a broad understanding of the structure and prop
erties of polymers. For little more than a decade, chemists had recog
nized that the source of the most remarkable physical properties of 
polymers-strength, elasticity, toughness, and others--lay in the great 
size of these molecules. But the differences that caused some polym
eric substances to be elastic and others to be rigid were for the most 
part unknown. At Bell Labs, as elsewhere, chemists concluded 
correctly that such propE~rties rest on a combination of the integrity of 
the long chain that is the backbone of every macromolecule, the 
specific interactions betw·een a segment of a molecule and its neigh
bors, and chain stiffness. 

In the 1940s, Baker, B. S. Biggs, Fuller, and their colleagues began 
systematically synthesizing many members of the families of polyes-
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ters and polyamides.2 These substances belong to the important 
category of condensation polymers that had been investigated by 
Carothers of the Du Pont Company.3 In the polyamides, for example, 
the condensation typically consists of the reaction of two entities, a 
diamine and a dibasic acid, with the release of a water molecule at 
every point of reaction. Bell Labs chemists synthesized a wide variety 
of members of this general family and determined their physical 
characteristics. X-ray diffraction studies of these polymers established 
that the solid contains a multitude of microcrystalline regions in 
which sections of the polymer chains are efficiently packed together. 
In particular, the amide groups were found to be arrayed in planes 
through the solid over distances that appeared to be at least as great as 
the dimensions of the microcrystalline regions, which typically are of 
the order of microns. The regular array of amide groups was ascribed 
to interaction through both dipolar attraction and hydrogen bonding. 
The coupling within these layers and the concentration of layers per 
unit-volume govern the internal energy, melting temperature, and 
mechanical strength of these solids. The importance of this coupling 
was emphasized in studies involving the synthesis of a series of 
polyamides and copolyamides, in which the latter consisted, for exam
ple, of the condensation products of a given diamine and two 
different dibasic acids in chosen proportions. In the simple polyam
ides, decreasing the amide content lowered the melting temperature 
and softened the solids. A corresponding trend in physical properties 
was observed as the disorder produced by copolymerization 
increased.4 Similarly, Biggs and coworkers synthesized a series of 
polyamides and copolyamides in which the amino hydrogens were 
replaced to various extents with methyl or other alkyl groups. Once 
again, this had the effect of decreasing the dipolar coupling and 
hydrogen bonding with attendant changes in the physical properties.5 

III. THE AGE OF PLASTICS-POLYETHYLENE 

The discovery (and proliferation) of the substances now broadly 
classed as plastics (more accurately, polymers) brought about revolu
tionary changes in the design, manufacture, and performance of much 
of the telephone plant. The trend toward plastics was widely felt in 
the economy, where an important feature of these materials had been 
their cheapness. However, in the Bell System, such materials are of 
interest either for their novel or superior properties important to com
munications, or as successors to materials no longer available in the 
needed amounts. An example of the latter is the replacement of lead 
by polyethylene for cable jackets, which began in the late 1940s, when 
the supply of lead could no longer meet the demands of the expand
ing cable plant. Examples of plastics with superior properties are 
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polyvinyl chloride used for indoor wire insulation and cable sheath, 
and acrylonitrile butadie·ne styrene (ABS), a commercial plastic used 
for station apparatus. Both of these families of plastics were intro
duced into the Bell System in the early 1950s. W. J. Clarke, J. B. 
DeCoste, J. B. Howard, and V. T. Wallder were involved in the 
development and engine1~ring of these major classes of plastics.6 

By 1975, the use of plastics in the Bell System had grown to such an 
extent that they accounted for more than half the volume of all 
materials being used for manufacture by Western Electric. 
Polyethylene is the plastic used most extensively in the Bell System 
and has consequently b1~en investigated more extensively than any 
other polymer. 

The polyethylene story began in the laboratories of Imperial Chemi
cal Industries, Ltd. (I.C.I.) in England during the 1930s. Chemists 
studying the behavior of ethylene, CH2-CH2, at elevated temperature 
and pressure discovered a reaction product that was a white solid, 
flexible but fairly tough, and waxy to the touch. The compound was 
readily identified as a paraffinic hydrocarbon. In 1939, A. R. Kemp 
visited I.C.I. and brought back a small sample of polyethylene. Fuller, 
Howard, S. 0. Morgan, and others recognized that such material 
would have excellent electrical properties at high frequencies because 
it was virtually free of polar groups. The suggestion was also made 
that polyethylene, consisting essentially of a chain of CH2 groups, 
should be the simplest possible polymer and therefore should serve as 
a model for more complex systems. As so often happens, this expecta
tion of simplicity was not borne out, but research into deviations from 
simplici~y was undoubtedly more illuminating than studies of an 
ideally simple polymer would have been. 

Because of their extensilve background in the dielectric properties of 
matter, Bell Laboratories chemists and cable engineers were keen to 
examine the potential usefulness of polyethylene. In 1940, a large 
chunk of polyethylene about as big as a desk was imported from I.C.I. 
This material was cut into sheets and then into strips.. Finally, it was 
punched into buttons about five-eighths of an inch in diameter and 
was used to insulate about nine miles of coaxial cable that was 
installed as a section of the Baltimore-Washington route. The 
polyethylene dielectric was used instead of insulators made of 
phenolic resins that were of lesser electrical quality. Although this 
primitive! polyethylene was nonuniform and poorly characterized by 
modern standards, it represented the first commercial use of the 
material and served well in this installation for a number of years. 

As already noted, severe pressures developed in the late 1940s to 
find an economically attractive replacement of lead as the material for 
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use in cable sheath. Working with cable engineers, Wallder, Clarke, 
DeCoste, and Howard developed a cable sheathing compound made of 
polyethylene with about 1 percent carbon black as an additive? The 
carbon black was incorporated as a screen against ultraviolet light. 
Although the expected service life of such compositions had yet to be 
demonstrated, laboratory experience indicated that 20 years or more 
should be expected in the field. Accordingly, in 1947, Western Elec
tric began commercial production of polyethylene-sheathed cable. 

It was not long before reports of trouble returned from the field, 
but of a totally unexpected sort. Disastrous cracking of the sheath was 
found again and again. F. W. Horn, C. F. Wiebusch, and other cable 
engineers worked with chemists such as Howard and Wallder to 
reproduce the cracking in the laboratory, simulating twists and bends 
and applying chemical environments typical of the field. The tests 
determined that mechanical stresses in the sheath, coupled with sur
face contamination from soaps or other surfactants, produced cata
strophic failure of the sort found in service. Soaps had long been 
used as lubricants for pulling lead-sheathed cable through conduits 
and were needed also for plastic-sheathed cable. 

The molecular basis for these failures was discovered by I. L. Hop
kins, Baker, and Howard.8 They realized that the stresses in the sheath 
were far more complicated than one-directional tension. Therefore, 
they used a stress-strain experiment in which a disk of polyethylene 
was deformed biaxially by stretching, much as a child does when 
blowing bubbles with bubble gum. They also showed that using sol
vent to remove the lower molecular-weight constituent of the 
polyethylene then in use made a dramatic improvement in the stress
cracking behavior. Later, in a series of experiments, H. D. Keith and 
F. J. Padden showed how the molecular weight affects the morphol
ogy. The chemical companies that supplied the polyethylene for cable 
sheath learned how to provide materials in which the whole 
molecular-weight distribution was shifted toward a higher average 
value, thereby minimizing the amount of low-molecular-weight poly
mer. 

About 1949, the potential of polyethylene to replace paper pulp as a 
wire insulation was recognized. In the early 1950s, the superiority of 
polyethylene as a dielectric led to its selection as the insulating 
material for the first of the new generation of oceanic cables. The 
choice of polyethylene marked a major departure from the materials 
technology that had reigned for more than 80 years of oceanic telegra
phy and telephony. Polyethylene at last provided an answer to the 
search begun by Williams 30 years earlier for the right cable insula
tion. (See section 3.4 below and section 1.1 of Chapter 16.) 
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3.1 Polyethylene Stabilization 

The vulnerability of unprotected polyethylene to prolonged expo
sure to heat and light was known, in rudimentary terms, from the 
chemistry of rubber. In the late 1940s, a major effort to stabilize poly
mers was begun. 

3.1.1 Thermal Oxidation of Polyethylene 

Thermal oxidation, which results eventually in the mechanical and 
dielectric failure of polyethylene, has been studied extensively. F. H. 
Winslow [Fig. 14-1] devised an accelerated test in which the volume of 
oxygen at 1 atmosphere pressure reacting with a sample was measured 
at a series of elevated temperatures. Unprotected polyethylene 
rapidly takes up oxygen, but with an inhibitor present in the polymer, 
the rapid uptake is delayed until the inhibitor has been exhausted. 
Comparisons between potential stabilizers can be drawn from the 
length of time to failure at different temperatures. Substituted 
phenols and secondary aromatic amines, which were developed for 
the protection of natural rubber, were found to be moderately useful 
as thermal antioxidants with polyethylene. W. L. Hawkins, 

Fig. 14-1. F. H . Winslow (left) and W. L. Hawkins conducted 
accelerated oxidation tests on polyethylene to determine the effectiveness 
of va rious thermal antioxidants . 
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R. H. Hansen, W. Matreyek, and Winslow found that carbon black 
has some effect as a stabilizer against the thermal oxidation, as well as 
being a light screen against photo-induced oxidation (see section 3.1.2 
below).9 However, when carbon black was present along with these 
phenols and amines, the protection was considerably reduced.10 

[Fig. 14-2] In contrast, certain sulfur-containing organic compounds 
were shown by Hawkins, V. L. Lanza, and Winslow to be excellent 
thermal antioxidants for polyethylene containing carbon black. For 
example 2-naphthol, a mild antioxidant for simple hydrocarbons, was 
found by Hawkins and his colleagues to be an effective stabilizer 
when made into a disulfide. This compound is not only more 
effective in the dear polymer than is 2-naphthol, but is also a much 
better antioxidant in the presence of carbon black. Similar effects 
have been observed with other thioethers. The favorable effect of car
bon black on the protective activity of sulfur-containing compounds 
has been explored with a variety of systems, both aliphatic and 
aromatic.11 These studies stemmed from accumulated information on 
the effectiveness of carbon black combined with organic sulfides and 
disulfides, as well as with elemental sulfur, in inhibiting polymer 
oxidation-even though these substances were poor antioxidants 
when present alone under comparable conditions. This research 
yielded a series of organosulfur compounds that are excellent thermal 
antioxidants in the presence of carbon black. Some of these have no 
appreciable activity as antioxidants in the clear polymer. This syner-
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Fig. 14-2. Thermal oxidation rate of polyethylene containing a butylphenol, its 

corresponding thioether, and the thioether in the presence of carbon black. 
[Hawkins et al., J. Appl. Polymer Science I (1959): 44]. 



488 Engineering and Science in the Bell System 

gism was largely unexpected when the chemistry of sulfur was added 
to that of organic thermal antioxidants. 

3.1.2 Pl1otodegradation of Polyethylene 

When polyethylene was first considered for cable sheath, the pro
tection of polyethylene from ultraviolet light was studied by Wallder 
and his colleagues.12 Following the practice for the protection of 
rubber insulation on outdoor wire, they specified the addition to the 
plastic of from 1 to 3 percent carbon black to serve as a screen to 
absorb the ultraviolet light. In particular, the investigators showed 
that the protection is better with small carbon particles and depends 
upon how thoroughly the particles are dispersed in the plastic. A 
major advance in this work was the use of indoor weathering tests 
under intense artificial light to accelerate the degradative processes.13 

Concurrently, samples of carbon-loaded polyethylene were put out
doors in test plots in various parts of the country. The slow deteriora
tion of these samples ovet the course of several decades has paralleled 
the chan~~es predicted from the accelerated tests. 

The primary processes of oxidative photodegradation of poly
ethylene are less understood than those of thermal oxidation. Photo
lysis dep,ends on the absorption of light energy, but little or no solar 
radiation with wavelengths shorter than about 300 nanometers is 
transmitt,ed by the earth's atmosphere. On the other hand, a 
paraffinic hydrocarbon such as "pure" polyethylene does not absorb 
light appreciably in thE~ visible part of the spectrum. Winslow, 
Matreyek, and A. M. Tro:~zolo showed that the rate of outdoor oxida
tion of unprotected polyethylene typically undergoes a tenfold sea
sonal chatnge, corresponding quite closely to the seasonal variation in 
the intensity of the sun's spectrum.14 Because pure hydrocarbons 
absorb very little of the ultraviolet component of sunlight, the oxida
tive photodegradation of polyethylene is partly ascribed to impurities 
in the chain that absorb energy in this region of wavelength. The 
carbonyl group (C=O) can be incorporated both as an impurity during 
polymerization and as a product of processing at elevated tempera
tures. Because carbonyl groups are always present at low levels in 
polyethylene, Trozzolo and Winslow postulated a photochemical 
mechanism involving the absorption of light by a carbonyl group, the 
photolysis of a carbon-carbon bond to produce chain scission, fol
lowed by an oxidative chain reaction that used hydroperoxide inter
mediate.15 
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3.2 Nuclear Magnetic Resonance Studies of Polymer-Chain Structure 

Nuclear magnetic resonance (NMR) in solids and liquids, observed 

in 1945 by E. M. Purcell's group at Harvard University in Mas
sachusetts16 and by F. Bloch's group at Stanford University in Califor
nia/7 opened vast new areas of physics and chemistry. Indeed, NMR 
spectroscopy has become a basic tool for chemists and has been 
adopted by polymer chemists in particular. Much of the development 
of NMR as a powerful technique to study the structure and stereo
chemistry of polymer chains was the work of F. A. Bovey. [Fig. 14-3] 
Extending the techniques of high-resolution NMR spectroscopy, he 
showed that NMR can be used to ascertain the configuration of mono
mer sequences in a macromolecule. In an important series of studies 

Fig. 14-3. F. A. Bovey seated before the electromagnet of a 

high-resolution nuclear magnetic resonance spectrometer used 

for the study of the structure and chain dynamics of 

macromolecules. 
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on vinyl polymers, for example, Bovey and his colleagues used proton 
magnetic resonance to measure the preferred geometrical placement 
of the sequences of monomer in the chains. He also applied the 
method to study polymer conformation-that attribute of the 
molecuar shape that changes as the result of thermal motion-and 
related his observations to matters such as the statistical thermo
dynamics of chain motion. 

The ability to resolve molecular structures from the NMR spectra 
generally increases with increasing radio frequency of the spectrome
ter. Thus, Bovey's early work at 60 megahertz (MHz) was capable 
only of establishing rather short-range structures along the chain, no
tably dyads and triads of monomeric groups.18 However, the struc
tural arrangements of polymer chains became much clearer with 
extension of the experiments to high radio frequency. At 220 MHz, F. 
Heatley and Bovey observed the conformation of tetrad and pentad 
sequences of monomer groups in polyvinyl chloride.19 The interpreta
tion of the NMR spectra of polymers was helped by the use of high
speed computation. Bovey and L. C. Snyder showed that computers 
could be used to simulate the NMR of even complicated chain struc
tures in polymers.20 The NMR line-splittings and shapes for polymers 
are generated in the computer on the basis of information derived 
from the spectra of simple analogous molecules. Comparison between 
actual and simulated spectra tests the merit of structures postulated for 
the polymer chains. 

An old question with polyethylene, concerning the kind and 
amount of chain branching, was addressed by Bovey through NMR of 
13C. Although the NMR signal strength from 13C is weak compared to 
that of the proton, because the abundance of the 13C isotope is only 
about 1 percent, the 13C NMR spectra are spread out and are largely 
free from overlaps that obscure the spectra of proton magnetic reso
nance. Not long after the discovery of polyethylene, the observation 
had been made that the molecular structure is more complicated than 
that of a simple CH2 chain. In particular, measurements by infrared 
spectroscopy showed bands ascribed to CH3 groups, the presumed 
entities at the ends of paraffin molecules. This information, combined 
with measurements of average molecular weight and shape, showed 
that low-density polyethylenes contain a mixture of branches. The 
number and size of these branches were known qualitatively to vary 
with the conditions of polymerization, but there was no direct quanti
tative information on branching. Bovey's NMR studies identified and 
measured the ethyl, n-butyl, n-amyl, n-hexyl, and longer branching in 
polyethylene for the first time.21 [Fig. 14-4] In a spectrum of a low
density polyethylene, the peaks are assigned in terms of information 
from model compounds. The intensities of these peaks give a quanti
tative measure of the relative abundance of the different types of 
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Fig. 14-4. 13C NMR spectrum of a low-density polyethylene in trichlorobenzene 
solution. The diagram at the upper right shows the nomenclature used for the carbons 
associated with a branch. The end carbon, C1, is designated as CH 3; Et = ethyl, Bu -
n-butyl, Am - n-amyl, and L = n-hexyl and longer. ppm is the departure, in parts
per-million, from the true value of the nuclear magnetic moment of 13C. [Bovey et a!., 
Macromolecules 9 (1976): 78]. 
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branches. It was demonstrated that n-butyl groups outnumber other 
short groups by three or four to one, which is consistent with a 
mechanism of an intramolecular reaction of the growing chain radical 
postulated many years earlier by Du Pont chemists but never before 
shown quantitatively. 

3.3 Morphology of Polyethylene 

Polymers exhibit certain important properties that stem from the 
very great length of the molecules. One such attribute is the molecu
lar organization or morphology of the solid state. The morphology of 
polyethylene has received particular attention because of the 
presumed simplicity of that polymer. As noted earlier, the existence 
of crystallinity in solid polymers was known from pioneering studies 
by X-ray diffraction, many of which were carried out at Bell Labora
tories. The crystalline regions of polymers are not visible to the 
naked eye. Indeed, polymeric solids prepared from the melt never 
achieve complete crystalline order but, instead, are some sort of inho
mogeneous composition in which substantial amounts of noncrys
talline (amorphous) material are mingled with the crystalline. This 
state of affairs was explained, quite satisfactorily for a time, by the 
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entanglement of the long chains and by the broad spectrum of molec
ular lengths. Each of these factors was presumed to limit the ultimate 
degree of order in the solid. 

The first indication that it was possible to obtain fairly large (greater 
than lOOOA) single crystals of polymers from solution came in early 
studies by K. H. Storks in 1938.22 He made electron diffraction 
measurements of thin films of gutta-percha* (the trans isomer of 
natural rubber) that had been cast from solution in chloroform. The 
diffraction spots proved the existence of microscopic crystals in the 
film, and their pattern showed that the molecular axes were perpen
dicular to the plane of the film. Storks pointed out that the film 
thickness was much less than the total length of a macromolecule and 
that this could occur if the molecules were folded back on themselves. 
Unfortunately, the work of Storks was ahead of its time. Nearly 20 
years latE~r, R. Jaccodine at Bell Labs, A. Keller at the University of 
Bristol, E. W. Fischer at the University of Mainz, and P. H. Till of 
DuPont grew lamellar single crystals of polyethylene from dilute solu
tion.23 Ellectron diffraction studies showed that the molecules were 
perpendkular to the faces of the lamellar. Again, chain folding was 
invoked as an explanation. 

Although the picture of an ill-defined mingling of amorphous and 
crystalline material lent itself to a general explanation of mechanical 
attributes such as strength and flexure, it was plainly not complete. In 
the late 1940s, investigators of solid polyethylene at I.C.I. in England 
found ordering that was visible with an optical microscope on a scale 
far larger than the estimated sizes of the crystalline regions. In 
polyethylene, this ordering consists of intimately pa<:ked spheres or 
near-spheres and makes up the whole of the solid. These structures 
are commonly called spherulites, a term adopted from mineralogy, 
where it is used for structures consisting of assemblages of fine crys
tals radiating from a point. Spherulites are found in a wide variety of 
polymers. 

H. D. Keith and F. J. Padden developed a phenomenological theory 
of spherulitic crystallizahon aimed at explaining the mechanisms of 
forming spherulites in systems of all known types. They noted that 
all spherulite-forming melts have viscosities that are much higher 
than those of simple liquids and crystallize much more slowly. As a 
consequence, these melts can be greatly supercooled in contrast with 
most crystallizing melts. The growth of a spherulite from a super-

• Gutta-percha is a hard, but deformable, hydrocarbon produced by the solidification of 
milky juices from certain trees in Malaysia. Its structure is intimately related to that of 
rubber; in fact, it is an isomer of rubber-it has the same atomic composition but 
different atomic structure. 
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cooled melt always begins with a primary nucleus and proceeds with 

the development of radial fibers of crystals that ultimately fill the 

volume occupied by the spherulite. This mode of growth requires 

that the fibers branch in a noncrystallographic manner and at small 

angles, which is in marked contrast to the dendritic branching found 

in the rapid solidification of metals and many other compounds. 

Keith and Padden reasoned that a difference in composition between 

the virgin melt and the residual melt controls the crystallization of 

fibers in the spherulites.24 Although segregation of components was 

well known in the growth of crystals from melts or solutions, the 

existence of such a process in a homopolymer such as polyethylene 

had not been previously known. Keith and Padden made the impor

tant suggestion that molecules of lower molecular weight or of irregu

lar configuration are rejected preferentially by growing crystals and 

that their diffusion plays a vital part in governing overall morphol

ogy. [Fig. 14-5] 
This work led to important discoveries about the mechanical prop

erties of polymers. The morphological evidence on solution-grown 

single crystals and on lamellae in spherulitic structures strongly sug

gested that the chain folding found in the former is also a structural 

Fig. 14-5. H. D. Keith carried out pioneering research on 

crystalline morphology in polymers. 
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feature in the latter. However, the mechanical proper ties of spheru
lites suggested that there must be strong, direct coupling between 
lamellae. Such intercrystalline connections were found by Keith, Pad
den, and R. G. Vadimsky in electron microscopic studies of spherulites 
produced by the crystallization of polyethylen e-paraffin mixtures.25 

[Fig. 14-6] The existence of abundant, h ighly organized tie links 
between adjacent fibers in the spherulites was shown by removing the 
intervening paraffin molecules with a suitable solvent. 

3.4 Polyethylene and the Oc·ean Cable Problem 

The emergence of polyethylene as the material of choice for cable 
sheath and wire insulation led to its introduction in the early 1950s 
into the technology of ocean cables. Although the amounts of poly
mer used for ocean cable are small compared to the quantities used for 
cable sheath and wire insullation, the performance requirements are as 
severe. I adequacies in the cable-core material of the 1920s posed one 
of the first challenges to chemists at Bell Labs. At the end of World 
War II, renewed impetus was given to the design of submarine cables. 
Chemists took up the problem of restricting d ipolar content. They 

Fig . 14-6. Intercrystalline links in the neighborhood of interspherulitic 
bou nda ries in a thin film of polyethylene crysta lli zed from a solu tion of a 
pa raffi nic solvent. [Keith, Padden, and Vadimsky, J. App/. Phys. 42 
(197 1): 45861. 
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recognized that pure polyethylene is essentially nonpolar, and worked 

toward a synthetic polymeric compound based on polyethylene that 

would obviate the problems encountered earlier with impurities con

tained in naturally occurring hydrocarbon polymers. Based on the 

work of Hopkins and coworkers on the mechanical failure of biaxially 

stressed polyethylene, Howard and Wallder devised a formula of 

polyethylene plus 5 percent butyl rubber to be used as the dielectric 

in the SB Submarine Cable Systems. This design was used in the 
transatlantic cable that was put in service in 1956. [Fig. 14-7] The sys
tem had a capacity of 64 voice channels. Its success led to the design 

and deployment of a system called SD with 128 two-way channels. 
The SD required a dielectric of substantially improved quality and 
uniformity. A pure polyethylene resin of high molecular weight was 
chosen. 

Further ocean cable systems followed in quick succession, through 

the 4200-channel SG system that was put in place in the 1970s. These 
developments put severe demands upon the performance require

ments of the polyethylene dielectric. As had been the case several 
decades before, the limitation of the dielectric behavior was the dipo

lar content. In polyethylene, the principal dielectric losses arise from 
polar impurities, such as residues of the catalyst used in the polymeri
zation process, and from chemicals added to protect the polymer from 
oxidation during cable manufacture. Howard and Wallder worked 

with suppliers to bring about a dramatic decrease in the inherent 
losses arising from residual impurities in the polyethylene. Hawkins 

and Wallder also devoted much effort to the selection of antioxidant 
additives that are virtually nonpolar. The progress in decreasing the 

dielectric loss was so great that new sensitivity and accuracy were 
needed to measure the electrical qualities of materials. In response, D. 

W. McCall, and G. L. Link and G. E. Johnson pushed the capability for 
the accurate measurement of dielectric loss over fre~uencies in the 
megahertz range far beyond that previously achieved.2 

This record of meeting the successive demands for better dielectric 
performance in cable from one generation to the next is matched by 
the course of mechanical requirements. The diameter of the dielectric 

for each new cable system was greater than that of its predecessor (for 
example, 1.0 inch in the SD cable and 1.5 inches in the SF cable). 

Experience had shown that the molecular weight had to be high 
enough to avoid the risk of stress cracking, yet not too high to be pro
cessable. Moreover, the mechanical stress on the dielectric from bend
ing and pulling, together with the stresses on the outer sheath during 

the cable-laying operation, imposed severe engineering requirements 
upon the plastics. T. W. Huseby and S. Matsuoka analyzed these 
mechanical and structural factors and related them to basic properties 
of the polymer.27 For example, the outer jacket not only protects the 
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Fig. 14-7. Polyethylene in an undersea cable. 

outer conductor from abrasion during handling, but also, by compres
sion, keeps it from wrinkling during bending. This wrinkling has to 
be avoided, for it leads to cracking of the copper and ultimately to 
failure of the outer conductor. Therefore, in the total design of the 
cable, the jacket must have optimal thickness and stiffness. Matsuoka 
experimented with the performance of the cable jacket in reverse
bend tests, using various thicknesses of the jacket and various 
polyethylenes. The Young's modulus of the polyethylene was found 
to determine the performance. For a given thickness of jacket, 
polyethylenes having a Young's modulus above a certain level were 
found to perform satisfactorily, whereas those of lower modulus could 
not prevent failure of the outer conductor. 

IV. MOLECULAR MOTION IN POLYMERS 

Many of the mechanical and electrical properties of interest in the 
practical use of polymers originate in the motions of segments of the 
macromolecules. Such motions are present in the liquid state, but also 
occur extensively in the solid state. In combination with the struc
tural aspects of solid polymers, motions of portions of the long chains 
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and of attached groups strongly influence the physical properties of 

the material. W. P. Mason, Baker, H. J. McSkimin, and J. H. Heiss 

pioneered in establishing the nature of these motions in liquids at 

ultrasonic frequencies.28 

The processes involving motions in solids (or liquids) are commonly 

referred to as relaxation phenomena and are described in terms of relax

ation times, or the reciprocal of the frequency at which the maximum 

dissipation of energy occurs. Much of the phenomenological under

standing of polymer solids is based on measuring relaxation times 

through the use of electrical, mechanical, or spectroscopic methods. 

At Bell Laboratories, such methods have been useful in defining the 

behavior of polymers for applications in communications. 

An early contribution in this area was an extensive study by Baker 

and W. A. Yager of the dielectric properties of some linear polyesters 

and polyamides.29 (For more on this topic, see section II of this 

chapter.) Baker and Yager observed a substantial dielectric polariza

tion contributed by motion of the polar groups. At the frequencies 

used, which ranged from 1 kilohertz (kHz) to 75 MHz, the loss max

ima in the polyamides occurred at much higher temperatures (typi

cally in the range 90°C to 140°C) than in the polyesters (-25°C to 

+20°C). The difference in behavior between these two families of 

polar polymers indicates a significantly higher constraint to motion 

for the amide groups compared to the ester groups. (It was noted in 

the discussion of polyamides and copolyamides that the strong 

interactions between polyamide chains influence the structures and 

melting temperatures of the polyamides.) [Fig. 14-8] 
Baker and Yager focused their studies of polyamides on nylon 6-10. 

(The numbers refer to the number of carbon atoms in the diamine and 

dibasic acid, respectively.) McCall and E. W. Anderson studied the 

dielectric relaxation of a number of linear polyamides.30 [Fig. 14-9] 

Two relaxation processes were identified over a range of temperature 

and frequency. The data for the polyamides were quite similar. The 

inhomogeneities in the nylons, and in other polymers exhibiting simi

lar behavior, were attributed to the crystalline-amorphous character of 

the materials. The dielectric effect at low frequency was believed to 

come from the transport of ions (perhaps including protons) within 

the amorphous regions. 
The use of NMR spectroscopy to examine molecular motion in solid 

polymers is another important application and was widely explored 

by D. C. Douglass, McCall, W. P. Slichter, and their colleagues.31 

While NMR is valuable for structural studies of solids, including poly

mers, its greatest strength is in the examination of molecular motions. 

The frequency ranges to which the NMR relaxations are especially 

sensitive are from 10 kHz to 100 kHz and from 10 MHz to 100 MHz. 
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Fig. 14-8. W. 0 . Baker made fundamental 
contributions to the crystal structure and 
dielectric properties of crystalline polymers. He 
later became vice president for research and then 
president and chairman of the board of directors 
of Bell Laboratories. 

In studies at Bell Labs, this method has been particularly useful in 
detecting and distinguishing motions of chain segments in polymers 
and substituent groups. An early application was Slichter's study of 
NMR in polyamides, which showed the onset of rotation of chain se~
ments some 20 or 30 degrees below the melting temperature. 2 

[Fig. 14-10] The temperatures at which the motion developed were 
found to be higher as the polar content of the polymer increased, that 
is, as the hydrocarbon segments between the amide groups shortened. 
The nuclear magnetic relaxations in polyamides come primarily from 
the protons in these chain segments, for these are the most numerous 
protons. Therefore, NMR observations of the behavior of the hydro
carbon segments and dielectric experiments on the behavior of the 
polar groups are complementary. [Fig. 14-11] 

In recent years, computer simulation has provided a view support
ing that obtained by experiments. The Brownian motion of polymer 
chains was first simulated on a computer by E. Helfand, Z. R. Wasser
man, and T. A. Weber.33 One goal was to determine how sizable 



Polymers 

108r----------------------------------------------. 

N 

::r:: 
~ 

>-' 
u z 
LU 
::J 
0 
UJ 

"' u. 

0.1 

1.0 

1.0 

3.0 

2.0 

C
1.0 

1.0 

2.0 

TEMPERATURE {'C) 

Fig. 14-9. Contour diagram of the dielectric loss, E'', as a function of frequency 

and temperature. The data are for nylon 6-9, but the general features are 

common to linear polyamides. [McCall and Anderson, J. Chern. Phys. 32 

(1960); 238]. 
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motions can occur in a small section of the chain without having to 

pull along the whole molecule. A crank-like mode of motion was 

observed to occur frequently, and was an important contributor to the 

required localization of the motion. In addition to Brownian motion 

simulation of single molecules, the molecular dynamics of a collection 

of macromolecules was also first simulated by Weber and Helfand.34 

This revealed not only a detailed view of the molecular motions, but 

also provided a picture of the arrangements of polymer chains in the 

amorphous state. 
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Fig. 14-10. Variation of NMR linewidth with temperature in 
nylons 6-6, 10-10, and 10-18. The appearance of line narrowing 
with increasing temperature indicates the onset of molecular motion. 
[Slichter, J. App/. Phys. 26 (1955): 11001. 

V. DIV AU~:NT CARBON CHEMISTRY 

Because· of the pervasive importance of tetravalent carbon, the 
chemistry of molecular species in which the valence state of at least 
one carbon atom is less than four is of great interest. These species 
comprise the most important intermediates between reactants and 
products in organic chemistry. Trivalent carbon derivatives, notably 
free radic:als, have been observed directly by a variety of methods, 
especially by electron paramagnetic resonance (EPR) spectroscopy. 
The first observation of a long-lived or "stable" free radical by EPR 
was made at Bell Labs in 1949 by A. N. Holden and c:olleagues, who 
studied the compound diphenylpicryl hydrazyl.35 Numerous other 
free radicals, both stable and highly reactive, have sin1:e been studied 
by Bell Labs chemists. 

The more elusive divalent carbon intermediates have come under 
intense sltudy since the early 1960s. These species are frequently 
called carbenes, although chemists also refer to divalent carbon inter
mediates as derivatives of methylene, -CHr. For many years, 
methylene was thought to be an intermediate in a variety of reactions, 



Fig. 14-ll. W. P. Stichter pioneered in the application of 

nuclear magnetic resonance techniques to the study of 

molecular motion in polymers. 

but it was not detected by direct physical measurement until some 

studies of electronic spectra by G. Herzberg in Canada in 1961.36 An 

important question had to do with the shape of the triatomic frag

ment: Is it bent, like the water molecule, or is it linear? The correct 

answer would say much about the electronic configuration of 

methylene and hence about the kinds of chemistry in which the reac

tive intermediate might be expected to take part. The experimental 

evidence from electronic spectroscopy seemed to support the picture 

of a linear molecule,37 whereas calculations from the theory of chemi

cal bonding led to the conflicting view that the HCH angle is 129°, 

not 180°.38 This disparity between experiment and theory remained 

unresolved for a decade until studies by E. Wasserman and col

leagues confirmed the theoretical view of a bent HCH triplet. Their 

work involved EPR studies of methylene that had been formed from a 
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parent compound by ultraviolet illumination in a frozen xenon matrix 
at extremely low temperature. Under such conditions this reactive 
species was stable enough for observation. 

This work on the simplest member of the methylene family fol
lowed studies by Wasserman, Trozzolo, R. W. Murray, and others of 
the much more stable aromatic derivatives, the arylmethylenes.39 In 
these compounds the interaction of the aromatic rings with the 
unbonded electrons of the methylene has a major effect. With the aid 
of electronic spin resonance (ESR) and electronic spectroscopy, the 
ground states of these molecules have been studied, and the geometric 
structures of a number of these compounds have been unambiguously 
determined. 
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