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PART A Polymer Chemistry & Physics

UNIT 1 What are Polymers?

What are polymers? For one thing, they are complex and giant molecules and are
different from low molecular weight compounds like, say, common salt. To contrast the
difference, the molecular weight of common salt is only 58. 5, while that of a polymer can be
as high as several hundred thousands, even more than thousand thousands. Thesc big

’ are made up of much smaller molecules. The small

molecules or ‘macro-molecules
molecules, which combine to form a big molecule, can be of one or more chemical
compounds. To illustrate, imagine that a set of rings has the same size and is made of the
same material. When these rings are interlinked, the chain formed can be considered as
representing a polymer from molecules of the same compound. Alternatively, individual
rings could be of different sizes and materials, and interlinked to represent a polymer from
molecules of different compounds.

This interlinking of many units has given the polymer its name, poly meaning ‘many’
and mer meaning ‘part’ (in Greek) . As an example. a gaseous compound called butadiene .
with a molecular weight of 54, combines nearly 4 000 times and gives a polymer known as
polybutadiene (a synthetic rubber) with about 200 000 molecular weight. The low molecular
weight compounds from which the polymers form are known as monomers. The picture is
simply as follows

butadiene +butadiene + -+ 4-butadiene —>polybutadiene
(4 000 times)

One can thus see how a substance (monomer) with as small a molecular weight as 54
grows to become a giant molecule (polymer) of (54 x4 000=) 200 000 molecular weight. It
is essentially the ‘giantness’ of the size of the polymer molecule that makes its behavior
different from that of a commonly known chemical compound such as benzene. " Solid
benzene, for instance, melts to become liquid benzene at 5.5 C and, on further heating,
boils into gaseous benzene. As against this well-defined behavior of a simple chemical
compound, a polymer like polyethylene does not melt sharply at one particular temperature
into clean liquid. Instead, it becomes increasingly softer and. ultimately, turns into a very
viscous, tacky molten mass. Further heating of this hot, viscous, molten polymer does
convert it into various gases but it is no longer polyethylene (Fig. 1.1) .

Another striking difference with respect to the behavior of a polymer and that of a low
molecular weight compound concerns the dissolution process. Let us take, for example,

sodium chloride and add it slowly to a fixed quantity of water. The salt, which represents 4
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BN - Vatious o
= decomposition

Gaseous products-but
benzene [ not polyethy-
lene

o Molten
Liquid polyethylene
benzene

5.5T ¥ heat

o Solid
Solid polyethylene
benzene

Fig. 1.1 Difference in behavior on heating of a

low molecular weight compound (benzene) and

a polymer (polyethylene)

low molecular weight compound, dissolves in
water up to a point (called saturation point)
but, thereafter, any further quantity added
does not go into solution but settles at the
bottom and just remains there as solid. The
viscosity of the saturated salt solution is not
very much different from that of water. Burt if
we take a polymer instead, say, polyvinyl
alcohol, and add it to a fixed quantity of
water, the polymer does not go into solution
The

alcohol first absorb water, swell and get

immediately. globules of polyvinyl
distorted in shape and after a long time go
into solution. ¥ Also, we can add a very large
quantity of the polymer to the same quantity
of water without the saturation point ever

being reached. As more and more quantity of

polymer is added to water, the time taken for the dissolution of the polymer obviously

increases and the mix ultimately assumes a soft, dough-like consistency. Another peculiarity

is that, in water, polyvinyl alcohol never retains its original powdery nature as the excess

sodium chloride does in a saturated salt solution. ® In conclusion, we can say that (1) the

long time taken by polyvinyl alcohol for dissolution, (2) the absence of a saturation point.

and (3) the increase in the viscosity are all characteristics of a typical polymer being

STIR WELL ADD MORE
——
CRYSTALS
AND STIR
Sodium chloride crystals Crystals go into solution. Saturated solution
added to water Solution viscosity not is formed.Excess
much different from of crystals remains
water viscosity undissolved
Sodium Chloride Dissolution
ALLOWED TO STIR WELL CONTINUE
—_— e —_—
STAND STIRRING

Polyvinyl alcohol
fragments added

to water

Fragments start
swelling

Polymer Dissolution

Fragments go into
solution slowly

Viscous polymer
solution is formed.
Solution viscosity
much higher than
water viscosity

Fig. 1.2 Difference in solubility behaviour of a low molecular weight

compound (sodium chloride) and a polymer (polyvinyl alcohol)



dissolved in a solvent and these characteristics are attributed mainly to the large molecular

size of the polymer. The behavior of a low molecular weight compound and that of a polymer

on dissolution are illustrated in Fig. 1. 2.

**** Gowariker V R, Viswanathan N V, Sreedhar J. Polymer Science. New York:
John Wiley &. Sons, 1985. 6

Words and Expressions

polymer ['polima’ n. B4 . 5EYD
common salt n. f
macromolecule [makra'molikju;l ] n. K3F.&89F
imagine [i'maed3in ] v. HE N
interlink [inta'link ] v. B HEEEEX

n. i
butadiene [bju:ts'daiiin ] n. T4
monomer [ 'monams ] n. Bk
synthetic [sin'getik ] a. A LR
behavior [bi'heivie] n. i3: R
polyethylene [poli'edili:n] n. KW
viscous ['vaskas ] a. g N
tacky ['teeki ] a. (FW)ERB

n. 4
dissolution [disa'lu:fan] n. 0y
dissolve [di'solv] V. g B
saturation [setfa'reifan ] n.  #n
settle ['setl] v. TUE LR, & i
viscosity [vis'kositi ] n. 1 ARl
polyvinyl alcohol n. BRZwmm
globule ['globju:l] n. INER R R
swell [swel v. sn. B
dough {dou’ n. PO EE . FEFME
consistency [kon'sistansi) n. TRk B
powdery [ 'paudari] a. 518 1
solvent ['salvent] n. &
peculiarity [pikjuli'eriti] n. 0
crystal ['kristl] n. Sk, R
fragment ["reegmant_ n. 2= I

for one thing ¥ %
B 4n, 24 K 1

as an example

Phrases

as against  Fiee- LR K, oo fE R

convert. . . into. . .

- IR

with respect to X T, & it
a quantity of... K&,

in conclusion #2Z,®/G

be attributed to... HEF,AHL--

E3
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Notes

“It is essentially the ‘giantness’ of the size of the polymer molecule that makes its behavior different from
that of & commonly known chemical compound such as benzene. ” g4k It is ... that. .. B EESEH .
the “glantness’ of the size of the polymer molecule B MIFW B FRFE , TERNEANESYH LR
+ 7. HF & B E R “makes”. “its behavior” £ *makes "M B E, TF N R AP MM, “differemt
from... "R 5K A BIE S tha "fORFHT I C 8 BT M9 behavior” U@ EH . AR TR .LF L.
ERESH TREYME RN FRYAFHBESE TREZSHEY -BILSWHEE.

* “The globules of polyvinyl alcohol first absorb water. swell and get distorted in shape and after « long

time go into solution. /& -- MR $ §), “the globules”H Fi& E BB "8 “BR "8 ., K04 W4 #5018
ifi » W absorb . swell . get distorted & go into. “get distorted in shape "HhUget T EGETERNESIES.
EHHELR "RLABEPFNERBKERK, LB T2 3B K0 ELE ARLIHBE S FOE ARNE
i

) "Another peculiarity is that, in water, polyvinyl alcohol never retains its original powdery nature as the

excess sodium chloride does in a saturated salt solution. ” # # i that B RFEEBNA, M A B EIE Its
original powdery nature” T E " H MR MM K RAE".BE R as I FHH AREBEN T, N B “does ™ i
FE AT B B8 317 “retains”, £ 03X %H."8 “IMERR EKPRIBER SRS BN RILHER
MERBPMWHEERFRITHOR RS,

Exercises

T'ranslate the following into Chinese

Not all polymers are built up from bonding together a single kind of repeating unit. At the other

extreme, protein molecules are polyamides in which » amino acid repeat units are bonded together. Although

we might still call # the degree of polymerization in this case. it is less useful. since an amino acid unit might

be any one of some 20-odd molecules that are found in proteins. In this case the molecular weight itself,

rather than the degree of polymerization, is generally used to describe the molecule. When the actual content

of individual amino acids is known, it is their sequence that is of special interest to biochemists and molecular

biologists.

2.

3.

{.

Give a definition for each following rword
(1) molecule
(2) monomer
(3) polymer
Put the following words into Chinese
structure data equation pressure liquid laboratory solid
molecule temperature measurement compound electrical
Put the following words into English
ME BR % PWE S& FEF HR KB Hn R BS

Reading Materials

Structure of Polymer Chains

In many cases polymer chains are linear. In evaluating both the degree of polymerization



and the extended chain length, we assume that the chain has only two ends. While linear
polymers are important, they are not the only type of molecules possible. Branched and
cross-linked molecules are also important. When we speak of a branched polymer, we refer
to the presence of additional polymeric chains issuing from the backbone of a linear molecule.
Substituent groups such as methyl or phenyl groups on the repeat units are not considered
branches. Branching is generally introduced into a molecule by intentionally adding some
monomer with the capability of serving as a branch. Let us consider the formation of a
polyester. The presence of difunctional acids and difunctional alcohols allows the polymer
chain to grow. These difunctional molecules are incorporated into the chain with ester
linkages at both ends of each. Trifunctional acids or alcohols, on the other hand, produce a
linear molecule by reacting two of their functional groups. If the third reacts and the
resulting chain continues to grow, a branch has been introduced into the original chain.
Adventitious branching sometimes occurs as a result of an atom being abstracted from the
original linear molecule, with chain growth occurring from the resulting active site.
Molecules with this kind of accidental branching are generally still called linear, although the
presence of significant branching has profound effects on some properties of the polymer.
most notably the tendency to undergo crystallization.

The amount of branching introduced into a polymer is an additional variable that must
be specified for the molecule to be fully characterized. When only a slight degree of
branching is present, the concentration of junction points is sufficiently low that these may
be simply related to the number of chain ends. For example, two separate linear molecules
have a total of four ends. If the end of one of these linear molecules attaches itself to the
middle of the other to form a “T7”, the resulting molecule has three ends. It is easy to
generalize this result. If a molecule has » branches. it has v+ 2 chain ends if the branching is
relatively low. Branched molecules are sometimes described as either combs or stars. In the
former, branch chains emanate from along the length of & common backbone; in the latter,
all branches radiate from a central junction.

If the concentration of junction points is high enough. even branches will contain
branches. Eventually a point is reached at which the amount of branching is so extensive that
the polymer molecule becomes a giant three dimensional network. When this condition is
achieved, the molecule is said to be cross-linked. In this case, an entire macroscopic object
may be considered to consist of essentially one molecule. The forces which give cohesiveness
to such a body are covalent bonds, not intermolecular forces. Accordingly, the mechanical
behavior of cross-linked bodies is much different from those without cross-linking.

Just as it is not necessary for polymer chains to be linear. it is also not necessary for all
repeat units to be the same. We have already mentioned molecules like proteins where a wide
variety of different repeat units are present. Among synthetic polymers, those in which a
single kind of repeat unit are involved are called homopolymers. and those containing more
than one kind of repeat unit are copolymers. Note that these definitions are based on the

repeat unit, not the monomer. An ordinary polyester is not a copolymer, even though two



different monomers, acids and alcohols, are its monomers. By contrast, copolymers result
when different monomers bond together in the same way to produce a chain in which each
kind of monomer retains its respective substituents in the polymer molecule. The unmodified
term copolymer is generally used to designate the case where two different repeat units are
involved. Where three kinds of repeat units are present, the system is called a terpolymer;
where there are more than three, the system is called a multicomponent copolymer.

The moment we admit the possibility of having more than one kind of repeat unit, we
require additional variables to describe the polymer. First, we must know how many kinds of
repeat units are present and what they are. This is analogous to knowing what components
are present in a solution, although the similarity ends there, since the repeat units in a
polymer are bonded together and not merely mixed. To describe the copolymer
guantitatively, the relative amounts of the different kinds of repeat units must be specified.
Thus the empirical formula of a copolymer may be written A.B,. where A and B signify the
individual repeat units and x and y indicate the relative number of each. From a knowledge
of the molecular weight of the polymer, the molecular weights of A and B, and the values of
« and y, it is possible to calculate the number of each kind of monomer unit in the
copolymer. The sum of these values gives the degree of polymerization of the copolymer.
Note that we generally do not call na and ny the degrees of polymerization of the individual

units. The inadvisability of the latter will become evident presently.

Hiemenz P C. Polymer Chemistry. New York:Marcel Djekker, 1984. 9

Words and Expressions

linear polymer n. KIEEAY

branched polymer n. XHERY

homopolymer (homa'polimo | n. HEY

backbone [ "beekboun ] n. -]

polyester [poli'ests ] n. ®E

difunctional [di'fankfanl] a. I EgEy
crystallization [kristalai'zeifan] n. gEHRUERD

emanate ['emaneit ] v. BT . KB &, 8508
cohesiveness [kau'hi:sivnis ] n. MBI N R H
terpolymer [to:'palima] n. ZHEY

inadvisability [inadvaiza'biliti ] n. AEEME), Rig %4



UNIT 2 Chain Polymerization

Many olefinic and vinyl unsaturated compounds are able to form chain-like
macromolecules through elimination of the double bond. a phenomenon first recognized by
Staudinger. Diolefins polymerize in the same manner, however.,only one of the two double
bonds is eliminated. Such reactions occur through the initial addition of a monomer molecule
to an initiator radical or an initiator ion, by which the active state is transferred from the
initiator to the added monomer. " In the same way, by means of a chain reaction, one
monomer molecule after the other is added (2 000~20 000 monomers per second) until the
active state is terminated through a different type of reaction. The polymerization is a chain
reaction in two ways:because of the reaction kinetics and because as a reaction product cne
obtains a chain molecule. The length of the chain molecule is proportional to the kinetic
chain length.

One can summarize the process as follows (R + is equal to the initiator radical ) ;

R+ +CH,=CH +CH,~=CH +(sz=?H dreee—n
|
Cl Cl Cl

RhCHQ—ﬁ)H—{?HZAfH—%iHZ--{fHVM«
Cl Cl Cl

One thus obtains polyvinylchloride from vinylchloride, or polystyrene from styrene, or
polyethylene from ethylene, etc.

The length of the chain molecules, measured by means of the degree of polymerization,
can be varied over a large range through selection of suitable reaction conditions. Usually,
with commercially prepared and utilized polymers, the degree of polymerization lies in the
range of 1 000 to 5 000, but in many cases it can be below 500 and over 10 000. This should
not be interpreted to mean that all molecules of a certain polymeric material consist of 500,
or 1 000, or 5 000 monomer units. In almost all cases, the polymeric material consists of a
mixture of polymer molecules of different degrees of polymerization.

Polymerization, a chain reaction, occurs according to the same mechanism as the well-
known chlorine-hydrogen reaction and the decomposition of phosgene.

The initiation reaction, which is the activation process of the double bond, can be
brought about by heating, irradiation, ultrasonics, or initiators. The initiation of the chain
reaction can be observed most clearly with radical or ionic initiators. 2 These are energy-rich
compounds which can add suitable unsaturated compounds (monomers) and maintain the
activated radical, or ionic, state so that further monomer molecules can be added in the same
manner. ¥ For the individual steps of the growth reaction one needs only a relatively small

activation energy and therefore through a single activation step (the actual initiation



reaction) a large number of olefin molecules are converted, as is implied by the term “chain
reaction”. ¥ Because very small amounts of the initiator bring about the formation of a large
amount of polymeric material(1 : 1 000 to 1 ¢ 10 000), it is possible to regard polymerization
from a superficial point of view as a catalytic reaction. For this reason, the initiators used in
polymerization reactions are often designated as polymerization catalysts. even though. in
the strictest sense, they are not true catalysts because the polymerization initiator enters into
the reaction as a real partner and can be found chemically bound in the reaction product,
i-e., the polymer. In addition to the ionic and radical initiators there are now metal complex
initiators (which can be obtained, for example. by the reaction of titanium tetrachloride or
titanium trichloride with aluminum alkyls), which play an important role in polymerization

reactions (Ziegler catalysts) . The mechanism of their catalytic action is not yet completely

clear.
Vollmert B. Polymer Chemistry. Berlin Springer~-Verlag, 1973. 40
Words and Expressions
olefinic [oula'fimk ] a. R
vinyl [ ‘vainil ] n. CLIRE (D
unsaturated [an'setfareitid ] a. i f a4
eliminate Li'limineit v. HEEE, ITH. B *
double bond n. XL
diolefin [ dai'sulsfin ] n. TR
transfer ['traesfa: ] v. (8) %8, (B &%
initiator Li'nifieita n. 51 & )
radical [ 'reedikal . H %
chain reaction n. T 8 K T
terminate [ "ta:mineit v. () 2 4)-
kinetic chain length n. HhH¥EK
polyvinylchloride [pali'vainil'kloraid ] n. REME
polystyrene [poli'staiarin | n. B¥oB
degree of polymerization n. E5E
polymeric [poli'merik ] a. s (B w
mechanism [ 'mekanizom ] n. LE 4]
chlorine ['kloriin] n. " ()
hydrogen [ "haidridzan ] n. g (])
decomposition [di:kompa'zifon ] n. 5348
phosgene [fozdgin” n. KR, RKEE
initiation Linifi'eifon ] n. (#) 4l %k
activation [akti'veifon] n. e (ERD
irradiation [ireidi'eifon ] n. e, |
ultrasonic [altra'sonik} n. =04
catalyst [ 'keetalist ] n. #ALw, g



jonic [tai'onik | a. AW
complex ['kompleks | n. ®a
titanium tetrachloride . P L
titanium trichloride ' n. SEAE
aluminum alkyl n. % 5 4
Phrases
by means of... f&8ByF-- energy-rich ®EE (%) W
one. . . after the other — -4 - from a superficial point of view MEH |- &
be proportional to. ..  Fe-BIF H in the strictest sense =M HIF [
over a large range FERKXHEE N play an important role in... fE- FlIEES
He ... T, B&E, &F B

bring about B, ™4, B

S5

&

@&

Notes

“Such reactions occur through the initial addition of a monomer molecule to an initiator radical or ao
initiator ion, by which the active state is transferred from the initiator to the added monomer. ” ¥ & “such
reaction” BRI FEFTRPIMITH B EARNBTMIERESYHIZ L . 1§I1E “occur” B H X H “through” ] %
B9 AR T RORIE, ATl KR RE S TR, BE N ERER AT EMRG, R
BIREAZE, TRBEHIRE A5 F. “by which” 78 WA o Z0RIE . “active state” a3 fF & M o 0
SRR "IN EES R RS FEEMBA S AR EBES ENET AN, Xy
WHEPLEIENERENBEIRAE L.

) “The initiation of the chain reaction can be observed most clearly with radical or ionic initiators. ” % a] R

DR A, AIE A EEIE “with radical or jonic initiators” £ ¥ E “the inititation” WIEiE, b7l
THHK BEXENS, CECERARBCERMA LT, mER KGR 0IFESHBA, & E&5
EEPRESRAS. BAHNEETURAAEE. WA URTIEM G, BRI REBEEFEEHK
NEBEREHI BB, TRE. “HABBERIEARB TR RN RSB RN T LR S
wE.,”

“These are energy-rich compounds which can add suitable unsaturated compounds (monomers ) and
maintain the activated radical, or ionic, state so that further monomer molecules can be added in the same
manner. ” % GBI “energy-rich compounds” B “FMEA L A M. BHILIE B 417 % 1L “which® 11
FHEBNG, BIGNE “sothat” 5IRMEHENET, BXH. “X&E (LaP) RERESLAY. ¢
AUME ARG EY (B, FH ERR-SMEUBTIR TUGFAMEFESO®RE FiF0
B, BMERKSFRILARBRESTRAE MR

i “For the individual steps of the growth reaction one needs only a relatively small activation energy and

therefore through a single activation step (the actual initiation reaction) a large number of olefin molecules
are converted, as is implied by the term ‘chain reaction. *” #1e5 £ % “one” F Y REMBAEYE K Z i
“steps”, “one” RHEP, BMIGTE “steps” FH . HTFHEIT N as HEHEENT. AR me
THF L fas” FEMNEPE R, BN X TR RS R R, B BUH BN LY
EAEE, B, B - M AMEERN (B3 %KD S RERKDY FHEL RESY, . &
EWMERRX T RIBEOABIE.”



{o

Exercises

V. Dlcase fill in the correct answers into the blunks in the followwing passage
Another striking difference with respect to the hehavior of a4 polymer and _of a low molecular

weight compound concerns the dissolution process. Let us 1zkes for example, sodium chloride and add it

slowly 1o a fixed  of water. The salt, which represents a ~ molecular weight compound.
dissolves in water up to a point (called — point) but, thereafter, any further quantity added does not g
into solution but sertles at the  and just remains there as solid- The viscosity of the saturated salt
solwtion is not very  different from that of weter. But if we take a polymer instead. say, polyvinyl

alcohol. and add it to a fixed quantity of water, the polymer does not go into solution immediately. 1he
globules of polyvinyl alcohol first — water, swell and get distorted in shape and after a long time go o
solution.
2. Translate the following into English
MG PR AR R, T R S KR L, HAj. BZ®Uu s &
W TP B REERMANTA A, 0y SR a5 b
3. LPut the following words into Chinese
macromolecule  tacky  settle  hehavior molten polvmer  distort  viscous  butadiene synthetic
globule powdery fragment
V. Put the following words into English
AU M W Rk 4 X ST kaW Bw BR KATHS
B riay
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Reading Materials

Overall Kinetics of Chain Polymerization

Radical chain polymerization is a chain reaction consisting of a sequence of three steps
inttiation, propagation, and termination. The initiation step is considered to involve twWo
reactions. The first is the production of free radicals by any one of a number of reactions.
The usual case is the homolytic dissociation of an initiator or catalyst species I to yield a pair

of radicals R »

ka
] —>2R - z. 1)
where £, is the rate constant for the catalyst dissociation. The second part of the initiation
involves the addition of this radical to the first monomer molecule to produce the chain

initiating species M, »

kl
R+ +M-—M, . (2.2
where M represents a monomer molecule and 4 is the rate constant for the initiation step
(Eq. (2.2)) . For the polymerization of CH.=—CHY , Eq. (2.2) takes the form

H
R «+ CH~CHY——R—CH,—C - (2.3
Y



