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3. Long range structure of polymer
chains (8 hours)

contents

3.1 Conformation of polymer chains

3.2 Flexibility of polymer chains

3.3 statistical theories of conformation of polymer chains

required:
« concepts of conformation + flexibility and segments
« factors influencing the flexibility is also important

objective:

to establish the concept of long chain molecule, random coil and
segments
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3.1 conformation (1ag)
3.1.1 Concept Key point

The conformation of a macromolecule of given constitution
and configuration specifies the spatial arrangements of the
various atoms in the molecules that may occur due to the
rotation about the single bonds.
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It means that the conformation can be changed
without breaking the chemical bonds.
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For the very long polymer chains, they are
not always straightly extended, but in curl
state.

Why polymer chains like to be curled?

As we know, many polymer chains are made
up of carbon atoms linked by single bonds.
And polymer chain can rotate around single
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3.1.2 rotation of small molecules

A. Now let’s see the conformation of ethane first.
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Rotational isomers of ethane

Staggered position or trans position

X
Most Carbon
stable atoms

Eclipsed position

@

Least :
atoms

Wentao Hao, Hefei University of 6
Technology




Potentiall energy™ curve of ethane with U= 1 U, (L-cos3y)
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In most cases, ethane will stay in the trans-position to lower the potential
energy of the whole system
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What does the potential energy curve of
butane tell us?

« For polymer chains, they will have lots of
confirmations. (why?)

« Rotation of single bonds on real polymer
chains are not free.

« For polyethylene, the most stable (lowest
energy) state is in the zigzag shape (Z3J¢) .
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C. The Difference between the Conforrnation and the
~

onfiguration (key points)

The term conformation refers to the different
arrangements of atoms and substitutes of the polymer
chain brought about by rotations around the single
bonds.

The term configuration refers to the organization of the
atoms along the chain. It is used to describe those
arrangements of atoms that cannot be altered except by
breaking and re-forming primary chemical bonds.
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3.1.2 rotation of polymer chains

A. First look

Let’s have a close and clear <z~
look on the rotation around a |~
single bond.

Dotted lines means the
possible position of carbon
atoms.

(possible conformation)

Rotation around single bonds

SO3ME
P15
Wentao HaToécl;::l;ellD;Jymversuy of 13 Wentao HaToécl;::l;ellD;Jymversuy of LI 14
. . Rotation of polymer chain
B. Random coil ol £ A
N If the polymer chain is long enough,
v the position of the far end could be

in anywhere in the space due to the
rotation of single bonds.

g .3 That means, the polymer chain are
very flexible.

Sometimes polymer chains are
called the random coils

cP
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conformation of random polymer chainiis like ...
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Flory -

One of the founders of
polymer science,
contributed a lot to
polymer physics, such as
the concept of random
coils, theories of polymer
solution etc.

Paul J. Flory
1974 Nobel Chemistry prize
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3.2 flexibility of polymer chains Key point
e

3.2.1 concepts

The property that polymer chain can adjust their
conformation by rotation is called flexibility.

BR  The stronger the ability to rotate,
the more the conformation,

the better the flexibility.

<
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A. Flexibility at equilibrium state SP&753iM

+ |t refers to the flexibility at thermal equilibrium state.

+ |t depends on the energy difference between the trans

and gauche conformation Ae. R
EFR
‘ a. As Ae/ KT << 1, little hindrance, flexible e
‘ b. As Ae/ KT >> 1, great hindrance, rigid ‘ ﬂexibility

Flexibility at equilibrium state reflects the ability
of molecular chains to change their conformation.
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Ag is very q Ag increases a
small little

What will happen?

Maybe only part of the single bonds is rotatable

5

Motion Single q
Units T segments
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B. Segments §E%

Those short chains restricted in two rotatable
single bonds are called segments.

MRENRMS FHEPRRAGERES RN, BhTRERNLE
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R BB, RAMEE. BREMENN, SRKER—
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C. Flexibility and Structure

Flexibility - rotation _ structure

Q.

BFAFTARRRSHOTHRIMENREARE, MRHFHEN
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3.2.2 Internal and External Factors

I Structure of main chain
1l.  Substitutes (BY{E)

1
1

A Internal | 111.  Branching and cross-linking

Factors “I IV.  Length of polymer chain
P SES | V. Intermolecular force (33Ha)

1
S~ VI Crystallization (£5&)

B External ' T |1.  Temperature

Factors '\I 1. External Force
‘= |1l Solvent
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A. Internal factors 1. structure of main chain
i. Carbon chain polymer; ii. Heterochain polymer

RERDF
o
— O—(CH,)—O0—C—(CH,)—C — > —CH,—CH,—
6 4 polyethylene
cH cH polyester
| o0
—Si—0—Si— > ¢ o—c¢
‘ ‘ PDMS EoMm
CH, CH,
o, o, o,
- 0— — —o— —o— —
C—0—C om > Q Q ° Q
S o -
Summary: 1) Bond length, 2) bond angle, PPO
3) substitutes and (4) phenyl groups
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A. Internal factors 1. structure of main chain

iii. 1solated double bonds; iv. Conjugate double bonds
arwe FEwR

Single bonds adjacent to the isolated double bonds are of
STRONGER ability to rotate.

R R1

N

R3/ \RZ o o
Why?

For conjugate double bonds, it is quite different. They
can not rotate.
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A. Internal factors
11. Substitute
i. Polarity of substitutes;

interaction ﬁ . l
rotation
polarity I flexibility 1

| polarity: -CN > Cl > CHj; flexibility: PAN < PVC < PP

fH=lrdold
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A. Internal factors
11. Substitute
ii. Symmetric substitution SYFREME

The better the symmetry, the better the flexibility. For
example, the PIB and PP.

H  CH, H H

| | ° PIB \ | PP
—Cc—cCc— > 7(‘:70‘7

\ |

H  CH, H  CH,

Same potential energy for
left and right gauche
conformation

different potential energy
for left and right gauche
conformation
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A. Internal factors
I1. Substitute
iii. Distribution of substitutes
—C—Cc—Cc—Cc—C—C— —C—Cc—Cc—c—C—cCc—

\ [ ] \ \ \
cl cl cl cl cl cl

Chlorinated Polyethylene (CPE)| | Polyvinyl Chloride (PVC)]

HR2%

CPE > PVC
Rubber-like Plastic
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A. Internal factors
I1. Substitute
iv. Size of non-polar substitutes

Bigger substitutes

2

Greater hindrance

3

Little flexibility

Size: Flexibility:
-CeHs > CH; > H PS <PP <PE

!
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A. Internal factors
111. Branching and Crosslinking

Length of branched chains '

)  flexibility
crosslinking degree ' (WHY?)

) [fiexibility [@
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A. Internal factors
1V. Length of polymer chain

L...e...n...g...t...h of molecular chainl

‘ conformation
) flexibility [
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A. Internal factors
V. Intermolecular force

LARGER intermolecular forces

fexibil
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A. Internal factors
VI. Crystallization

Crystallization of some flexible polymer chains,

such as PE, PP and PEO will freeze the motion

of molecule chain, so that the flexibility can not
be easily observed.
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B. External factors
|. Temperature- Enhance

Temperature I rotation flexibility
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B. External factors

I1. Force - restrict
mobility of molecular I
- )(/:hains u @ ‘ Flexibility @
111. Solvent — increase

mobility of molecular ﬁ ‘ EiSaBiig ﬁ

chains
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Summery

1. Rotation (conformation), flexibility,
segments

2. the relationship between them
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Summery

» Small hindrance, Easy to rotate;

» The more the Single bonds rotatable, the
more the conformation;

» The shorter the segments, the better the
flexibility.
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Time to ask questions
©OOOO
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PEIEWER DRSS, PITREENT 2201,
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&S,
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MRS K = BRPER, EHER.
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fl2. R TRI#MREMEORIRNE, FHRARTA?
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|
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4. LEEEAT =N REMBRINE, NEHEEEIRARE.
@ {cH,—CcH—CH @7CH2%
@ +cH=cH— CHZ@7CH2%
®) {»CHTCHTCHz—@chZ}n

ﬁ.

(1) BRIMRA, EANERSEIRRE; (2)
g’g%'li"tﬁjt, BhRBRIIRE; ) NTF
o
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5. I $ETA 8 R SRR RBEORIAE. HEMTENT:

I
“+P=N35

&
iR ENRERINMNE .
BX:

(1) 8208 7N0.16nm, H,C-CH0.154nmig+,
B TREDFENEEIER;

(2) NEEMAMC=CIEN120 °TR135 °;
BRENBIERHT = RERSAIEF.
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3.3 statistical theory of the conformation of
polymers chains

Contents: P72-76, section 3.3.3

The single freely jointed chains

The freely rotatable chains

The equivalent freely jointed chains

Objective:
* To know the statistical theory

Wentao Hao, Hefei University of 48
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3.3.1 the single freely jointed chain
ERERFERESH

Single freely
jointed chain is
the simplified
model of real
polymer chains

BKEE. BATERE. AiEFEH
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A. Some assumption:

¥ The real chain is replaced by a set of points
{'ointed by n equal one-dimensional links of
ength |. The contour ﬁ?ﬁﬁ) or fully extended
t

length of the chain is then nl.

v It is assumed that there is no restriction on the
angles between the links; the angles are not
restricted to lie on cones ([F4).

¥ It is assumed that no energy is required to
change the angles.
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B. Root-mean-square (RMS) length of an
unperturbed randomly coiled chain

TRTTASDEAWRITSKE, THREEIRISS KRR

Fig. 3.6 Calculation of
the RMS chain length.

The thick lines — five
actual links;

The curve - the other
parts of polymer chain

The angle 4 is the angle
between the ith link and
the OX axis.

Textbook p73
0 X

Wentao Hao, Hefei University of 52
Technology

Calculation of r
« Letr to be the end-to-end vector of the chain

rX=ZIcos€i

r’= I{Zcos2 6+ cos6, cosﬂj]
i

i#]

If r.2 is averaged over a large number of chains, the
second term averages to be 0. Then ...

<rx2> = nI2<coszei> :%nl2

‘ *<r,2 > means the average of r,2 ‘
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¢ Dueto

» and
r¥)=nl?
* then < > .
Fems = \/@ = nEI
<r2> o n
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C. Comparison between RMS length and
fully extended length

* Tgyus = N2
* Fully extended length = nl
e n¥2] <<nl

That means the chains are generally in curled state rather

than in extended state.
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HTAIHRRE REDT HERORT.
1975 - AW hZ = rigus = nl?

AZIRT | BSKIKE
(AIERES | » || [ amRs |
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D. Radius of gyration (QFEER)

ry is the RMS distance of the
atoms on the chain from the
center of gravity of the chain.

q
Il

e
6

9

BATYE, p30
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3.3.2 freely rotatable chains B BIE¥5EE
(BKEE. BREE. AltESH)

Er:iili 1, znlz1+cos€

The subscript f, r indicates

i1 2 1—cosé freely rotatable
o O l
© cos 0 = cos(180° ~109.5°)~ 5
E7 |21+COS6’: 2
' 1-cosd

REREGS, SEOLSHE, SHik
HAEABH, FHXRMBIEA—E
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For the freely rotatable chains

—_n|21+0059

h? . =2nl?
’ 1-cosé
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If the interaction between the non-
adjacent atoms was considered......

_n|21+cos¢9'1+a

n? re
1-cosf 1-a

. IOZ” U 0)/KT cosgdp h 2 © N
a =CO0S =
¢ J’z" @ U(@)/kTdg
o

IR TR BERE IR R
U(+9) = U(-9)

Wentao Hao, Hefei University of 60
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For isotactic & syndiotactic polymer

_ 2 2
h? = n|21+cos€' L a2 s > isotactic
1-cos@ (l-a°)+p
= 1+cosd 1-(a® + B%)°
h? =ni2 =" . (@ +f) 5 syndiotactic

1-cos@ (1-a?)+(a—a’®-p?)

J'Uz”efu (0)/KTsingdo

J':’Tefu(w)/dew

h? © n psin’o=
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Generally, for a flexible polymer of
n links

h? =nG,(1,0,a, ) © n
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3.3.4 Gaussian chain (S H75%)

m If a chain has such a property that the
actual end-to-end distance is much less
than the fully extended length, r <<nl, it
is called the Gaussian chain.

m W RFER G YRI5 AR I BE 1E b T 3R
FEESTE, WZReWH Ttk
Bl KBRSk
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3.3.4 Gaussian chain (S H75%)

OP <<nl

/0 y

X the Gaussian chain with one end free and
another coincide with the origin

Fig. 3.7, textbook p74
B1-13, EAFWE p25
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Gaussian error function or normal
distribution (FHTRZEREERESS M)

« The probability that P lies in
the small element of volume
dxdydz at (x,y,z) is

~
>
* p(xy,z) dxdydz = =
(b¥ = 32)exp(-b?r?)dxdydz
*  Where b? = 3/(2nl?), r2 = x2 +y2 +22
* p(xy.2) = (b¥ = 32)exp(-br?)
Gaussian error function or h
normal distribution
‘ AR BETDHRE http://lyceum.blog.sohu.com/19390390.html
Wentao Hao, Hefei University of 65
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The probability P(r)dr that the end P lies somewhere in

r

P(r)dr= P(O-f}n#dr: 4,,;2([)3 / ”Q'Z)EXF(—bZrZ)dr
] /},{.;;:;:: p(r)=p(x y,2) =(b3/”3/2)eX[(—b2r2)
S P(r) = plr)-dar? =4 (b° 1 292 Jexpl—b2r?)

Wentao Hao, Hefei University of 66
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The mean square end-to-end distance
of Gaussian chain

<r2> = J‘: r2p(r)dr = J': r247zr2(b3 /7r3’2)exp(— bzrz}ir

3
() =57

Ob?= Z:IZ ,.'.<r2>=nl2

Coincide with the calculation by
geometrical methods

Wentao Hao, Hefei University of 67
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KT RS ER

s XTEIENTELR LELRAUBHRES
ARV, ArREnRK

o BT H—inE e R AT B e
RS RR L, REESHEK
UEE A rIN R LR R, BESkHAR
WeEE, &5 MRMNIE

o S TFERFMRS T, BIIREETIE
AeiEH?
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3.3.4 equivalent freely jointed chains
FYEBESE

Key point
1. What is “ equivalent freely jointed chains™?
2. How to calculated it?

Q1. What is “ equivalent freely jointed
random chains”?

« If the chain is long enough, it maybe considered as
Gaussian chain though NO real chains are freely jointed
random chains.

« Suppose chains are composed of n, segments with length

3. “Segments”, what’s the meaning here? ofl, .
Lmax = nele
In the form of freely h 2 _ I 2
BOIME, p27 jointed chains 0o - ne e
Wentao Hao, Hefei University of 69 Wentao Hao, Hefei University of 70
Technology Technology
Q2. How to calculate it? Example of polyethylene

N
Lmax = nele :
- . -y
2
hO = nele _;'
2
n = I =
e 1%
L
ho max
Wentao Hao, Hefei University of 71
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Fully extended chain length

Loy =0l cos(gJ
2

" 4 1+cosé Suppose polyethylene chain is
2 —
Since 08 [E] - [ 2 j freely rotatable chain
and 1 — )
cosf ~ = h® =2nl
8 2
_ L max n
: CMe=Te =3
( 0 j ( 2 j 2 i h 3
CoOs| —|=| — ) _
Then 2 3 :> N h?
and . | L= =248
Lmax = [gj nl max
Wentao Hao, Hefei University of 72

Technology
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Q.3 “Segments”, what does it the
mean?

« Segments here replaced
the single bonds to
function as the smallest
rotatable units.

Wentao Hao, Hefei University of 73
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3.3.5 Characterization of Flexibility

1. Rigidity factor RIMRF Key point
_[R2 /h2 2
o=[hy/h; ]
By experiments By calculation

RYNRK RN, SHURIN, FUIS5AMEAUN. BT UBSNNTTRNES
RIREDS B BNerRIPS R IR - RIMRF, (FADTERINMNER,

Bigger o, less flexibility ;

smaller o, better flexibility.

Wentao Hao, Hefei University of 74
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2. Characteristic ratio h2 A2
prosiny C,=h;/nl

By experiments By calculation

Freely jointed
chains

C,=h2/nl> =1

Fully extended _n? 2 _
chains Cn_holnl =n

The smaller the C,, is, the more flexible

3. length of segments |,

« If we use equivalent freely jointed chain to
describe the molecular size, the more flexible the
chain is, the smaller the I, (length of segments) is;
the larger the I, value, the more rigid the chain is.

« SUSHEHESEHANIRY, WEEx
IR, RN, RUILERKEHOIURERNR
IRt HERKEIAKX, M=

the chain is.
Wentao Hao, Hefei University of 75 Wentao Hao, Hefei University of 76
Technology Technology
Summery | Summery 11
=IO RIREBENRTIE: =D T HRINMNRTOE
1. Freely jointed chains: 2 _ 2 1. Rigidity factor ") 2 q1/2
. i g = 1 s o=[h /hi,]
2. Freely rotatable . . . —
ins: — 2. Characteristic ratio 2 2
chains: h?rz , 1+ cos @ Cn :ho /nl
3. Equivalent freel ’ ity
- =4 [reely 3. Length of segments |
jointed chains: . e
2 2
he =n.l,
Wentao Hao, Hefei University of 7 Wentao Hao, Hefei University of 78

Technology

Technology
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Time to ask questions
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Bl EFREEERMEREEEERN S XRENME S FROMKAMHE?

fR:

FTB a1 IR RREO AN THNEQRK DN, HEN=4£TE
L8NG, BXE, ERDLSOIKEHEHRRINED, HadFE
ERROAREMEE=4%E LIEERNMRE.

BATEVPFRORITANEEFA—ERIEEFA, TRRINR
7, APHNCRFT ERHRT, MNHRT SRR 270)90.240nm,
LM MHRFIARNERE, HEEEEEN0.247 nm, AFIRNAEREN
0.226nm, FIt, HRIJAHEEFAIERANRS, EFTREERER
FaERUIt.

AREEHRFRNEE, BEXREOINARKERME, E2ERaT
AERINEEAITT/)\T 8 BPiTEiE. SERERA, BRMML

b, SATHENRMME)\ TRIEEFATNKT, BTRSID. BKX
AFEDOBRENRINR T OB TLRONIEE:, TEREEIEE
TRBEBRMRANRT, KTEBEERNCI. TIEWHHBEEA
e, BREED, RMTH, RIREZEA.

BAFESFARERBISREER T EE5FR.
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f512. C—CHEHKH0. 154nm, KBS 100089 B HLE S HEMI T IRAKIHEE .

(h*)=nl”

<h2>% —4.87x107°m
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3. HEHRT K105, NRESEFT XZVHE?

1o<h2>% :(100n|2)%

TR SRR K100fS.
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fBla. BEBZHEMOBAEH2000, EHA109.5° , KMEEMKELnax 5 HHKE
BEMIRN A RMEZ LE. FES FENNSBBRELS S FHRENNERT
AIAF=ERAERAEE .
1
R NTFRI2EE . (ﬂ5|
n

(A1
3 (hf,,F =~/nl
n=2x2000=4000 (F=#&ithi557)93999)

b Lo (F)% =7 = {409, =365

max

TJNEDTHAE—RER TRELSEMN, HENERTERTMNG
REENITETHR. TRELRDOIWRENNER TIUERK
X, Bitt, REE200000RZKTRARILIEI6.5E.

ER: AXNRMnARY, MAEREE, A®EHnA4000, MAR2000.

Wentao Hao, Hefei University of 83
Technology
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