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Lesson 1 History of Macromolecular Science

Natural polymers have been utilized throughout the ages. Since his beginning man
has been dependent upon animal and vegetable matter for sustenance, shelter, warmth,
and other requirements and desires. Natural resins and gums have been used for thou-
sands of years. Asphalt was utilized in pre-Biblical times; amber was known to the an-
cient Greeks; and gum mastic was used by the Romans.

In the search by the early organic chemists for pure compounds in high yields,
many polymeric substances were discovered and as quickly discarded as oils, tars, or
undistillable residues. A few of these materials, however, attracted interest. Poly
(ethylene glycol) was prepared about 1860; the individual polymers with degree of poly-
merization up to 6 were isolated and their structures correctly assigned. The concept of
extending the structure to very high molecular weights by continued condensation was
understood.

Other condensation polymers were prepared in succeeding decades. As the molecu-
lar aggregation theories gained in popularity, structures involving small rings held to-
gether by secondary bond forces were often assigned to these products .

Some vinyl polymers were also discovered. Styrene was polymerized as early as
1839, isoprene in 1879, and methacrylic acid in 1880. Again cyclic structures held to-
gether by “partial valences” were assigned.

Acceptance of the macromolecular hypothesis came about in the 1920’s, largely be-
cause of the efforts of Staudinger, who received the Nobel prize in 1953 for his cham-
pionship of this viewpoint®. In 1920 he proposed long-chain formulas for polystyrene,
rubber, and polyoxymethylene. His extensive investigations of the latter polymers left
no doubt as to their long-chain nature. More careful molecular weight measurements
substantiated Staudinger’s conclusions, as did x-ray studies showing structures for cel-
lulose and other polymers which were compatible with chain formulas. The outstanding
series of investigations by Carothers beginning in 1929 supplied quantitative evidence
substantiating the macromolecular viewpoint.

One deterrent to the acceptance of the macromolecular theory was the problem of
the ends of the long-chain molecules. Since the degree of polymerization of a typical
polymer is several hundred, chemical methods for detecting end groups were at first not
successful. Staudinger suggested that no end groups were needed to saturate terminal
valences of the long chins; they were considered to be unreactive because of the size of
the molecules. Large ring structures were also hypothesized; and this concept was po-
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pular for many years. Not until Flory elucidated the mechanism for chain-reaction poly-
merization did it become clear that the ends of long-chain molecules consist of normal,
satisfied valence structures'®. The presence and nature of end groups have since been
investigated in detail by chemical methods.

Staudinger was among the first to recognize the large size of polymer molecules,
and to utilize the dependence on molecular weight of a physical property, such as dilute
solution viscosity, for determining polymer molecular weights. He also understood
clearly that synthetic polymers are polydisperse. A few years later, lL.ansing and Krae-
mer distinguished unmistakably among the various average molecular weights obtainable
experimentally.

Staudinger’s name is also associated with the first studies of the configuration of
polymer chain atoms. He showed that the phenyl groups in polystyrene are attached to
alternate chain carbon atoms. This regular head-to-tail configuration has since been es-
tablished for most vinyl polymers. The mechanism for producing branches in normally
linear vinyl polymers was introduced by Flory but such branches were not adequately i-
dentified and characterized for another decade. Natta first recognized the presence of

stereospecific regularity in vinyl polymers.

gum [gam] n. & polyoxymethylene [ \polijoksi'mefiliin] n. I
asphalt ['esfeelt] n. WEH, MW I

amber ['embal n. XM cellulose ['seljulous] n. #HHE

tar [ta: ] n. FEW deterrent [di'terant | n. FHLEG4
polyethylene [,poli'ebiliin] n. B4 viscosity [vis'kositi | n. K4EE

vinyl ['vainil] n. ZH& polydisperse [ ,polidis'pais] a. ZE4HRIEWN
styrene ['staiarin] n. FZ & phenyl ['fenil] n. %t

glycol ['glaikol} n. Z -8 configuration [ken figju'reifon] n. A
polymerization [\polimari'zeifan] n. B4 H stereospecific [stisriouspa'sifik] n. & Hl 7 ¥
isoprene [ai'ssuprinln. RKX & EFW

methacrylic [ymefa'krilik] n. HEFELHY elucidate [i'lju:sideit ] vz. B BEH

polystyrene [\poli'staiarin] n. BEXZFE

Jseful words and expressions
ethylene glycol Z, K¢ long-chain &%

degree of polymerization B{E end group A

molecular weight 47 & chain-reaction 3R KXMW

secondary bond K&t dilute solution viscosity FEIRWRLE #
methacrylic acid BREFHIER, HEK head-to-tail configuration =k EE#y7H



3. Notes to the text

(1) As the molecular aggregation ‘theories gained in popularity, structures involving small rings
held together by secondary bond forces were often assigned to these products. H F4 T4 & HEit 4t
WBT, MHEXE>LHSEHWERBRERNBIESEEN /DT,

(2) Acceptance of the macromolecular hypothesis came about in the 1920’s, largely because of the
efforts of Staudinger, who received the Nobel Prize in 1953 for his championship of this viewpoint. F &
B T Mg T 4% (Staudinger) #9535 77, 20 42 20 ER @A FEE A BANER, ERB FX MW, 1953
FHERTENRE.

(3) Not until Flory elucidated the mechanism for chain-reaction polymerization did it become clear

that the ends of long-chain molecules consist of normal, satisfied valence structures. H | Flory (1937)

BEHARNRAVEUE, KBESTFRERRREENHNNBENNBEETBES.

4. Additional information

PEEERES AR 1

BiENEE. MiFR-MESTREE. HEFRE 0 HESXFNEHS—MHEEXF
RisiR,” GXEIGERMFAFNAFRMRE, HEEEMFELREBEE, HABFS LK. %
B LB Z YIRS F

B, MERG. RN BB RARE. T S & B SE B8Ry
FRIAE. “F7 B2 BLIR &7 BZEN, BOERSE, B HZBR, EXasmnE,
BENS.

MPHEBRT S, RSB, B, W%, FHEN®R, RAENS L., BB, BE
BAAZLBBETHRX. ZRWE, BRRRAEX, REAEMAE, SEHT2ZL0, B, &
RUREXELEFH WO FEER, FEESE, WO . A% REECERTEHEE. B, %
AILHEET, FERWE, OREBIMGEER, KR,

(1) Early investigations of macromolecular structures showed that
a.it was a long-chain structure b.it was a cyclic structure
c. it was a colloidal structure
(2) When did experimental methods of molecular weights become available?
a. 1826 b. 1880 c. 1920 d. 1929
(3) Whose investigations were considered very import in acceptance of the existence of macro-
molecules?
a. Raoult b. Van’t Hoff c. Staudinger d. Flory.
(4) The degree of polymerization of a typical polymer is
a.only several b. several hundred c. several ten
(5) Staudinger suggested that no end groups were needed to saturate terminal valences of the long
chains. Do you think so?
a. Yes b. No



(6) Who found experiment methods to obtain molecular weight for such substance as rubber

starch?
a. Raoult and Van’t Hoff. b. Raoult and Standinger
c. Standinger and Carother. d. Carother and Raoult.

(7) When was the first synthetic polymer prepared?
a. 1860 b. 1826 c. 1920 d. 1880
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Lesson 2 Basic Concepts of Polymer Science

Almost half a century ago, Wolfgang Ostwald coined the phrase “the land of ne-
glected dimensions ” to describe the range of sizes between molecular and macroscopic
within which occur most colloidal particles. The term “neglected dimensions” might
have been applied equally well to the world of polymer molecules, the high-molecular-
weight compounds so important to man and his modern technology. It was not until the
third decade of this century that the science of high polymers began to emerge, and the
major growth of the technology of these materials came even later. Yet today polymer
dimensions are neglected no more, for industries associated with polymeric materials
employ more than a third of all American chemists and chemical engineers.

The science of macromolecules is divided between biological and nonbiological mate-
rials. Each is of great importance. Biological polymers form the very foundation of life
and intelligence, and provide much of the food on which man exists. This book, howev-
er, is concerned with the chemistry, physics, and technology of nonbiological polymers.
These are primarily the synthetic materials used for plastics, fibers, and elastomers,
but a few naturally occurring polymers, such as rubber, wool, and cellulose , are includ-
ed. Today, these substances are truly indispensable to mankind, being essential to his
clothing, shelter, transportation, and communication, as well as to the conveniences of
modern living.

A polymer is a large molecule built up by the repetition of small, simple chemical u-
nits. In some cases the repetition is linear, much as a chain is built up from its links. In
other cases the chains are branched or interconnected to form three-dimensional net-

works?

- The repeat unit of the polymer is usually equivalent or nearly equivalent to the
monomer, or starting material from which the polymer is formed. Thus the repeat unit
of poly (vinyl chloride is —CH,CHCl— ; its monomer is vinyl chloride, CH,=CHC].

The length of the polymer chain is specified by the number of repeat units in the
chain. This is called the degree of polymerization. The molecular weight of the'polymer
is the product of the molecular weight of the repeat unit and the degree of polymeriza-
tion”. Using poly (vinyl chloride) as an example, a polymer of degree of polymeriza-
tion 1000 has a molecular weight of 63x1000 = 63000. Most high polymers useful
for plastics, rubbers, or fibers have molecular weights between 10, 000 and
1,000, 000.

Unlike many products whose structure and reactions were well known before their

industrial application, some polymers were produced on an industrial scale long before
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their chemistry or physics was studied. Empiricism in recipes, processes, and control
tests was usual.

Gradually the study of polymer properties began. Almost all were first called
anomalous because they were so different from the properties of low-molecular-weight
compounds. It was soon realized, however, that polymer molecules are many times
larger than those of ordinary substances. The presumably anomalous properties of poly-
mers were shown to be normal for such materials, as the consequences of their size were
included in the theoretical treatments of their properties.

Primary chemical bonds along polymer chains are entirely satisfied. The only forces
between molecules are secondary bond forces of attraction, which are weak relative to
primary bond forces®. The high molecular weight of polymers allows these forces to
build up enough to impart excellent strength, dimensional stability, and other mechani-

cal properties to the substances®.

wo
coin [koin) vz. #3& (4], iR indispensable [indis'pensabl] a. ARA[HRA
elastomer [i'lestoumo] n. WL empiricism [em'pirisizom] n. 2R F L
monomer [ 'monema] n. Bk anomalous {a'nomalas] a. REH, W

recipe [ 'resipi] n. EF !

| words and expression
build up AR, R, BH poly (vinyl chloride) BRE &
three dimensional network Z4ERIAREEH primary bond F {4
repeat unit B F BT dimensional stability R~} &4

3. No he text

(1) In some cases the repetition is linear, much as a chain is built up from its links. In other cases
the chains are branched or interconnected to form three-dimensional networks. XEE A R R
KA, BB R AR B EERE R FR G

(2) The molecular weight of the polymer is the product of the molecular weight of the repeat unit
and the degree of polymerization. BA#MN 4 FTREEH A THH FRERSBEHR,

(3) The only forces between molecules are secondary bond forced of attraction, which are weak
relative to primary bond forces. 4> FRIME—BEH M HRKMBH I H, XM3 DL ENREY H=E
N,

(4) The high molecular weight of polymers allows these forces to build up enough to impart excel-

lent sirength, dimensional stability and other mechanical properties to the substances. HTFEEYHD

TN, XL HFURMBEL, XSy RAAEEFAME. RTREEAEM 2 HeE.
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4. Add "
BEXEMES BRI

BEEE. ERSGAT LR, ERENRTEFRER. AN TR,

(1D FREMEL . BERRANEEFE, FHLI0E T L AR. BRI URTHE 2%
RIBHFE TN, Flm. yield —BiFE =&”, MAEMLPRE “BOKE”, BHLTEF "
&7, R T HEE SRR ® “HHE”, gate —REE K117 R “FIT7, TEERILS
B w07 %, IEFRERA -EWT LM, CEERENEELY, HETREIBXELY
BRBEFERNE, REBETFHE, TULHERRE, AXEGH.

(2) ByIFREFL: wRA, TLBER TRXWERZE, REIRBIIHREEL, BE
X FER FEART A AW BRE Rk BFE S0, BRI AR R Bl g
RS MR, R TR G O R CFER S

) BB B BEBSRANHE -PHL, BUYFEXHEH# - BBELURMEESTHE4
BB, B BEXRE, BERTEMRG, Fot7ogr@am, /Sl E e
AT, FHFELENETE LKA, LUB R BB BRI L.

(1) What phrase did Wolfgang Ostwald coin to describe the macromolecules almost half a century
ago?

(2) What is the science of macromolecules divided? What is this book concerned with?

(3) What is the definition of a polymer?

(4) Why were almost polymers, first called anomalous in the study of polymer properties?

(5) How much is its molecular weight if a polyethylene has the degree of polymerization 10007



Lesson 3 The Inherent Reactivity of Radicals

At one time it was believed that one could assess the reactivity of radicals, and the
converse order for monomers, by considering the change in stabilization energy for the
following process :

R+ CH/—CH-~*R -CH~C H
x X

According to this view, the most reactive monomer will yield the least reactive radi-
cal, and so on, because of their structural relationship. To some extent this view is sup-
ported by data which generally indicate that vinyl acetate is one of the least reactive of
monomers while yielding one of the most reactive radicals, precisely the reverse being
the case for styrene. Unfortunately, for substances of intermediate reactivity the situa-
tion is far less clear cut and it is here that one is forced to conclude that different factors
prove dominant in determining reactivity in different reactions‘*’. With the more strong-
ly polar transfer agents, such as CBr, or FeCl,, the intrusion of polar factors is particu-
larly strong and the concept of a unique order of reactivity cannot possibly be main-
tained.

A conclusive demonstration of the failure of the unique order of reactivity concept is
afforded by an examination of the relative reactivity of polystyrene (S + ) and polyacry-
lonitrile (AN + ) radicals towards a variety of substrates across the polarity spectrum'®".
The data in Table 3.1 indicate that, judged by the standard of transfer with ferric chlo-
ride, the S+ radical is one hundred times as reactive as the AN « , although transfer
with triethylamine leads to the conclusion that the AN « radical is five thousand times
as reactive as the S « . In fact, one can obtain almost any apparent ratio of reactivities
by suitable substrate selection so that bald statements that one radical is more reactive

than another are seen to be without meaning®’.

Table 3.1  Relative rate constants for polystyrene and polyacrylonitrile radicals

Substrate Ratio of rate constants S « /AN «
FeCl; B 77\4_-»777#{‘()() - B -
CH;=CH - CN 2
CH:=CH - (I 0. 05
CH;=CH + ¢ 0. 002
N (CzHs)s 0. 0002




