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Studies on Formaldehyde Condensation Resins. 
XII. Gelation Theory for 

Tetralunctional Amino Resins

TADASHI URAGAMI and MASAYOSHI OIYVA, Department of 
Applied Chemistry, Faculty of Engineering, Kansai University, 

Osaka, ■Japan

S y n o p sis
General kinetic equations for the gelation reaction of tetrafunctional amino monomer 

w ith form aldehyde are form ulated according to C ase’s gelation theory. T he ratio of the 
rate constant of the condensation reaction to that of the addition reaction is evaluated by  
applying a theoretical kinetic equation to the experim ental m easurem ents. T he ratio of 
the rate constant for addition of an im ino group to that for an amino group is also deter
mined by  com bining the kinetic equation, stoichiom etric relation, and expression for the  
gel point. T he tota l yield  of resin, the yield  of sol, and the num ber-average molecular 
w eight of the sol fraction are discussed.

Introd uction
A theoretical treatment of gel formation was first applied to a polycon

densation reaction by Flory.1-4 Papers by Stockmayer8,6 on the gelation 
of high polymers appeared at around the same time.

Flory’s gelation theory has been applied in the quantitative treatment of 
curing reactions of thermosetting resins including phenol formaldehyde,7,s 
polyester,9'10 and epoxy resins.11'12 Recently, Ishii et al.13-16 reported on 
the kinetics of gel formation in phenol-formaldehyde resin, with considera
tion of the difference in reactivity of o- and p-phenol.

However, previous kinetic studies on the gelation of addition-condensation 
resins have been largely confined to reactions of the polycondensation type, 
involving reactions of monomer with hydroxymethylated or chlormethyl- 
ated compounds.

The addition-condensation amino resins are formed by a combination of 
two different reactions, addition and condensation, as follows:

Addition:
OII.OII/— N i l .  +  IIC1IO —*■ — N\ H

>N 11 +  IIC IIO  > N — C H 2OH
1

©  1971 by John W iley & Sons, Inc.
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Condensât ion :
d i a —

— N i l ,  +  H O C II,------ * —  N  +  ICO\
II

> N H  +  IIOCH 2------>• > N — CHa----- h H 2O
In the present paper, gelation as a consequence of both reactions, hydroxy

méthylation and methylene bond formation, is treated on the basis of 
Case’s theory,17 with emphasis on tetrafunctional amino resins involving 
urea, guanamine, etc.

K in etic  T rea tm en t
In practice, the reactivity of an amino group of a tetrafunctional amino 

monomer (abbreviated as Am in this paper) may be different from that of
/ Hthe unreacted amino group, H, N— , where one amino group of Am

has reacted. Also the reactivity of an imino group may differ in H,X 
CH2OH .CH,

Xd and ILX X\ . However, if these reactivities were
XH XH

considered in the kinetic treatment of gelation, the result would be very 
complex. Therefore, the usual assumptions must be made, namely, that 
110 rings are formed and that the reactivity of each functionality is constant 
regardless of the size and structure of the molecule. Also, the condensation 
reaction is assumed to be due to methylene bond formation, and the rate 
of decomposition of methylol groups must be very small compared to the 
rate of hydroxymethylation.

With the above assumptions, the formation of Am resins can be simply 
represented by the above reactions.

The kinetic relations are given by:
cIPa/ cU = A'a (1 — Pa) (1 — Pv) +  k’a (1 — Pa) (Pv — Pm) (1)

dPn/dt = fcB (Pa -  Pi 1) (1 -  Pv) + kh (Pa ~ Pn) (Pv -  Pm) (2)
dPy/dt = /' A (1 -  Pa) (1 -  Pv) +  kH (Pa ~ Pn) (1 -  Pv) (3)

dPsi/dt = K\ (1 — Pk) (Pv — Py 1) +  ku (Pa — Pn) (Pv — Pm) (4)
Here, 7ca, /,'n, ka, and kh are rate constants; Pv is the extent of reaction of 
formaldehyde; Pa and Pn are defined by

Pa = j [secondary amino] -f- [tertiary amino] ¡/[total amino]
/ ' h =  [tertiary amino] / ftot.-i 1 amino]

where primary, secondary and tertiary amino refer respectively to nitrogens 
bearing one, two, and three X-C links; and Pm is the extent of reaction to 
form methylene linkages.
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Additional assumptions, expressed as eqs. (5) and (G), are introduced here for the sake of simplification.
ka/^ a = Ku/kii = K (o)

k-a/liA = k (6)
By combining eqs. (1) and (2), and eqs. (3) and (4) we obtain the following 
equations:

dPu/dPA = k{Pa -  Bb)/(1 -  I \ )  (7)
dPu/dPy = K{Py -  Pm) / (1 -  Pv) (S)

Solving eqs. (7) and (8) leads to eqs. (9) and (10) and eqs. (11) and (12), 
respectively:

1 -  1 \  =  Y  [k  -  ( l  -  B a ) * - * ]  A: ^  1 ( 9 )/c — 1
1 -  Pv, = (1 -  7ja) [1 -  In (1 -  1\)\ k = 1 (10)

1 '_ p
1 -  Pm = —----[K -  (1 -  Pf)*"1] K *  1 (11)A — 1
1 -  Pm = (1 -  PF) [1 -  In (1 -  PF)] K = 1 (12)

Fig. 1. Relation between the extent of reaction of formaldehyde Pv,  and Pv — P m, the
probability of occurrence of methylol groups for different values of K.
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In terms of the initial concentrations of formaldehyde and Am, i.e., [I1 Jo 
and [AmJo, iespectively, the stoichiometric relation for the system is rep
resented by

2(/'a +  P B) = r (Py + Pa) (13)
where

r  =  [F ]o /[A m ]„

Accordingly, relations among four variables, i.e., Pa, Pa, Py, and I'm, 
may be obtained by using eqs. (9)-(13).

The relation between the extent of reaction of formaldehyde Py and the 
proportion of methylol groups present (Py — Pa) is plotted in Figure 1 as a 
function of the value of K, on the basis of eqs. (11) and (12). Thus, the 
value of K may be determined by comparing experimental measurements 
with this theoretical relation.

D istr ib u tio n  o f  S tru ctu ra l U n its
The structural units which constitute the Am resin can be depicted as:

II-iN— N il ,
CH.OII/

H jN — N\ II
('ll —/H»N—N
II

—OH» Oil»—\  /
N— N /II

IIOCID\
N— N

Expressions for the probabilities of format ion of these structures follow. 
The probability of amino group reacting is Pa, and if an amino group reacts 
with formaldehyde, the probability for the formation of —NH—CH2OH is:

Pa-Pm/(P f +  Pm)
This methylol group reacts further to form —XH—CH->—, with the 

probability

\ II
011.011/

Pa-[Pf/(P f +  Pm) ] • (P.m/P k) = Pa- [Pm/(P k +  Pm)]
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T A B L E  I
Structure Concentration“

I II2N — N H 2 (uureacted Am) 
CILOH

/
( 1  -  J \ Y  [Am ],

II H 2N — N
\ II

O il—
/

2(1 -  P a ) ( P a -  P B) (1 -  (?) [Am ],

ITT IF,N- -N
\ II

n o o n ,  o n , o n
\  /

2 ( 1  -  P a ) ( P a ~  P u ) q  [Am ],

TV N- -N
/  \11 11

-C H , CH ,O H

( P a — P h) 2 (1 — q Y  [A m |0

V
1

1

y

2 ( P a — P a Y  0  — q)q |Am[o

VI N — N
/  \11 II

( P a — P n Y q -  [Am|n

V II IT,N— N < |  (011,011), 
/ )  fOH,()II

2(1 -  P a ) P b(1 -  q Y  [Am ],
V III II N N \  .N  [ C H r -

4(1 — P a ) P b(1 — g )i[A m ] 0

IX H ,N — N < | ( — C H ,— ). 
( \

2(1 -  P A)P B(?2 [Am]„

X ^>N—  N /  (C II,0 H  ), 2 (P A -  P b)P b 0  -  q Y  [Am ],

XT

IH
f - C
1I N — N  \ (011 ,011),/  \ f>(P a  — / ) b ) / >b ( 1  — </)2</[Am]o

l \X II (— CII-— )a \ N — N

XV

l
(CTLOIT) (i(P A -  / ’ h ) / ’ b (I -  </)<r [Amlo

X III  (— C'T I

X IV

I \  / I1 N - \  ]■I /  \ lIII J
i > N — N  <  | (011,011)4 -CH.f )l \  / I■! N — N r (011,011),

2(P, \  -  P H) P b5 * * [Amlo 

P b2 (I — i/)1[Am[o 

4 P b2 (1 — q Y  i)[Am]i

X V I (— C H ,— ),[ > N — N < ) (C H 2O H )■! 6 P „ 2 ( 1  -  q ) Y  [Amlo
X V II (— C H ,— ).i[ > X — A’<  | C 11,011 4 P B2(1 -  q)q3 [Amlo
X V III  (— C H ,— )4 [ > N — N < |  I 'sV IA ra lo

2 P  H* W here, q =  ---------- ——;1 ( P f +  P  s i)



6 UHAGAM I ANO OIVVA

On the other hand, an amino group may react with a methylol group to 
form —NH—Cl b— with the probability

P.\'Pm/{Pf +  Pm)
Consequently, the probability for the formation of the structure —NH— 
CH2— through both pathways is:

Pa-2Pu/(Pf + Pm)
The probabilities of unreacted amino group, unreacted imino group, and 

free formaldehyde are 1 — Pa, Pa — Pb, and 1 — Pi-, respectively. The 
probability for the existence of methylol groups is similarly given by

Pf f  _  Pu\ = ] _  2PM 
Pf +  P ji \ Pf)  Pf +  Pm

Thus, the concentrations of various structures are represented as shown 
in Table I.

The possible structural units that constitute Am resin consist of the IS 
species listed in Table I. Accordingly, the total concentration of the 
structures I-XVIII must be equal to [Am]0:
[I] +  ([II] +  [HI]) +  ([IV] +  [V] +  [VI]) +  ([VII] +  [VIII] +  [IX]) 

+  ([X] +  . . .+  [XIII]) +  ([XIV] +  . . . +  [XVIII])
= [(1 -  Pa)2 +  2(1 -  Pa) (Pa -  PB) +  (Pa -  P r)2 +  2(1 -  PA)P„

+  2(Pa -  PB) Pb +  P b2] [Am]„= [(1 -  Pa)2
+  2(1 — Pa)Pa +  Pa2] [Am]0 = [Am]0

O ccu rren ce  o f  M e th y le n e  L in k a g e s  in  
S o lu b le  S p e c ie s  a n d  C o n d itio n s  for G e la tio n

For the purpose of determining the probability for the existence of soluble 
species containing methylene linkages, we consider first the probabilities for 
the formation of structures containing specificai combinations of methylene 
groups. Such structures and probabilities for their occurrence can be rep
resented as follows: —CH2 II

NIN

___2Pa
2 Pa +  2P0

II II

-  I 5a ) ( i _  p *
P  A

— C il ,  X
\ /N|1

N
/ \It II

2 Pa2Pa +  2P, - ( 1 - ^ - p  I - m
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where

where

where

where

X = C H sOH ( B )  (1 -  q)
X = C H , (B)q

— CII» II
N! :N/ \X  II

_2 Pa 
2Pa +  2Pb • P a  1

P n
P a

= (O

X = C I I  >011 
X = C I h

(C)  ( l  — q)  
(C)q

-cilj II
XIN

—Y:
X  II

_2Pa_
2Pa +  2P b • P a - 2  1 P b \ / P b = (P)

X = Y = C H ,O H  
X = C H > O H , Y = C !H 2 
X = C H 2, y = c h >o h  
x = y = c h j

(OKI -  q)-(0)0 -  f/)? (0)0 -  «/)</ 
(O ),/2

W
2Pa +  2Pb A\P a/ = (P)

X = Y = Z = C H 20 H ( 0 ) (  1 -  </)3X = Y = C H ,0 H ,  Z CIO ( E X  1 -  <0=9
x = z = c h 2o i i , y = c h . (OKI -  ? )2?
x = c h 2, y = z = c h 2o h ( 0 ) 0 -  ? )29
x = c h 2o h , y = z = c h 2 ( 0 ) 0 -  ç)r/2
x = z = c h 2, y = c i i .o h ( 0 ) 0 -  7 ) î2
x = y = c h 2, Z = C H sOH (O )o -  ?)'/*
x = y = z = c i t > (OVr

— C II, X

2 PB
2Pa +  2P„ (1 -  PA) = (P)
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where

where

where

X=CH2OHx==ch2
-ch2

(/'’.)(! -  q) 
(I'\)q X

2Pi,
2/ja +  2P„

NIN/ \n y

P a 1 - (('■ )

X —Y — CIIiOTI ( 0 ) 0 -  qY-
x = c i i 2o h , Y = C I I 2 ( 0 ) (  1 

( 0 ) ( i
-  g i g

X C H ,, Y — CHiOI 1 -  g i g
x  V C f l , « l )q2

C I 1 2 X
NIN

Z
2Pii

2Pa +  2P» • ' £  -  <">

X=Y=Z=CH2OH X=Y=CH/)HJ Z=CH2x= z= ch2oh, y= ch2 x= ch2, y= z= ch2oh x= ch2oh, y= z= ch2 x= z= ch2, y= ch2oii x= y= ch2, z= ch2oh x= y= z= ch2

(H)( 1 -  qf(H)( 1 -  g)2g (H)(  1 -  g )2g (P)(l -  g)2g (P)(l -  g)g2 ( i / ) ( l  -  g )g2 
( H ) ( l  -  q)q2(P)g3

Letting S be the fraction of methylene linkages in soluble species, we have 
1S = ■ ‘ — {Pa +  Pn ~  [ ( P a +  P m) 2 +  2P„] (1 -  S)q* \ +  / B

+  3Ph(Pa +  P«) (1 -  S )Y  
By solving eq. (14), we obtain:

2P„(I W } (14)

i,\ (Pa +  P b) +  p 2Pi «y +  3P„(1 -  >S)r/2

(1 -  P)2?3}  (1 -  .S') 0
/ ’a +  PnJ

2PU2 
Pa +  P,

Obviously, when gelation has occurred, S is less than unity, and according 
to eq. (15) is expressed by

/3</(Pa +  P m) +  V  <?2(Pa +  Pm)2 +  S?(P a +  P m) — 16P m</2 
I 4Pm2

(b

(10)5 = 1 -
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The gelation expression for the gel point of tetrafunctional amino resins is 
obtained from eq. (16) by setting S equal to unity:

2Pp
lPa P i +  (Pa +  P a) q = 1 (17)

This expression for the gel point can also be derived from of Case’s gela- 
t ion theory.17 When a molecule with a specificai methylene linkage forms a 
second methylene linkage, six structural species may arise. These species 
and their probabilities of formation are listed in Table II.

T A B L E  II
Si nielure

-CTL CHr\ /NIN/ \II  IT
-CIT2 H

NIN
- c h 2 h  
- c h 2 h

NIN
C112—1

—OIL CHS-\ /NIN/ \II II
— O I L

NIN/ \11 CTL- 
-C ILY
- c h 2

P robab ility  of formal ion

9'2PA2Pa 
+  - P  a

P  B 

P a

<1- 2 P a

2 P A +  2 P  b ■ P a

2 P a ,, P  b 
q ' 2 P a +  2 P b a 'P a

• ' 2 /'., • 2 P b

2 P
g ' 2 P A +  2iP, • P a

? 2 P b
2 P a +  2 P b P a

P b
P a
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The sum of the six probabilities for the formation of these structures is 
identical with eq. (17) for the gel point determined by the treatment de
scribed in this paper.

The condition for gelation can be determined by using the kinetic eqs. 
(9)—(12), stoichiometric eq. (13), and eq. (17) for the gel point. For ex
ample, the result for r = 1, K = 3, is shown in Figure 2. In this figure 
curve a was obtained from eq. (17) for the gel point and the other curves

Fig. 2. R elation betw een extents of reaction of form aldehyde and the im ino group for 
different values of k,  where r =  1, K  =  3.

were determined by using eqs. (9), (11), and (13). The points of intersec
tion of the curve (a) and the other curves indicate the gel points for each 
value of k with r = 1, K  = 3. In Figure 3 the relation between the extent 
of reaction of formaldehyde at the gel point and the value of lc is plotted on 
the basis of the results in Figure 2. For other values of r and K, similar 
results are obtained.

Figure 3 permits comparison with experimental results, because it is 
possible to measure the values of Pf and PM- The value of k can be deter
mined by using the value of K determined above and the measured value of 
P f .
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Fig. 3. Relation between the extent of reaction of formaldehyde at the gel point and the value of k for different values of K, where r = 1.

Sol and Gel Fractions
We will further calculate amounts of sol and gel fractions in the resin, and 

the average molecular weight of the sol fraction.
If the concentration of Am units in the so! fraction is represented by 

[Am],, the ratio [Am],/ [Am]0 is given by
[Am],/ [Am]o = [I] +  [II] +  [III]S +  [IV] +  [V]S +  [VI ]£2 

+  [VII] +  [VIII]S +  [IX] S2 +  [X] +  [XI]S 
+  [XII ]S2 +  [XIII ]S3 +  [XIV] +  [XV ]S +  [XVI ]S2 

+  [XVII ]S3 +  [XVIII ]S4
= 1 -  2(PA +  PB) (1 -  S)q +  {(PA +  Pb)2 +  2Pb 1(1 -  S)*q*

-  2P„(Pa +  Pb) (1 -  S )Y  + Pb'2 (1 -  S )Y  (18)
Similarly, if the concentrations of methylol groups and methylene link

ages in the sol fraction are represented by [M], and [CH2]S, respectively, we 
can write:
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[M],/[Am], = [II] +  2 [IV] +  [V]S +  2 [VII] +  [VIII ]S
+ 3 [X ] + 6 [XI ]»S +  3 [XII ]<S2 +  4 [XIV] +  3[XV]S 

+  2 [XVI]/?2 + [VII]»S'3
= 2(1 -  q) {(Pa +  Pb) -  {(Pa +  P b)2 +  2PB) (1 -  S)q

+  3Pb(Pa +  P b) (1 -  S )Y  -  2P,P (I -  S )Y  (W) 
2[CH2y[A m ]o = [III] +  [V] +  2 [VI]S + [V III] + 2 \\X]S 

+  [XI] +  2 [X II] S +  3 [X I1 ]»S"2 +  [XV|
+ 2[XVI]S +  3[XVII]S* +  4 [XV III ]»S,;i 

= 2 q [(PA +  P b) -  {(Pa +  Pb)2 +  2P„} (1 -  »%
+  3P„(PA + Pb) (1 -  » W  - 2Pb2 (1 -  S)»q*] (20)

By substituting; eqs. (13) ¡ind (15) into o<is. (19) and (20), eqs. (19) and
(20) are much simplified:

[M|k/[KIn = (Pf ~ Px)S (21)
[CH,]s/[F]o = Pm-S' (22)

Since the fraction of eacli unit in the sol can be found as mentioned above, 
the total yield W of resin and the yield Ws of sol can immediately be ob
tained from the following relations:
W = [Am], + (PF -  PM) (MF/M Am) [F]„ +  PM [F]0 (23)
IF, = [Am], +  (PF -  />m)»S'(-1/p/.1/a,.,) [F]0 +  PMS2 (Mm/M Am) [F]0 (24)
where MAm is the molecular weight of tetrafunctional amino monomer, and 
My and MM are the increments of molecular weight due to the formation of 
methylol groups and methylene linkages, respectively.

The number-average molecular weight, Mn,s of the sol fraction may hi' 
expressed as

AP, - MAmWs
[Am], — P:s>]F]„ (2.5)

Conclusion
The value of K can be determined by plotting experimental measure

ments with the theoretical relation obtained from eqs. (11) and (12). The 
gelation condition for tetrafunctional amino resins can be determined by 
using the kinetic eqs. (9)—(12), the stoichiometric eq. (13), and eq. (17) for 
the gel point. Equation (17) is identical to the result obtained with Case’s 
gelation theory.

The concentrations of Am skeletal units [Am],, of methylol groups [M]s, 
and of methylene linkages [CH»]S, in the sol fraction are calculated from 
eqs. (18), (21), and (22), respectively. The total yield of resin W, yield
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of sol W„, and number-average molecular weight of the sol fraction il7„iS, are 
expressed by eqs. (23), (24), and (25), respectively.

Values of these quantities can be determined by combining experimental 
data with the theoretical relations. This gelation theory will be applied to 
the gelation reaction of acetoguanamine-formaldehyde resin in the next 
paper.18
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Studies oil Formaldehyde Condensation 
Resins. XIII. Gelation of 

Acetoguanamine-Formaldehyde Resin

TADASH1 URAGAMI ¡uid MASAYOSHI OIVVA, Department of 
Applied Chemistry, Family of Engineering, Kansai University, 

Osaka, Japan

Synopsis
The gelation reaction of acetoguanamine with formaldehyde was investigated in the light of the gelation theory for tetrafunctional amino resins described in the previous paper. The gel time and extents of reaction of formaldehyde, amino groups, and imino groups varied with the molar ratio in the feed, but values of K (the ratio of the rate constant for condensation to that for addition) and fc(the ratio of the rate constant for addition of the imino group to that of the amino group) were nearly constant. When the catalyst concentration was increased, the gel time, extents of reaction of each functional group, and the values of K and k varied; in particular K increased markedly. From the results of varying the molar ratio and concentration of acidic catalyst, it was found that the number of methylol groups per molecule of acetoguanamine at the gel point was influenced by the reaction conditions but the number of methylene linkages per molecule of acetoguanamine was nearly constant at about 0.6, regardless of reaction conditions. The number-average molecular weights up to the gel point varied with the reaction conditions, but at the gel point they were all nearly constant at about 385.

INTRODUCTION
lu the previous paper,1 the gelation of tetrafunctional amino resins was 

discussed theoretically in terms of addition-condensation reactions; the 
theoretical kinetic equations involving the relation between the extent of 
reaction of each functional group and Ihe rate constant, or the extent of 
reaction of each functionality and the gelation condition, etc., were derived 
by considering the distribution of structural units.

In the present work, the gelation reaction of acetoguanamine with form
aldehyde is studied by employing the gelation theory developed for tetra
functional amino resins in the previous paper.1 The extent of reaction of 
each species of functional group and the ratio of rate constant are deter
mined under different conditions. Also, the variation of weight of the resin 
formed and of the molecular weight distribution are discussed in some de
tail. Undefined symbols and equation numbers appearing in the following 
text are those of the preceding paper.1

15
© 1971 by John Wiley & Sons, Inc.
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EXPERIMENTAL
Materials

Nippon Gosei Co. best-grade acetoguanamine (AG) was recrystallized 
from water (nip 269-271°C) Formaldehyde (F) was obtained from Nippon 
Gas Co. as a 42.18% aqueous solution containing 1.40% methanol. Pure 
commercial dimethyl sulfoxide (DMSO) and N, AT- d i me t h y lfo rm a m i d e 
(DIM F) were purified by the usual methods.2'3

Reaction Procedure
Measured amounts of acetoguanamine and formaldehyde were placed in 

glass ampoules, and t he reaction mixture was diluted with hydrochloric acid 
to the desired concentration. The ampoule was then evacuated under 
reduced pressure, flushed with nitrogen, and then sealed under vacuum. 
It was then put into a thermostat regulated at S0°C.

Analyses
After the chosen reaction time, the ampoule was removed from the 

thermostat, and an aliquot of the solution was pipetted out and diluted 
with DMSO to the desired concentration. This sample solution was ana
lyzed by the ammonium chloride4 and iodometric5 methods to determine 
respectively the conversion of free formaldehyde and the total amount of 
formaldehyde free and hydroxymethylated. The amount of hydroxy
méthylation was calculated from the difference between the two values 
obtained by the above methods. The amount of methylene linkages 
formed was calculated from the difference between the initial concent ration 
of formaldehyde and the value obtained by the iodometric met hod.

The weight of resin formed was likewise measured after a definite reaction 
time, by precipitation with sodium hydroxide solution and centrifugation. 
The precipitate was washed with cold water and dried in vacuo to constant 
weight. The soluble fraction was extracted with DMSO from the resin so 
obtained and recrystallized from methanol. The molecular weight of the 
soluble resin was measured with a vapor-pressure osmometer, (Hewlett 
Packard, Model 302) and DMF as the solvent at 05°C.

RESULTS AND DISCUSSION 
Effect of the Initial Molar Ratio [F ]„/ [AG ]0 on Gelation.

For the purpose of investigating the effect of the molar ratio of gelation, 
reactions were carried out for r = [ F ]u/  [AG ]0 between 1 and 7 and [F]0from
0.9S to 4.75 mole/1. A measured amount of aqueous hydrochloric acid was 
used as the solvent and/or catalyst.

With r = 4, as shown in Figure 1, the concentration of methylene link
ages becomes almost equal to that of methylol groups at bO min and then 
increases with time. The gel fraction also begins to form at 60 min and
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increases with an increase in concentration of methylene linkages. For r 
between 4 and 7, similar results were obtained. If we consider this result 
only, it might be thought that gelation depends upon the fraction of meth- 
ylol groups and methylene linkages. However, as is shown in Figure 2, in 
the case of a small molar ratio (r = 2), the concentration of methylene 
linkages is larger than that of methylol groups even in the early stage of the

Fig. J. Conversion of formaldehyde in (he reaction of acetoguauamine with formaldehyde, at S0°C with r = 4: (O) curve for hydroxyméthylation; (3) curve for methylenelinkage formation; (•) concentration of methylol groups; (©) concentration of methylene linkages; ( 9 ) insoluble fraction.

Fig. 2. Conversion of formaldehyde in the reaction of acetoguanamine with formaldehyde, at 80°C with r = 2: (o) curve for hydroxyméthylation; (O) curve for methylenelinkage formation; (•) concentration of methylol groups; (©) concentration of methylene linkages; ( 9 ) insoluble fraction.
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Fig. 3. Relation between P f , the extent of the reaction of formaldehyde and the probability I’v — P m, of occurrence of methylol groups. Theroretical curves: (1) K —4.0, (2) K = 4.3, (3) K = 4.4, (4) K = 4.5, (5) K = 4.7, (6) K = 5.0; experimental results: (O) r  =  1, ( • )  r  =  2, ( 3 )  r =  3, ( © )  ;• =  4, ( ©  ) r  =  5, ( 8  ) )• =  G, ( ® )  r — 7.

reaction, and the gel begins to form at 90 min, later than with r = 4. A 
similar tendency was found for r from 1 to 3. Thus, gelation does not 
always depend upon the fractions of methylol groups and methylene link
ages in the soluble fraction. Perhpas, gelation depends upon the fractions 
of methylol groups and methylene linkages in the insoluble fraction and 
upon the molecular weight of the resin.

The ratio K can be determined by using the relation between the extent 
of reaction of formaldehyde Pp and the probability of occurrence of methylol 
groups, PF — Pm, and the theoretical relation among PF, P M, and K given, 
by eq. (11) of the preceding paper.1 This relation is plotted in Figure 3, 
where curves 1-5 represent the theoretical relation calculated by eq. (11) 
for K ranging from 4 to 5.

The amount of methylol groups in the insoluble fraction beyond the gel 
point could not be determined; therefore, the measured values of Pp and 
Pf — Pm beyond the gel point are smaller than the true amounts reacted. 
However, even if this is considered, the concentration of methylol groups 
begins to drop rapidly, as is shown in Figure 3, at a value of Pf which just 
corresponds to the gel point. This seems to indicate that after the gel 
point condensation proceeds rapidly, while the addition reaction progresses 
very little.
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For this reason the value of K beyond the gel point could not be obtained, 
but up to the gel point it could be determined by comparing the plots of 
experimental measurements with the theoretical curves. The effect of the 
initial molar ratio [F]o/[AG]0 value of K thus obtained for r from 1 to 7 is 
shown in Table I.

TABLE IEffect of the Molar Ratio [F]0/[AG]o on the Gelation Reaction of Aeetoguanamine (AG) with Formaldehyde (F) at. 80°C

Expt..no. [AG I,,, mole/1. [F|u,mi ile/l. 0. INII Cl, ml

Molarratio,[F]o/IAG]0
Gellime,min.

Extent, of reaction
K kPf Pa Pa

i 0.98 0.98 15.2 1 110 0.724 0.553 0.129 4.3 0.602 0.92 1.84 15.2 2 90 0.460 0.602 0.176 4.3 0.67o 0.85 2.55 15.2 3 75 0.355 0.631 0.211 4.4 0.734 0.80 3.20 15.2 4 60 0.297 0.661 0.241 4.5 0.755 0.70 3.77 15.2 5 55 0.265 0.698 0.281 4.5 0.750 0.71 4.29 15.2 6 55 0.237 0.716 0.309 4.7 0.767 0.68 4.75 15,2 7 55 0.223 0.756 0.353 4.5 0.75

The values of K do not vary appreciably with the molar ratio. However, 
the gel time and the extents of reaction of formaldehyde, amino and imino 
groups, Pp, Pa, and P\t, vary considerably with [F]0/  [AG]0.

In Table II are shown the numbers of methylol groups and methylene 
per molecule of aeetoguanamine at the gel point.

TABLE IIEffect of the Molar Ratio [F]«/[AG]o on the Number of Methylol Groups and MethyleneLinkages per Molecule of Aeetoguanamine at the Gel Point (8U°C)°
Expt.no. [AG]o,mole/1. [M],mole/1. [CH,],mole/1. [NI] /[AG] [CH,]/[AG]

i 0.98 0.08 0.63 0.08 0.642 0.92 0.26 0.58 0.29 0.635 0.85 0.38 0.53 0.44 0.624 0.80 0.46 0.49 0.58 0.615 0.76 0.52 0.48 0.69 0.646 0.71 0.56 0.46 0.78 0.047 0.08 0.01 0.45 0.90 0.66
» Methylol group and methylene linkage are abbreviated as M and CII>, respectively.
As can be seen from Table II, the number of methylol groups [M]/[AG] 

increases in the molar ratio, but that of methylene linkages [CHj]/[AG] is 
nearly constant at about 0.0, regardless of the molar ratio. From these 
results, it appears that gelation does not depend upon the number of meth
ylol groups but occurs when the number of methylene linkages increases to 
a critical value.
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Fig. 4. Relation between I he extent of read ion of formaldehyde and the value of k for /■ = 4. The curves represent theoretical relations; the point is an experimental result.
The relation among / V, k, and K detenninod by using the kinetic rela

tions, eqs. (11) through (12), the stoichiometric equation, eq. (13), and eq.
(17) for the gel point, is shown in Figure 4, in which the curves indicate the 
theoretical relation between /V and k for each value of A”. From this 
figure, the value of k can be deduced if the experimental value of l ‘v cor
responds to any point on the theoretical curve for the known value of K. 
Thus, for example, for Pf =0.297, K — 4.5, and r = 4, (See Table I) k is 
estimated to be 0.7. The k values with 1 < r < 7, determined in the same 
manner, are shown in Table I. It is evident that k is nearly constant over 
this range of r.

Since the values of K and Ic can be determined, the values of Pa and Py, 
can be computed, and are shown also in Table I. These results suggest 
that a correlation exists between the reactivity of the amino group and that 
of the imino group, regardless of the molar ratio r.

Effect of Catalyst
For the purpose of investigating the effect of catalyst concentration on 

gelation, the extent of reaction of each functionality at the gel point and the 
values of I\ and k were examined at a constant formaldehyde/acetoguan- 
amine molar ratio of 4 and with concentrations of hydrochloric acid catalyst 
from 0.025 to 0.201V.
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Fig. 5. Extent of reaction of formaldehyde Pf  v s . the probability of occurrence of methylol groups, Pp — Pu, for r = 4. The curves represent theoretical relations. The points are experimental results: (•) 0.02.TV HC1; (O) 0.0,TV IIC1; (€) O.IOjV HC1;(3) 0.1.TV HCI, (O) 0.20Ar HC1.

F ig . 6 . R e la t io n  am ong v a lu e s  of Pp, k, and  K  a t  the gel p o in t fo r r =  4 , th e o re tic a l
cu rve s  and  e xp e rim e n ta l re su lts : ( • )  0.0251V H C l ;  (O ) O.OôiV H C l ;  (C )  O .IO N  H C 1 ;
(O )0 .1 5 A r H C l ;  (O ) 0 .2 0 iV  H C 1 .
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TABLE IIIEffect of the Concentration of HC1 Catalyst on the Gelation Reaction of Acetoguanainine (AG) with Formaldehyde (F) at S0°C

Expt.
Molarratio[F]o/ HC1concentra- Gel time, Extent of reaction

no. [AG]»“ Sion, N min. Pf P a P B K k
8 4 0.025 210 0.434 0.786 0.403 1 .5 0.8
9 4 0.05 120 0.344 0.704 0.297 3.0 0.84 4 0.10 00 0.297 0.661 0.241 4.5 0.75

1 0 4 0.15 50 0.275 0.647 0.213 0.0 0.711 4 0.20 35 0.253 0.640 0.183 8.0 0 . 0

» Initial concentrations of AG and F are 0.80 and 3.20 mole/1., respectively.

Values of K, as shown in Figure 5, varied with the concentration of cata
lyst. Beyond the gel point the condensation reaction proceeds very rap
idly, and the addition reaction very little, as was also found when the molar 
ratio r was varied. This result may be understood as follows; the kinetic 
equations derived in the previous paper1 can be applied only up to the gel 
point, i.e., to the homogeneous reaction.

Values of k with varying HC1 catalyst concentration are shown in Figure
6. The values of k obtained from Figure 6 gradually decrease with an in
crease in the concentration of catalyst. The gelation conditions for various 
concentrations of catalyst are shown in Table III. The gel time gradually 
decreases and the extents of reaction of Pf, P a , and Pb at the gel point also 
decrease with an increase in the concentration of catalyst .

Both K and k are linearly dependent on the concentration of catalyst, as 
is shown in Figure 7. The value of K increases markedly, and the value of 
k decreases slightly with an increase in catalyst concentration. The linear 
dependence of K on catalyst concentration agrees with the concept of acid- 
base catalysis in which reaction proceeds preferentially by addition in the 
presence of an acidic catalyst. To account for the behavior of k, it may be

Normality of Hydrochloric Acid (N)

Fig. 7. Relation between the concentration of acid catalyst and (O) K and (•) k.
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supposed that the reactivities of amino and imino groups vary with the con
centration of acid catalyst, that is, that the imino group is activated more 
than the amino group by an increase in acid concentration.

In Table IV are given the numbers of methylol groups and methylene 
linkages per molecule of acetoguanamine at the gel point for different con
centrations of catalyst. This result is similar to that for the variation of 
the molar ratio.

TABLE IVEffect of the Concentration of Catalyst on the Number of Methylol Groups and Methylene Linkages per Molecule of Acetoguanamine at the Gel Point (at 80°C)
Expt.No. [AG]„,mole/1. [M],mole/1. [CHhmole/1. [M)/[AG] [CH2]/[AG]

8 0.80 0.90 0.50 1.12 0.639 0.80 0.60 0.50 0.75 0.634 0.80 0.46 0.49 0.58 0.6110 0.80 0.36 0.52 0.45 0.6511 0.80 0.30 0.51 0.37 0.64

From the results of varying the molar ratio and the concentration of 
catalyst, it was found that the number of methylol groups in acetoguan
amine at the gel point is influenced by the reaction conditions, but the num
ber of methylene linkages is not, within the range studied.

In Table III, values of Pa and P b are also shown. The correlation be
tween the reactivity of the amino group and that of the imino group, which 
was recognized by varying the molar ratio, is not found when the catalyst 
concentration is varied. This result may be ascribed to a difference of the 
extent to which amino and imino groups taking part in a series of reactions 
are activated by the acid catalyst.

Molecular Weight Distribution
Since the gel point was influenced more by the catalyst concentration 

than by the molar ratio, the influence of catalyst concentration on the yield 
of resin and on the molecular weight distribution up to the gel point was 
investigated.

The total yield of resin W and the yield of soluble fraction Ws are given 
by eqs. (23) and (24). Since it is assumed that S, the fraction of methylene 
linkages in the soluble fraction, is equal to unity up to the gel point, eq. (23) 
of part XII is equivalent to eq. (24); i.e., W = Wa.

Figure 8 shows the theoretical relation between PF and the total yield, 
the weight of the total resin per initial unit weight of acetoguanamine. In 
this figure, the three lower curves correspond to cases in which the un
reacted acetoguanamine is considered in calculating the theoretical yield; 
in the three upper curves it is neglected. Since it is difficult to extract only
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0  OIO 0 2 0  0 3 0  0 4 0  0 5 0PF
Fig. 8. Theoretical relation between Pp and the total yield of resin W.

Fig. 9. Relation between Pf and the total yield of acetoguanamine-formaldehyde resin containing unreacted acetoguanamine; (---- ) theoretical curves and experimental results): (•) 0.0252VHC1; (O )  0.10.Y IIC1; (O) 0.202V HC1.

the unreacted acetoguanamine, however, the upper curves can be used as 
the theoretical yield of resin. In Figure 9 the relation between W and PF is 
plotted; the measured values agree very closely with the theoretical values.

The relation between PF and the number-average molecular weight is 
shown in Figure 10, in which the curves and the circle points indicate 
theoretical values calculated by combining eqs. (9), (11), (13), and (15) and 
values measured with a vapor-pressure osmometer, respectively. The 
measured number-average molecular weight agrees very closely with the 
theoretical value. The molecular weight up to the gel point increases with 
an increase in K. However, at the gel point the molecular weight obtained



TABLE V
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Relations between the Extent of Reaction of Formaldehyde, Py, and Number-Average Molecular Weight with r = 4, K  = 1.5, and k = 0.8

Py

AV.»
Theoretical Calculated“ Measured

0.070 136 133 1370.128 147 144 1440.179 161 160 1580.224 178 179 ISO0.268 199 194 1930.289 212 210 2010.345 258 261 2470.385 317 309 3030.438 383 397 384
“ From Pk, Pm, and total yield.

for the resin is about 385, regardless of the K value. This agrees with the 
fact that the number of methylene linkages per molecule of acetoguanamine 
at the gel point is nearly constant regardless of reaction conditions.

A number-average molecular weight can be determined in another way, 
i.e., by substituting the measured values of TV and 1\ i  and the measured 
total yields into eq. (25). We denote this molecular weight as the “cal
culated value” in Table V, which also includes theoretical and measured 
values. It can be seen that there is close agreement among the three molec
ular weights.

F ig . 10. P lo ts  of n u m b er-ave rag e  m o le cu la r w eigh t ve rsu s  Py: (------ ) th e o re tic a l re la 
tio ns and  m easu red  v a lu e s : ( • )  0 .025 jY  H C 1 ; (O ) 0 .1 0 .Y  J IC 1 ; (O ) 0 .2 0 .V  H C 1 .
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Orientation in Nylon 6 Films as Determined by the 
Three-Dimensional Polarized Infrared Technique

JOHN P. SIBILLA., Corporale Chemical Re seareh Laboratories, Allieti 
Chemical Corporation, Morristoirn, New Jersey 070110

Synopsis
A three-dimensional polarized infrared technique was used to obtain information about molecular orientation in both uniaxially and biaxially drawn nylon (i films. The 835 and 930 cm-1 bands were used to describe the orientation of the A (extended chain) conformation while absorptions at 1175 cm”1, 1120 cm”1 and 1075 cm”1 were used to give some information about orientation of the B (twisted chain) conformation. On the basis of the 835 and 930 cm-1 bands, it was shown that the hydrogen-bonded sheets made up of chains in the A conformation are parallel to the film surface in the biaxially drawn film. Uniaxially drawn films obtained by drawing both at 100 and 150°C showed a high degree of chain alignment in the draw direction for the A conformation at draw ratios greater than 2.5. Some planar orientation was also observed in these uniaxially drawn films for both the A and B conformations at high draw ratios.

INTRODUCTION
When a polymer film is drawn, some preferred alignment of the molecular 

chains normally occurs. Polarized infrared spectroscopy has proved to be a 
useful technique in describing such molecular orientation through measure
ment of the dichroic ratio R. The dichroic ratio can be defined as R = 
A\\/Al , where A u is the absorbance parallel to the draw direction in the 
film and A ± is the absorbance perpendicular to the draw direction. Al
though R has proved to be a useful parameter, it has provided in most cases 
information only about two-dimensional orientation effects.

However for a more meaningful understanding of the structure-property 
relationships in oriented materials, it is important to determine the three- 
dimensional orientation characteristics of the molecular system.

Recently, an infrared technique has been developed1-3 which allows one 
to obtain information about the orientation of molecular chains in three 
dimensions. This approach has previously been applied to polyethylene 
terephthalate)2'4,5 and polyethylene.3 The present work shows how it can 
be applied to obtain useful information about oriented nylon 6.

27
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THEORETICAL 
Mathematical Treatment

Details of the theoretical treatment for the technique have already been 
reported.12 However a brief description will serve to clarify the present 
results.

Film coordinates are defined as y, the draw direction; x, the transverse 
direction (perpendicular to y); and 2, the direction normal to the film sur
face. For a particular absorption mode, a quantity /l0 can be defined as:

A0 = (Ax +  A y +  x1z)/3 (1)
where Ax, Ay, and Az are the absorbances in the respective film coordinate 
directions and d 0 is described as the structurally dependent, term.2 A0 
is related to the amount of the particular absorbing group present in the 
material and is independent of the orientation of the group. If the ab
sorption being examined can be assigned to a specific vibrational mode of a 
particular molecular group and if the direction of its transition moment with 
respect to the chain direction can be ascertained, then a knowledge of the 
parameters Ax, A „, and At will serve to describe the orientation of the 
chain as well as the orientation of the group with respect to the film coordi
nates. The values of Ax and Ay, which are respectively A L and A j in 
conventional notation, can be readily obtained. However, Az, the com
ponent of the absorbance in the direction normal to the film surface, is 
difficult to obtain.

The main features of the three-dimensional infrared orientation technique 
are concerned with measuring the parameter Az. Basically the technique 
involves rotating the film around the x axis so that the electric vector of 
polarized radiation is at a tilt angle a, with respect to the y direction. A 
value for Az can then be determined from A „ the absorbance at a„ from 
the expression :2

. _ A t[\- ( l / n vz2) sin2 at]'/l -  Av 
(1 Ah«)2 sin a,

The parameters A „ at, and Ay can be readily obtained, while the value of 
nyz, the index of refraction in the yz plane at the «, angle, poses more of a 
problem. The actual values used in the calculations will be discussed in the 
experimental section.

Infrared Spectrum of Nylon 6
A considerable amount of infrared spectroscopic work has been done on 

nylon G (polycaprolactam). A paper by Schneider, Schmidt and Wichterle® 
describes the spectra of nylon 6 in terms of two conformers, A and B. The 
A conformer is the extended-chain form, the form that exists in the «-crys
talline state.7 The B conformer represents a twisted or pleated-chain 
conformation and is the form that exists in 7-crystalline,8'9 amorphous, and
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smectic-hexagonal nylon G. Although the extent of twist in the B form 
may be different in the y, amorphous, and smectic-hexagonal states, the 
infrared spectra of these phases are very similar.

Two weak bands which occur in the A conformation at 835 and 930 cm-1, 
have been assigned by Sandeman and Keller10 to a CH2 rocking and a CONH 
in-plane vibration, respectively. Both absorptions are highly dichroic 
in oriented specimens, the 835 cm-1 band showing perpendicular dichroism 
and the 930 cm-1 band showing parallel dichroism.

We would like to suggest further that these two bands are mutually 
perpendicular, with the transition moment of the 930 cm-1 band along the 
molecular axis of the extended chain conformation, and the transition 
moment of the 835 cm-1 band perpendicular to the molecular axis and 
normal to the plane of the hydrogen bonded sheets formed by the extended- 
chain conformation. This can be illustrated by the structure I:

/  \II-.C Cl I.\  /C—O. . .II—N
...UN C—( ). . .\  /ci i. ii2t; n-/  \i

where the arrow denotes the transition moment direction of the 930 cm 1 
band and the transition moment direction of the 835 cm“1 band is out of the 
plane of the paper (indicated by ©).

Therefore if we can accurately describe the dichroism of these mutually 
perpendicular bands with respect to the three lilm coordinates, then some 
information about the three-dimensional orientation of the extended 
molecular chain can likewise be obtained with respect to the lilm coordi
nates.

EXPERIMENTAL 
Description of the Apparatus

In Figure 1 is a photograph of the apparatus used to tilt the film samples 
at any desired angle up to 55°. This is equivalent to a rotation about the 
x axis. The apparatus also has a means of rotating the sample about the 
direction of the incident radiation by a known amount. In practice, all 
spectra were obtained with the films rotated +45° from the incident ray 
so that the y direction of the film (draw direction for uniaxially drawn films) 
was likewise rotated +45°. The purpose of doing this was to minimize 
the polarization effects of the spectrometer.

Polarization of the infrared radiation was accomplished by means of a 
Perkin-Elmer AgBr disk polarizer mounted in the common beam of a Beck
man 111-12 spectrometer, just before the exit slits. Since the sain])le was
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Fig. 1. Film mount used to study three-dimensional orientation in thin films.
always rotated +45°, a +45° rotation of the polarizer resulted in examina
tion of light with the electric vector parallel to the y direction. A rotation 
of the polarizer to the —45° position resulted in the electric vector being 
perpendicular to the y direction (or parallel to the x direction of the film).

All films were examined on a Beckman IK-12 spectrometer at speeds of 
20 cm_1/min and slower.

Description of Samples
Two types of film samples were examined. One sample was prepared by 

simultaneously stretching a film in both the transverse and machine direc
tions. The final film was about 1 mil thick.

A second set of films, which were highly amorphous to begin with, were 
drawn uniaxially at about 100%/min and at temperatures of 100°C and 
150°C. The draw ratios were determined from “bench marks” on the 
films and varied up to about 3.6. The original film was 2.0 mils thick 
and quite uniform (thickness variation was less than ±0.1 mil).

Determination of n v
Since the index of refraction is a function of wavelength, it should be 

determined at the wavelength of the absorption band being examined. 
Schmidt2 describes a procedure, based on a rotation about the y axis, for
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measuring the nv, the index in the y direction. The appropriate relation 
is:

nv 1
sin2 at (3)

Results obtained for films drawn at both 3.5/1 and 1.8/1 and at tilt angles 
of 30 and 50° were n„ = 1.7 ± 0.2 for absorptions measured at 930, 1075, 
and 1120 cm-1.

Since the results for ny were not very precise and since the values for 
the three bands measured were the same within experimental error, it was 
decided to obtain an overall value of nv for nylon 6 by another method. 
The interference fringe method was used whereby n = (dN/dv)/it; where 
n is the index of refraction, dN/dv is the slope of the plot of N (fringe num
ber) versus v, the wave number in reciprocal centimeters, and t is the film 
thickness in centimeters.

An average value n = 1.62 ± 0.03 was obtained from twelve different 
films covering the ranges 1900-2500 cm“1 and 3500-4000 cm-1. Amor
phous unoriented as well as highly «-crystalline unoriented films were used. 
Values of n were also obtained on crystalline films highly drawn uniaxially. 
These were found to be 1.62 for fringes obtained with light parallel (n,j 
and 1.62 for fringes obtained with light perpendicular (f[nx, nz]) to the 
draw direction. These data are consistent with birefringence data ob
tained with light in the visible region of the spectrum, which indicate a 
difference between nv and (f[nx' ,nz\) of the order of only 0.06 for highly 
oriented fibers.11

It may be possible to obtain values of nyz as a function of nv, and nz by 
a consideration of the index of refraction ellipse. However, for the present 
work, calculations of Az were made from eq. (2) by assuming ny ~ nyz, where 
nv = 1.62. All values of Az were obtained at a tilt angle of 45° about the 
x axis.

Base Lines
Base lines were drawn for each band at or near the points of maximum 

transmission on the spectrum from the high wavelength side to the low 
wavelength side of the band.

The approximate high and low wavenumber values used to define the base 
lines were as follows for the various bands: for the 1175 cm"1 band, from 
1185 to 1135 cm“1; for the 1120 cm“1 band, from 1135 to 1090 cm“1; for 
the 1075 cm"1 band, from 1090 to 1040 cm"1; for the 930 cm“1 band, from 
940 to 900 cm“1; for the 835 cm“ 1 band, from 850 to 820 cm-1.

DISCUSSION  
Biaxially Drawn Film

In Figure 2 are given the spectra obtained on film simultaneously 
stretched in the transverse and machine directions. The x-ray diffraction
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POLARIZED IN

I---------1------------------ 1---------1------------------ 1---------1----
900 800 900 800 900 800

cm.'1

Fig. 3. Scale-expanded polarized infrared spectra of a biaxially drawn nylon 6 film.
data obtained on this film indicated that it contained about 45% of the 
a polymorph and was highly oriented in the xy plane with a relatively small 
amount (ca. 13%) of chain orientation in the y direction. The fact that 
only slight differences are observed in the 930 cm-1 band, confirm the rela
tively low degree of chain orientation with respect to either the x or y film 
direction. On the other hand, the lack of absorption at 835 cm-1 in both 
the y and x directions and the relatively strong amount of absorption ap
pearing as the film is tilted indicates the high degree of planar orientation. 
This is shown more clearly in tire expanded curves of Figure 3. Therefore, 
it can be concluded that the hydrogen-bonded planes made by the A con
formation in the a polymorph are parallel to the film surface in the planar- 
oriented film.
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This is in agreement with both the x-ray data and with infrared data 
obtained by Arimoto12 on similarly prepared film. His infrared technique 
however, involved the use of polarized light and an infrared microscope 
with direct observation of the 2 direction on microtomed films.

It can also be seen in Figure 2 that the NFI out-of-plane deformation 
mode (amide V) of the A conformation at 692 cm-1 has an extremely large 
Az (A,) component relative to the Az and Av components.6 Since its 
transition moment direction is also out of the plane of the hydrogen-bonded 
sheets made by the A conformation, this band would be expected to behave 
as the 83d c n r1 band. It is also important to note that the 711 cm-1 band, 
attributed to the amide V of the B conformation,6 does not have the same 
degree of polarization as the amide V of the A conformation, as is indicated 
from the different relative intensities of the two bands in the three spectra 
presented. This suggests that the chain orientation and/or the amide 
group orientation is different for the A and B conformations. The A con
formation appears to have a much higher degree of planar orientation.

Uniaxially Drawn Film : The A Conformation
In Figure 4 are given plots of the structure-dependent factor A0, as a 

function of draw ratio at 100°C for both the 835 and 930 c n r1 bands for

Fig. 4. Structure-dependent, parameters (.to) ¡is a function of draw ratio for both I,lie 'Jot) cm-1 and Non cm 1 bands of nylon (j for film drawn ¡it. 1(IU°C.
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Fig. 6. Orientation parameters for the 930 cm 1 band of nylon 0 as a function of draw ratio for films drawn at 100°C.
films which were originally highly amorphous. These data indicate that 
some increase in the A conformation occurs for materials drawn under these 
conditions.

In Figure 5 are given spectra of a film drawn uniaxially to a draw ratio of
3.5 at 150°C. The highly dichroic nature of the 930 cm-1 band is clearly 
evident. The band is present in the Ay and A t spectra but missing in the 
spectrum (Ax) obtained with perpendicularly polarized light. This sug
gests that the chains in the A conformation in this particular sample are 
all highly oriented in the direction of drawing.

In Figure 0 are given plots of Ay/A 0, Ax/A 0, and A JA V for the 930 cm”1 
band as a function of draw ratio for lilms uniaxially drawn at 100°C. It
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Fig. 7. Orientation parameters for the 835 cm-1 band of nylon G as a function of draw ratio for films drawn at 100°C.

can be seen that a very high degree of alignment of the chains in the A con
formation occurs along the draw direction at draw ratios greater than about
2.5. This is the point where the value of Av/A a is close to the value of 3.0 
which represent 100% alignment.

Since the A conformation is the one that exists in the a polymorph, it 
can be said that the a phase is also highly aligned with the polymer chains 
in the direction of draw.

Although both Ax/A a and Az/A 0 approach zero, the values are different 
at early stages of drawing. This suggests that some preferential orientation 
of the chains also occurs with respect to the film surface.
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DRAW RATIO

Fig. 8. Structure-dependent parameters (.do) as a function of draw ratio for the 1075, 1120, and 1175 cm-1 bands of nylon 6 for film drawn at 100°C.
In Figure 7 are given the plots of Av/A 0, Ax/A a, and Az/Z0, for the 835 

cm-1 band for the same films. The perpendicular nature of this band is 
evident since the Ay/A 0 term approaches zero at high draw ratios tvhile 
Ax/A Q and Az/A 0 remain finite. Furthermore, the higher values of Az/A 0 
relative to Ax/A 0 suggest that some planar orientation exists, even in these 
uniaxially drawn films. Since the transition moment of the 835 cm-1 band 
is normal to the plane of the hydrogen bonded sheets made by the A con
formation in the a phase, then the higher value of A JA 0 suggests that the 
hydrogen-bonded sheets in this phase tend to lie parallel to the surface of 
the film.
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Fig. 9. Orientation parameters for the 1175 cm 1 band of nylon G as a function of draw ratio for films drawn at 100°C.
Uniaxially Drawn Film : The B Conformation

A number of absorptions related at least in part to the B conformation 
were also examined by the three-dimensional infrared technique on uniaxi
ally drawn films. The A0 values for bands at 1175, 1120, and 1075 cm-1 
are given in Figure 8. All the values tend to decrease with increasing draw 
ratio at 100°C. Since the results on the 835 and 930 cm-1 bands indicated 
that the A conformation content was increasing under these conditions, 
the B conformation content must be decreasing. Therefore, the 1175, 
1120, and 1075 cm-1 bands must be at least partially associated with the B
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DRAW RATIO

Fig. 10. Orientation parameters for 1120 cm-1 band of nylon 0 as a function of draw ratio for films drawn at 100°C.
conformation, as has already been suggested.6 The scatter in the plots in 
Figure 8 may be due in part to the fact that the twisted B conformation is 
not a well-defined conformer, as in the A form; but rather, a mixture of 
conformers such as those that might exist in the y state, or in amorphous 
polymer. Therefore, although the absorbances occur at the same fre
quencies for all the known twisted forms, the band shapes and/or intensities 
of particular twisted conformers may be different.

In Figures 9, 10, and 11 are given the orientation parameters Av/A {), 
Ax/A a, and A JA a for the three absorptions as a function of draw ratio for 
films drawn at 100°(k Since the assignments of these bands are not clear
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Fig. 11. Orientation parameters for the 1075 cm 1 band of nylon 6 as a function of draw ratio for films drawn at 1()0°C.
at the present time it is not possible to relate the orientation parameter of 
these bands to the orientation of groups in the B form. However some 
orientation trends for these bands are noted which can be used at least in a 
general way to compare B conformation changes in materials treated in 
different ways.

Both the 1075 and 1175 cm-1 bands appear to show increases in the Ax 
component relative to both the Av and Az component. This suggests some 
preferred planar orientation occurs in the B conformation. The 1120 c n r1 
band is essentially a parallel band, again with the Ax component slightly 
greater than .4 2.
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Considerably more information will be realized as the assignments and 
transition-moment directions of these bands become known.

Results obtained for films drawn uniaxially at 1.10°C were similar to those 
for film drawn at 100°C, for both the A and B conformations.

The author is very grateful to Professor Samuel Krimm for a number of helpful suggestions, to Dr. Robert Fredericks for the x-ray results, and to Mr. George Babbitt for obtaining most of the infrared data. The author also wishes to express his appreciation to Dr. A. H. Paterson for his encouragement during the various phases of this work.
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Characterization of Diene Polymers. I. 
Infrared and NMR Studies: Nonaddilive Behavior

of Characteristic Infrared Bands

YASUYUKI TANAKA and YASUMASA TAKEUCHI, Central Research 
Laboratory, Japan Synthetic Rubber Co. Ltd., Ilcuta, Kaivasaki, Japan and 
MASAMICHI KOBAYASHI and HIROYUKI TADOKORO, Department 

of Polymer Science, Faculty of Science, Osaka University, 
Toyonaka, Osaka, Japan

Synopsis
Extinction coefficients of the characteristic infrared bands due to isomeric structural units were measured for polybutadiene and polyisoprene in CS2 or CCI4 solutions and were compared with the isomer composition determined by NMR.. The NMR signal assignments were made on the basis of the spectra of deutero derivatives of the polymers. In the case of polyisoprene, linear relations were obtained between the extinction coefficients and the isomer contents determined by NMR for the absorption bands at 1385 cm-1 (characteristic of trans-1,4 units), 1376 cm-1 (cfs-1,4 units), and 889 cm-1 (3,4 units). However, for the absorption bands at 840 cm-1 (characteristic of cis-1,4 and trans-1,4 units), isomerized polyisoprenes did not give such a linear relationship. In polybutadiene, the extinction coefficient for the atactic 1,2 units was found to be lower than that of the syndiotactic 1,2 unit. These experimental facts lead to the conclusion that additivity of the extinction coefficients does not always hold for diene polymers. The deviation from the linear relation may be associated with regular sequences of one isomeric conformation in the chain.

INTRODUCTION
Diene monomers polymerize to give several types of addition, i.e., 

Pans-1,4, cis-1,4, 3,4, and 1,2 units in the case of isoprene and trans-1,4, 
cis-1,4, and 1,2 units in the case of butadiene. Since the thermal and me
chanical properties of diene polymers are affected by the distribution of the 
isomeric structural units along the polymer chain as well as the overall 
contents of these units, it is very important to characterize the microstruc
tures of these polymers. At the present stage, the overall contents of the 
isomeric structural units in polybutadiene and polyisoprene have been de
termined by infrared spectroscopy, while a method of determining the dis
tribution of these units has not yet been reported, as far as we know.

The infrared methods are based on the assumption that the extinction 
coefficient of a structural unit is always constant independently of the 
neighboring units. For accurate quantitative analysis of copolymers, how-
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ever, we have to take into account the case in which tlie simple assumption 
of additivity may not be applicable because of the influence of the neigh
boring units upon the vibrations of the component unit in question. In 
fact, there are experimental data showing that infrared spectra of 1,4- 
polyisoprene obtained by isomerization of either natural rubber or gutta 
percha are somewhat different from the superposition of the spectra of the 
starting polymers.1 These facts indicate that additivity does not always 
hold for some characteristic absorption bands of diene polymers. The 
deviation from the simple additivity approximation suggests that the dis
tribution of the isomeric structural units is reflected in the infrared spec
trum.

NM R spectroscopy has been applied recently for determination of the 
isomeric structure of polyisoprene2-8 and butadiene-styrene copolymer.0 
In some copolymers, ethylene-vinyl chloride,7 styrene-methyl methac
rylate,8 etc., the NM R signals appear with fine structure characteristic of 
dyads or triads of monomeric units, and give information concerning the 
distribution of monomeric units. In the case of diene polymers, such sig
nal splitting due to dyads or triads of the isomeric structural units have not 
yet been found.

In the present paper, the NM R spectra of polybutadiene and polyiso
prene including deutero derivatives are studied. On the basis of the NMR 
measurements the additivity of the extinction coefficients of the infrared 
absorption bands is examined.

E X P E R IM E N T A L

S a m p le s
P o ly iso p ren e . A m-1,4-polyisoprone was prepared with TiCfi-Al- 

(C2H6)3 catalyst and /ra«.s-l,4-po]yisoprene was prepared with VC13-A1- 
(C2H6)3 catalyst.9 Polyisoprene containing a relatively large amount of
3,4 units was prepared with T ^ O C JR R -A l^ IR V 0 or with n-C4H 9Li- 
0(C 2H5)2 catalyst. For these samples the content of 1,2 units was con
firmed to be negligibly small by the absence of the characteristic infrared 
band at 909 cm-1.

P o ly b u ta d ien e . Syndiotactic 1,2-polybutadiene and atactic 1,2-poly- 
butadiene were prepared with CoBr2(PR3)2-Al(alkyl)3-H 20  catalyst.11 
Atactic 1,2-polybutadiene was prepared with Co2(CO)8-MoCl5 catalyst.12 
Polybutadienes composed of cis-1,4 and 1,2 units and of cfs-1,4, irons-1,4, 
and 1,2 units were prepared with CoBr2(PR3)2-Al(C2H5)3-(C H 3)2S2-H 20  
catalyst13 and n-C4H9Li-0(C2H5)2 catalyst, respectively.

Iso m er ized  P o ly m ers . Isomerization of polyisoprene and polybutadiene 
was carried out according to the method developed by Cunneen.14 The 
starting m -1,4 or trans-1,4-polyisoprene was dissolved in benzene so as to 
make a 2% polymer solution and thiobenzoic acid (2.5-10% of the weight of 
polymer) was added. The solution was irradiated with a low-pressure
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mercury lamp for 1-24 hr in a nitrogen atmosphere. Then, the polymer 
was precipitated in methanol and dried under reduced pressure. The poly
mer was purified by repeated reprecipitation from a benzene solution with 
acetone. In the case of polybutadiene, phenyl disulfide was used as an 
initiator, and the polymer solution was irradiated with a high-pressure 
mercury lamp.

D e u te r a te d  P o ly m e r s . Butadiene sulfone, CH2C H =C H C H 2S02, or
isoprenc sulfone, CH2C(CH3)=C H C H 2S02, was treated with D20  in the 
presence of Iv2C 03 at 55°C for 14 hr followed by drying under reduced pres
sure. This procedure was repeated four times.15 Then the deuterated 
sulfoncs were recrystallized twice from methanol. The decomposition of 
the deuterated sulfone was carried out in nitrogen at 120°C. Butadiene- 
1,1,4,4-ch, C D ,=C H C H = C D 2, or isoprene-l,l,4,4-d4, C D ,=C (C H 3)- 
C H = C U 2, was polymerized with the catalysts described above.

N M R  and  In frared  M e a su r e m e n ts
Higli resolution NMR spectra were measured with a Japan Electron 

Optics Laboratory 4H-100 (100 MHz) NM R spectrometer. Solutions of 
the polymer samples (3.5 to 7% by weight) were prepared in deutero- 
chloroform for polybutadiene or in benzene for polyisoprene. Measure
ments were made at G0°C by using tetramethylsilane as internal standard.

Infrared spectra were measured with a Japan Spectroscopic Co. DS- 
402G double beam grating spectrophotometer. Compensation for the 
solvent, CS2 or CCI4, was made by placing a cell of appropriate thickness 
filled with the same solvent in the reference beam.

R E S U L T S
D eterm in a tio n  o f  Iso m er ic  S tru ctu ra l U n its  b y  N M R

The NM R spectra of cfs-1,4 and t r a n s - l ,4-polybutadiene exhibit little 
difference in the chemical shifts of corresponding signals, as is shown in 
Figures E l and IB. Any signal splitting due to cts-1,4 and ¿rans-1,4 units 
is not detected in the spectra of the mixture of cfs-1,4 and trans- 1,4-polv- 
butadiene homopolymers or in the isomerized polybutadiene samples 
(Fig. 1C). The NMR signals of both syndiotactic and atactic 1,2-poly- 
butadienes (Fig. 2) are divided into four groups. The integrated intensity 
ratio of these four groups varies with variation of the content of 1,2 units. 
With decreasing the content of 1,2 units, the signals become broader, but no 
additional signal appears. The same is the case for the mixtures of 1,2 and
1,4-polybutadiene homopolymers. This shows that the observed signals 
around 5.40 and 2.10 ppm (5) are both due to overlapping signals for 1,2 
and 1,4 units.

The assignments of the NM R signals were made by taking account of the 
data of poly butadiene-1,1,4,4-d4. The signal at 2.0-2.1 ppm In cts-1,4 and
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irans-1,4-poly butadienes vanishes in deutero derivatives. As for deutero
1,2-polybutadiene, the signals at 1.2 ppm and at 4.9-5.4 ppm vanish (Fig. 
2C ). From these data, the assignments of the signals are obtained as given 
in Table I.

2.04

2.05

chemical s h i f t  in p pm  fro m  T M S

Fig. 1. N M ll spectra of 1,4-polybutadiene measured on CDCb solutions at 50°C: (A)
as-l,4-polybutadiene; {B) ¿/’ans-l^-polybutadiene; (C) isomerized polybutadiene.
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On the basis of the assignments, the contents of 1,2 and 1,4 units can be 
calculated by the following equation.

7(1.20) 2 [1,2 ] )
7(2.10) “  [1,2] +  4[1,4] (i)

[1,2] +  [1,4] = 1 )

4.95

- c d 2- c h -

CH

CD,  6

( C )

i

6 5 4 3 2 1 0
chemical sh if t  in ppm from TM S

Fig. 2. NM It spectra of 1,2-poIybutadiene measured on CDC1» solutions at 5U°C: 
(A )  syndiotactic 1,2-poly butadiene; (B ) atactic 1,2-polybutadiene; (0) syndiotactic 
l,2-polybutadiene-l,l,4,4-d4.
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TABLE I
NM R Signal Assignments for Polybutadiene

Unit Type of proton S, ppm
1,4 = C H — 5.40

\ CHa
(2 .12  (cts-1,4)

/ V2.04 (irans-1,4)
1,2 = C II — 5.04

( II .
\

4.80-5.01
C1L-/

\
2. JO

GIF/ 1.20

TABLE II
NM R Signal Assignments for Polyisoprene

Unit Type of proton S, ppm
1,4 = C II — 5.24

\
GIF

(2 .1 9  (cts-1,4)
/

- G I L

12.14 (/ratts-1,4) 
( 1 .74 (cts-1,4)
v 1.05 (Irans-1,4)

3 ,4 —Cl I.
\

4.81
( II .

/
\

1.50

CH—
/

2.21
—CH, 1.69

Here, as well as in the following equations, the bracket denotes the mole 
fraction of the respective structural unit indicated and 1(8) represents the 
relative integrated intensity of the signal with chemical shift 8.

The NMR spectra of cts-1,4 and irons-1,4-polyisoprene are shown in 
Figure 3. The signals at 1.65 and 1.74 ppm in the isomerized polyisoprene 
(Fig. 3C) are due to trans-1,4 and cts-1,4 units, respectively, and this splitting 
pattern is identical with that of the mixtures containing cts-1,4 and tra ns-
1,4-polyisoprene homopolymers. The signal at 2.1-2.2 ppm in cts-1,4 and 
ira?ts-l ,4-pol> isoprenes vanishes in the case of mV  1,4 and tra n s -1 ,4-polyiso- 
prene-l,l,4,4-d4. In Figure 4 the NMR spectra of polyisoprene containing 
65% of 3,4 units is compared with that of deutero-polvisoprene prepared 
with the same catalyst. In the case of deutcro-polyisoprene, the signals at
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1.74

6 5 4 3 2 J_________ I

I 0
1.65

2.17

chemical sh i f t  in ppm from TM S

Fig. 3. NM R spectra of 1,4-polyisoprene measured on C6H6 solutions at 60°C: ( A ) cis-
1,4-poly isoprene; (B ) ¿rans-l,4-poly isoprene; (C) isomerized polyisoprene.

4.81 ppm and 1.50 ppm vanish and the signal at 2.2 ppm appears clearly 
owing to disappearance of the overlapping signal from 1,4 unit. On the 
basis of these data, the assignments are obtained as given in Table II. 
These assignments are in accord with those obtained by using low molecular 
weight olefins as model compounds.3“5

On the basis of the assignments, the contents of a s -1,4, ¿rans-1,4, and 3,4 
units can be calculated by eq. (2):

7(4 .8 1 )_________ 2 [3,4]_______
7(5.24) [c?'s-l,4] +  [¿rans-1,4]

7(1.70) [cfs-1,4] 1
7(1.65-1.69) “  [¿rans-1,4] +  [3,4]
[as-1,4] T  [¿rans-1,4] -[- [3,4] — 1 j

( 2 )
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1.69

6 5 4 3 2 1 0
chemical sh i f t  in ppm from TMS

Fig. 4. NM R spectra of polyisoprene containing 65% 3 ,4 units, measured on Cello solu
tions at (50°C: (.1) 3,4-polyisoprene; (B )  3,4-polyisoprenc-l,1,4,4-ch.

The content of 1,2 units is negligibly small in these polymers, as was indi
cated in the preceding section.

E x tin ction  C oeffic ien ts  o f  th e  Iso m er ic  S tru ctu ral U n its
Polyisoprene shows absorption bands at SS9 and 840 cm-1 characteristic 

of 3,4 and 1,4 units, respectively (Fig. 5). The absorption bands at 1376 
and 1385 cm "1 have been used for the determination of the content of cis-
1,4 and tra n s -1,4 units, respectively.16 For these absorption bands the 
peak intensities are measured by the use of the baseline method as shown in 
Figures 5 and 6.

Polybutadiene exhibits the absorption band at 909 cm "1 characteristic 
of 1,2 unit (Fig. 7). In the case of this band, the baseline method was not 
used because of very weak background absorption.

E xtin ction  C oeffic ien t o f  3 ,4  U n it a t 889  c m 1 in  P o ly iso p ren e . The
extinction coefficient at 889 cm-1 per monomeric unit is given by the equa
tion

«889 — «3,4' [3,4] T- «Cfj.1,4- [cis-l,4] -p «/rans-1.4" [h'a?!.S-l,4] (3)
The plot of the extinction coefficient of the monomeric unit at 889 cm "1 
versus the content of 3,4 units gives a straight line passing through the 
origin, as shown in Figure 8. From this figure the absorption of r.is-l ,4 and 
/m/fs-1,4 units at 889 cni"1 was found to be very small compared with that
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Wavenumber cm"

Fig. 5. Infrared spectra of CS2 solutions of polyisoprene at room temperature: (A) cis-
1,4-polyisoprene; (B ) irans-1,4-polyisoprene; (C) polyisoprene containing 05% 3,4 units.

of 3,4 unit, which was estimated to be 177 l./mole-cm. The peak extinc
tion coefficients at 8S9 cm-1 of the lower molecular weight olefins as model 
compounds for 3,4 unit are measured to be 175, 176, and 190 l./mole-cm 
for 2-methyl-l-butene, 3-methyl-1-pentene, and 2,3-dimethyl-l-butene, 
respectively. These results suggest that the extinction coefficient for 3,4 
unit at SS9 cm-1 is independent of the neighboring units in the polymer 
chain.



TANAKA FT AK.

Fig. 6. Infrared spectra of CCU solutions of 1,4-polyisoprene at room temperature: (.1 )
ci"s-l,4-polyisopreue; (B ) lra n s-l,4-polyisoprcne.

Fig. 7. Infrared spectrum of CS2 solution of 1,2-polybuladiene at room temperature.

E x tin c tio n  C o effic ien ts  o f  1 ,4  U n it a t 1376  a n d  1385 cm  1 in  P o ly -  
iso p ren e . In  the case of mixtures of cfs-1,4 and t r a n s - l ,4-polyisoprene 
homopolymers, the absorption peaks at 1376 and 1385 cm-1 are separated, 
and the peak intensities of both bands can be measured. On the other 
hand, the separation of the two peaks is not clear in the case of the isomer- 
ized polyisoprenes, and the weaker band appears as a shoulder. Accord
ingly, only the intensity of the stronger band was measured; 1385 cm-1 
band for the high-frans-1,4 sample and 1376 cm-1 band for the low-irans-1,4 
sample.
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Fig. S. Correlation between the extinction coefficient, per monomeric unit, at 889 cm “1 in 
polyisoprene and content of 3,4 units determined by NM R.

Fig. 9. Extinction coefficients per monomeric unit at 1385 cm“1 and 1376 cm“1 in 
polyisoprene vs. irons-1,4 content determined by NM R: (O*) for mixtures of cis-1,4
and Irons-1,4 homopolymers, (AA) for isomerized polyisoprenes.

In Figure 9, the extinction coefficients of 1385 and 1376 cm-1 bands per 
monomeric unit are plotted against the content of t r a m -1,4 units deter
mined by the NM R method. The linear relations for both the mixtures 
and the isomerized samples indicate additivity of the extinction coefficients 
of the absorption bands at 1385 and 1376 cm-1 for c is -1,4 and tra n s -1,4 
units.

E x tin c tion  C oeffic ien t o f  1,4 U n it a t 8 4 0  cm -1  in  P o ly iso p r e n e . The ab
sorption band characteristic of 1,4 unit shows a peak at 840 cm-1 for cis-
1,4-polyisoprene and at 837 cm-1 for tr im s -1,4-polvisoprene. However, 
both the mixtures of c is -1,4 and tra n s -1,4-po 1 yisoprene homopolymers and 
the isomerized polyisoprenes show only one peak at 840 cm“ 1. In Figure 
10, th(> extinction coefficients at 840 cm“ 1 per monomeric unit are plotted
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Fig. 10. Correlation between the extinction coefficient per monomeric unit at 840 cm -1 
in polyisoprene and the irans-1,4 content determined by NM R: (O) for isomerized
polyisoprenes; ( • )  for mixtures of cfs-1,4 and trans-l ,4 homopolymers.

Fig. 11. Correlation between the extinction (»efficient per monomeric unit at 909 cm-1 
in polybutadiene and content of 1,2 units determined by NM R: (O) syndiotacl ic 1,2-
polybutadiene; (©  ) atactic 1,2-polybutadiene; (©  ) polybutadiene containing c/s-1,4 
and 1,2 units; ( • )  polybutadiene containing «8-1,4, irons-1,4, and 1,2 units.

against the content of tra n s -1,4 units determined by NMR. A linear rela
tion is obtained only for mixtures of iraws-1,4 and cts-1,4 polyisoprene 
homopolymers. The isomerized samples, on the other hand, give a curve 
with the minimum at about 80% Irans-1,4 units. The extinction coef
ficient at S40 cm-1 per monomeric unit is given by eq. (4), since the ab
sorption of 3,4 unit at 840 cm-1 is negligibly small, as is shown in 
Figure 5(7.

«¡no — [iraits-1,4] T  (n!4 ,.i • [ri.s-1,4 ]
= elra„s_i,4 - [irans-1,4] +  eiis- i ,r ( l  — f/raws-1,4]) (4)



C H A R ACTERIZATION OF D IE N E  POLYM ERS. I 55

If tirans-i ,4 and ecis_ii4 are constant, as is the case for mixtures of homopoly
mers, the correlation between t840 and the content of tra n s -1,4 units should 
be linear. On the other hand, it is clear that the extinction coefficient for 
ct's-1,4 or imns-1,4 units at S40 cm-1 varies with the overall content of 
trans-1,4 units in the isomerized polyisoprene.

E x tin c tio n  C oeffic ien t o f  1 ,2  U n it a t 9 09  cm “ 1 in  P o ly b u ta d ie n e . In 
Figure 11 the extinction coefficient of polybutadiene is plotted against the 
content of 1,2 units. A linear relation is obtained only for atactic samples. 
For syndiotactic samples, the extinction coefficient is always higher than 
the corresponding value for atactic 1,2-polybutadiene. These facts indi
cate that the extinction coefficient for 1,2 unit is affected by the con
figuration of the polymer chain.

D IS C U S S IO N
The deviation from simple additivity of the infrared extinction coef

ficients for the S40 cm-1 band of 1,4-polyisoprene suggests that the dis
tribution of cis-1,4 and tra n s -1,4 units in the polymer chain has some ef
fect on the absorption intensity of the infrared band. The nonadditivity of 
the extinction coefficients at 840 cm-1 in polyisoprene was previously sug
gested by Golub and Heller17 on the basis of an experimental result ob
tained by a different method: a nonlinear decrease in the absorbance of 
the 840 cm-1 band for hevea and balata with consumption of 1,4 double 
bonds by progressive hydrochlorination. These facts should be taken into 
account, when this band is used as a measure of cfs-1,4 and tra n s -1,4 con
tent in quantitative analysis.

The ¿raris-l,4-polyisoprene homopolymer is highly crystalline at room 
temperature. The crystallinity of the isomerized samples obtained from 
fra?is-l,4-polyisoprene decreases drastically with decrease in tra n s -1,4 con
tent, I t  was confirmed by x-ray diffraction that isomerized polyisoprene 
samples containing less than 80% t r a n s - lA  units do not crystallize at room 
temperature. This suggests that the isomerization gives copolymer in 
which cfs-1,4 and irans-1,4 units are distributed randomly along the chain. 
In the case of polybutadiene, similar random isomerization has been re
ported by Berger and Buckley.18

According to the results of the NM R study of the photochemical reaction 
of polyisoprene in the solid state by Golub and Stephens,19 an appreciable 
loss of 1,4-double bonds was deduced from the appearance of the signals 
due to the vinylidene or cyclopropyl groups. In the present case, however, 
no signal due to these groups is detectable in the NMR spectrum of the 
isomerized samples as shown in Figure 3C; and so it may not be necessary 
to consider the possibility of loss of 1,4 units.

In general, the absorption intensity of the so-called crystalline band is 
closely related to the length of sequences of the same units. Thus some 
crystalline bands of isotactic polymers observed in the spectra of dilute 
solution at low temperatures have been ascribed to the regular helical con
formations of short length present in solution.211'21
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Fig. 12. Plot of integrated extinction coefficient versus content of 1,2 units determined 
by N M lt. Samples are the same as in Fig. 11.

For the isomerized samples, a plot of the extinction coefficient against 
tra n s -1,4 content falls on a straight line for tra n s -1,4 content less than '>0%, 
and the line gives zero for the extrapolated value at 100% tra n s -1,4 units, 
as shown by the dashed line in Figure 10. This means that we may regard 
the extinction coefficient at 840 cm-1 as zero for trans-]  ,4 units in very 
short sequences.

It should be noted that there are no notable differences in the shape and 
the half-intensity width of the absorption near 840 cm "1 in mixtures of cis-
1,4 and /rans-l,4-polyisoprene homopolymers and the isomerized polymers. 
Therefore, the discussion described above should also be applicable to in
tegrated absorption intensities as well as peak intensities.

The absorption band at 909 cm "1 in polybutadiene is another example 
in which the additivity of the extinction coefficient does not hold. The 
svndiotactic and atactic samples give different plots of t  versus percent of
1,2 units, as is shown in Figure 11. The extinction coefficient for 1,2 unit 
at 909 cm-1 is estimated to be 167 l./mole-cm for atactic 1,2 samples and 
192 l./mole-cm for syndiotactic 1,2 samples. The half-intensity width 
Ai/2 of this 909 cm "1 band is evaluated as 8.0 cm“ 1 for atactic 1,2 samples 
and 6.9 cm-1 for syndiotactic 1,2 samples. If we assume a Lorentz func
tion for the absorption curve, the integrated extinction coefficient A  is 
given by

A  =  l /2 e A ,A (o)
where e is the extinction coefficient at the peak.22 By the use of this equa
tion, the integrated extinction coefficient per monomeric unit at 909 cm-1 
has been calculated for these samples. The points fall on a common 
straight line for the syndiotactic 1,2 and atactic 1,2 samples, as is shown in 
Figure 12. Consequently, the integrated extinction coefficient for 1,2 
unit is constant regardless of the tacticity of the chain.

From the above results, the nonadditive behavior of the extinction co
efficient was clarified for some characteristic absorption bands. Those
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findings indicate that great care must be taken in determining isomeric 
structural units by the infrared method.
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S y n o p s is
Crystals of poly-irons-1,4-butadiene of uniform size have been grown from three 

solvents («-heptane, methyl isobutyl ketone, and toluene) by using a minimum dissolu
tion temperature technique. The percentage of double bonds available for reaction in 
the crystals was determined by epoxidation in suspension; crystal thicknesses were 
measured by electron microscopy. These values were used to calculate the number of 
monomer units per fold. The number of available double bonds was found to increase 
with decreasing molecular weight, evidence for the presence of non-reentrant chains 
(cilia) at the crystal surfaces. The nature of the chain fold in poly-irans-1,4-butadiene 
crystals is discussed.

In trod u ctio n
In a previous publication1 the results of a quantitative investigation of 

chain folding in poly-trans-1,4-butadiene (PTBD) crystals, obtained by 
precipitation from dilute n-heptane solution, were presented and briefly 
discussed. In that study it was reported that 14% of the double bonds in 
the crystals when suspended in benzene were available for an epoxidation 
reaction. This led to the conclusion that, in general, the chain folds at 
the surfaces of the crystals are regularly reentrant. However, there was 
a question as to the effect of cilia (loose chain ends at the surface of the 
crystal) on the epoxidation results. Further work has now been carried 
out to clarify that point.

Hexagonal-shaped crystals of PTBD can be obtained from various 
solvents in addition to «-heptane, and it has been shown that the dynamic 
mechanical behavior of mats of these crystals depends on the solvent used.2 
In order to obtain information concerning the effect of solvent on the fold 
structure of PTBD crystals, the number of available double bonds was 
determined for crystals grown from n-heptane, methyl isobutyl ketone 
(MIBK), and toluene.

E x p erim en ta l
Samples of PTBD supplied by Ube Kosan Co., Ltd. of Japan (PTBD-K) 

and by Uniroyal Inc. (PTBD-U) were found by infrared analysis to have
59
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>95%  tra ns  content, For the PTBD-K, as received, a number-average 
molecular weight M n of S670 (±10% ) was reported by DeBell and Rich
ardson Co., Inc. by using a Hitachi Perkin-Elmer vapor pressure osmom
eter. The intrinsic viscosity in chloroform at 30°C was found to be 
1.53 dl/g, which leads3 to a viscosity-average molecular weight M v of
92,000. For a sample of PTBD-K crystals recovered from «.-heptane 
solution, as described below, M n was found to be 36,900 (±10% ). The 
intrinsic viscosity of PTBD-IJ in chloroform at 30°C was 0.32, yielding an 
M v of 11,000.

Crystals were prepared in the following manner. The polymer was 
dissolved at the minimum dissolution temperature for that particular 
system, the solution (0.02% by weight) filtered, the resulting mixture 
reheated to the original dissolution temperature, and the solution then 
placed in a constant temperature bath set low enough to produce a large 
quantity of crystals of uniform size. Then, the crystals were separated 
from the growth liquid by' hot filtration, resuspended in benzene, placed 
in a cold box at 0°C, and m-chloroperbenzoic acid (Alt'I’BA) was added. 
The amount of AICPBA used was varied from run to run but was at least 
enough to react with 18-26% of the total double bonds in the polymer 
sample; however, for the one run on crystals of PTBD-U the amount of 
AICPBA added was 135% of the amount of double bonds present and for 
one PTBD-K-heptane run and one PTBD-K-AIIBK run it was 41-42%. 
The epoxidation reaction was followed by- iodometric titration of the un
reacted peracid, and in each run a control solution was also titrated. The 
reaction was followed for at least 48 hr after no further disappearance of 
acid was noted. The amount of polymer originally present was determined 
for the PTBD-K-heptane runs by difference after finding the amount of 
polymer remaining in the mother liquor following the hot filtration. For 
the other crystal samples, weighing of the crystal mats after washing, 
filtering, and drying the reaction mixture was employed.

Small samples were removed from the reaction mixture at various time 
intervals for electron microscope investigation. Both selected-area elec
tron diffraction and transmission micrographs were obtained with a Phillips 
EAI 300 instrument. Crystal thicknesses were estimated from shadow 
castings, at least six crystals from each preparation being measured.

R e su lts

Crystals were prepared from PTBD-K by using three solvents and of 
PTBD-U from one solvent, as noted in Table I. Essentially the same 
dissolution temperature-precipitation temperature regimes were used for 
the PTBD-Iv-n-heptane (78°C/63.5°C) and PTBD-K-AIIBK (92°C/ 
73°C) crystal preparations as were employed previously by Tatsumi et al.2 
The minimum dissolution temperature in «.-heptane for PTBU-U was 9°C 
below that for PTBD-K, an effect believed to be due to the lower molec
ular weight of the former.



C H A IN  FO LD IN G (>1

O

oQCOHAh

CO

TJ tíV. .o . 5  oa ’•£

>. ^  °" 
Ô 2

-H -H -H -HO O ‘C >CTf CO O  05

y  _o HJ 5

cd<r1
Ê g

Oh
«8 Os °^  aT c  b

_>
:/2

00 (M O  05 N 05 IQ O

<V
3 %
3 H

W M M Oi i i i3 Û Q Û  23 pq «  m  H H H HPi Pm PL, Ph



62 STELLMAN AND WOODWARD

Fig. 1. PTBD-K  crystals from MIBK; dissolved at 92°C and precipitated at 73°C.
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Fig. 3. PTBD-U crystals from 71-heptane; dissolved at 69°C, precipitated at 53°C.

The percentage of polymer precipitated during the single-crystal prepara
tion from a solution of the bulk material is similar for PTBD-K from the 
three different solvents but is much lower for the PTBD-U-heptane sys
tem (Table I, column 5). The crystallization process for PTBD-K does 
lead to a fractionation of the bulk material as is evident from the change 
in M „ . The bulk PTBD-U is believed to be less polydisperse than the 
bulk PTBD-K, but it also has a lower M v, which may account for its 
higher solubility in »¿-heptane at the precipitation temperature employed.

Electron micrographs of PTBD crystals obtained from MIBIv and 
heptane are given in Figures 1-3 herein and Figures 1 and 2 of a previous 
communication.1 Due to the poor contrast electron micrographs of the 
toluene grown crystals are not shown. It was found in this study that a 
large number of the PTBD-K crystals from MIBK have holes and/or 
rough surfaces. A representative field showing this is given in Figure 1. 
These effects were incurred during the crystal preparation and/or isola
tion and are not due to subsequent thermal treatments known to yield 
thicker hole-ridden crystals.4 It was also found that the PTBD-K crys
tals from toluene were consistently smaller by a factor of about 2 than 
those from »¿-heptane and MIBK.

Additional experiments in which the dissolution temperature was varied 
were carried out for PTBD-K crystals from »¿-heptane and MIBK. It 
was found that an increase in dissolution temperature in the 92-103°C 
range for MIBK-grown crystals at 73°C resulted in an increase in crystal 
size, average diameters of 3, 8 and 48 ¿u being observed when dissolution 
temperatures of 92, 97, and 103°C, respectively, were used. For PTBD-K 
crystals from heptane, a change in dissolution temperature from 78 to 
S8°C resulted in a change of crystal diameter from 4 to 20 ¡± when the
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precipitation temperature was 63.5°C. The same effect was reported5 
previously for polyethylene crystals, although it was the temperature at 
which the precipitate was redissolved which was found to be critical.

An apparent change in crystal thickness with crystallization conditions 
is seen on comparing the values in Table I. However, the values given 
for the PTBD-K crystals from n-heptane and MIBK may be too high 
because of curling at the edges of the /(.-heptane crystals and variations 
in thickness due to surface roughness for the MIBK crystals, although 
attempts were made to avoid such effects in carrying out the thickness 
measurements. A crystal thickness value for PTBD-K crystals from n-  
hcptaue was given earlier as 100 A. The higher value given here was 
obtained after further thickness determinations.

Selected-area electron diffraction patterns were obtained for all prepara
tions before and after reaction and in all cases the pattern reported earlier- 
for the low temperature form of PTBD was found.

The results of three separate epoxidation runs in which the number of 
available double bonds was determined by reaction with m-chloroperben- 
zoic acid (MCPBA) for crystals grown from -/(.-heptane solutions of PTBD-K 
were given previously.1 It was found that although there were differences 
in the rates of double bond disappearance at times below 100 hr, a leveling- 
off at 14% double bonds reacted occurred at later times. This same type 
of leveling-off behavior was generally observed for runs on the other crys
tal preparations. The number of runs and the mean values of the per
centage of double bonds available for reaction are given in Table I for the 
four systems studied.

D isc u ss io n

The crystal structure of PTBD has been reported6 as monoclinic with 
a chain repeat distance of 4.83 A. Division of the crystal thickness by 
this repeat distance gives the number of monomer units in one traverse 
of a chain between the two fold surfaces of the crystal. Multiplication 
of this number of monomer units by the fraction of double bonds available 
yields the number of monomer units at all the surfaces per chain between 
the fold surfaces. Assuming that these reactive monomer units reside 
in folds (i.e., the amount in chain ends, tie molecules and on the sides of 
the crystals is considered negligible) values of 4-6 monomer units per fold 
are obtained from the experimental results (Table I). (The difference 
between the value given in Table I for PTBD-K crystals from n-heptane 
and that given earlier1 is due to the difference in crystal thickness.)

A calculation of the surface area of a hexagonal crystal 100 A thick and 
2 /u on a side shows that the total area of six sides is only 0.05% of that of 
of the two large faces and indicates that the double bonds exposed on the 
crystal sides are negligible as compared to those at the two surfaces. 
Therefore, for the n-heptane-grown crystals, and even for the smaller 
toluene-grown crystals, this effect is negligible. Tor crystals with holes
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a larger number of double bonds would be exposed, the amount depending 
on the number and size of the holes.

An estimate of the number of monomer units in non-reentrant chains 
(cilia) is obtained by dividing an average number of total monomer units 
in two cilia by the number-average degree of polymerization. The average 
length of cilia is taken as one-half the length of the chains in the body of 
the crystal between fold surfaces.7 For M n <  11,000, the number of mono
mer units in cilia is thereby calculated to be >  10% and for M n = 37,000 
it is calculated to be .3%. Using the first value to correct the number of 
monomer units per fold for the PTBD-U crystals and the second to correct 
those for the PTBD-Iv crystals yields the values for the corrected number 
of monomer units per fold is given in Table I. In making these corrections, 
in addition to the assumptions above, it is further assumed (1) that M n 
of the PTBD-U chains in the crystals is equal to M „  of the bulk material 
and (2) that M n of PTBD-K in crystals grown from toluene and MIBK 
is the same as that for crystals from ?i-heptane.

It is apparent from the experimental results that PTBD-K crystals 
from M IBK have a greater number of available double bonds than those 
grown from either «-heptane or toluene. This greater number can be 
directly linked with the presence of holes in these crystals and the observed 
surface roughness which suggests a prevailing surface disorder (see Fig. 1).

There has been considerable discussion concerning the tightness and the 
reentry character of chain folds in polymer crystals.8-13 For this reason 
it is of interest to compare the values of the number of monomer units per 
chain fold given in Table I with the minimum number necessary to connect 
two adjacent chains in a crystal with the structure given for the low tem
perature form of PTBD. The unit cell for the low-temperature form of 
PTBD is believed6 to contain four repeat units, with the distance between 
units I and IV being larger than the other interchain distances by at least 
50%. Excluding the distance between units I and IV, the distance be
tween units at the same elevation in the cell ranges from 4.3 to 5.0 A, which 
at the lower extreme is shorter than and at the upper extreme is longer 
than the length of a repeat unit. Also, a given atom in the repeat unit 
is not necessarily coplanar with the same atom in an adjacent chain. 
Of the twenty possible connections between adjacent chains (ruling out
I-IV) seven are found to include only one double bond and 13 to include 
two double bonds. I t is therefore concluded that the average number of 
double bonds necessary for the tightest reentrant fold will be between 1.5 
and 2. Comparison of these values with those in Table I leads us to the 
conclusion that reentrant folding is highly probable, although some fold 
looseness does occur.

In an earlier study of the dynamic mechanical behavior of crystal mats2 
it was postulated that crystals from a “good” solvent, such as benzene, 
should have looser folds than crystals from “poor” solvents, such as n -  
peptane, a “good” solvent being defined as one in which the particular 
holymer material dissolves at a relatively low temperature. However,
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in that investigation2 and in the present work the temperature of dissolu
tion and the precipitation temperature were varied according to the solvent 
used, being lower the better the solvent. Since the dissolution tempera
tures employed were close to or at the minimum dissolution temperature 
for the particular solvent, the solvent-polymer interactions in the various 
solutions should be approximately the same. Furthermore, at any tem
perature at which precipitation takes place all the liquids used are “poor” 
solvents and therefore the effects of solvation are minimal. In light of 
the above, differences in fold structure for crystals grown from the various 
single liquid systems are not expected to be large under the conditions used 
in this or the previous investigation.2

This research was partially supported by a National Science Foundation Equipment 
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S y n o p sis
The crystallinity, elastic modulus, and tensile strength of samples of various draw ra

tios together with the true stress-strain curves of high-density polyethylene were deter
mined to establish correlations with morphological changes occurring during deformation. 
Changes of crystallinity at draw ratios below 5, i.e., constancy during drawing of 
quenched film and a decrease during drawing of annealed film, are explained by the for
mation of microfibrils with crystallinity independent of the thermal history of the film. 
The microfibrils slide past each other at higher draw ratios, generating an increasing 
number of interfibrillar tie molecules, which is reflected in the increase of crystallinity, 
elastic modulus, and tensile strength. From the true stress-strain curves, the differen
tial work density for the deformation of the volume element was calculated as a function 
of the draw ratio. It contains two components which reflect two different mechanisms 
of deformation. The first component, decreasing with increasing draw ratio, can be as
sociated with the destruction of the original microspherulitie structure; the second one, 
increasing with increasing draw' ratio, can be associated with the deformation of the new 
fiber structure, i.e., with the sliding motion of the microfibrils formed during the first de
formation step.

IN T R O D U C T IO N
The first paper of this series1 was concerned with morphological changes 

in polyethylene (PE) during drawing. The main emphasis was on orienta
tion and crystal size. During drawing, the original crystal lamellae of the 
more or less spherulitic polymer film are destroyed, and a new fiber struc
ture is developed, which is independent of the thermal history of the orig
inal film. This change should be reflected also in the properties of the 
drawn sample. In this paper an attempt is made to correlate the mechan
ical properties and the crystallinity with morphological changes. The 
true stress-strain curves are of special interest, since comparison with 
morphological data should give some insight into the state of the drawn 
material, particularly with respect to the tie molecules. The crystallinity 
data should be an additional indicator of how far the transformation from 
film to the fiber is independent of the thermal history of the film. As in 
the first paper, the investigations involve a quenched and an annealed PE 
sample.

67
©  197 L by Julm Wiley & Suns, lue.



bH MEIN EL AND PETER U N

E X P E R IM E N T A L
The linear Fortiflex (trademark of Celanese Corporation) of medium 

molecular weight used for the investigation was described previously.1 
The densities of the samples were investigated in a density-gradient column 
prepared with a mixture of butyl cellulose and methyl carbitol at 20°C. 
The density distribution in the column was determined by use of calibrated 
glass beads. The heats of fusion were obtained by a Perkin-Elmer Differ
ential Scanning Calorimeter.

The elastic modulus and the tensile strength were measured with an In- 
stronTM -M  tester at different specified temperatures. Test specimens of
2.5 cm gauge length were extended at 0.1, 0.5, 1.0, and 5 cm/min for the 
measurement of the elastic modulus and the ultimate tensile strength. 
The stress-strain curves in Figure 1 and other true stress-strain plots were 
taken with specimens of a gauge length of 1 cm at specified drawing rates. 
Equidistant ink marks were made on the sample before deformation. 
Photographs of marked samples taken simultaneously at short intervals 
during the drawing process were used for calculations of true stress-strain 
curves. For this calculation the density was assumed to be constant. The 
method with ink marks is sufficiently precise for high draw ratios but yields 
less satisfactory results in the neck where the draw ratio varies rapidly 
with location.

<xn, k g /m m 2

Fig- I- Nominal stress-strain curve of quenched (—-— ) and annealed ( - - )  Fortiflex 
samples at 24°C (wj = 0.1 cm/min).

R E S U L T S
In flu en ce  o f  C ry sta llin ity  on D ra w in g

The drawing behavior of PE depends strongly on the crystallinity of the 
sample. When the yield point is reached, which is around a nominal yield
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TABLE I
Changes of the Ratio (<rvAndn with Temperature of Drawing

T,i, °C (ijAd)n
0 1.6

24 1.9
60 1.0
90 1.4

stress <j y„ of 1.0 kg/mm2 for annealed Fortiflox and around 1.7 kg/mm2 
for quenched Fortiflex (I’d'') samples at room temperature (Fig. 1), the 
nominal stress decreases rapidly to a minimum drawing stress <rdn of about 
1 kg/mm2 (draw rate vd = 0.1 cm/min). This minimum occurs at a nom
inal strain of about 80% in the annealed sample and at a higher strain, i.e., 
in 120% in the quenched sample. With further overall extension, the 
nominal stress increases slightly to about 1.2 kg/mm2 until fracture occurs. 
The ratio of nominal yield stress to drawing stress, (<ry/<r,i)„ increases from
1.0 to 1.9 between 0 and 24°C but drops to 1.0 and 1.4 when the tempera
ture increases to GO and 90°C (Table 1).

Despite the constant crosshead speed, the extension rate of an individual 
section of the sample is not uniform, as can be seen from Figure 2. The 
draw ratio A = l / l 0 of the section where necking began is indicated by solid 
line as a function of the nominal strain e„ = An — 1. Before the neck ap
pears, the draw ratio increases nearly linearly with the nominal strain. 
With neck formation it increases quite rapidly up to A «  8. From here 
on, as a consequence of the transformation into the new fiber structure, the 
draw ratio increases less rapidly up to the final fracture. The steepness

Fig. 2. Draw ratio X (------ ) at the cross section where necking began and (— ) at
cross sections which were originally a distance d from the beginning of the constriction 
as function of nominal strain: (a) annealed film; (q) quenched film (r,i =  O.lcm /m in).
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of the initial increase in draw ratio depends on the thermal history of the 
sample: it is much higher in the annealed sample than in the quenched 
sample. The transition from the original rapid rate to the lower rate of 
extension takes place at about X = 8 in quenched Fortiflex and around X 
= 12 in the annealed Fortiflex; the final slope is nearly the same in all

Fig. 3. True stress-strain curve of (------ ) quenched and (— ) annealed Fortiflex samples
(7d = 20°C, va = 0.1 cm/min).

Fig. 4. Plots of (O) elastic modulus E  and (•) tensile strength <rb, measured at — 1!X>°C
as functions of the true draw ratio X of the sample (T& = 60°C).
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Fig. 5. Density p and heat of fusion Aht of drawn samples (Tj =  60°C) as functions of 
the true draw ratio. Film used for drawing was either quenched (+ ) ,  annealed (O), or 
slowly cooled from the melt (□ ).

samples. The broken lines in Figure 2 show the behavior of neighboring- 
sections of the quenched Fortiflex which were a distance cl in the unde
formed sample from the section where the neck started. In the beginning 
these neighboring sections are the more extended, the smaller cl is, i.e., the 
closer they are to the initial constriction from which the neck develops. 
After the stabilization of the neck, the two shoulders of the quenched sample 
travel (in this particular sample) at a constant rate in opposite directions. 
When the neck approaches a given section, a slow increase in draw ratio 
up to A = 2 or A = 2.4 precedes the following sharp increase of the local 
draw ratio. This later increase is faster and reaches a higher draw ratio 
than that in the sections where the neck originated.

From the nominal stress cr„ and the knowledge of tire true draw ratio A 
at the section where the constriction started, the true stress <r = <rnA for 
this section can be obtained. A plot of the true stress versus strain e = 
A — 1 is rather similar in all samples investigated (Fig. 3). The true stress 
exhibits an extremely steep linear increase up to the yield point at A *« 
1.2, which is followed by a sharp inflection. The subsequent gradual in
crease in stress, initially small, gets larger at higher draw ratios. The true 
stress-strain curve of the annealed sample lies nearly within the error limit 
of that of the quenched sample. The error of a single measurement is 
indicated in the drawing. The small differences in the two curves, how
ever, seem to be real, since the reproducibility of the curves was within the 
indicated error limits of a single measurement. Such differences are seen 
below a strain of 100%, where the true stress is slightly higher in the an
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nealed than in the quenched sample. At higher strain, this is reversed; 
the stress in the annealed sample falls below the values obtained in the 
quenched material.

The mechanical properties, i.e., elastic modulus and the tensile strength, 
of drawn PE depend on the draw ratio, as is shown in Figure 4. The data 
were obtained on quenched samples drawn at 60°C to the specified draw 
ratio. The elastic modulus of Fortiflex measured at — 196°C increases 
with higher draw ratio from 4.8 X 1010 dyne/cm2 at X = 1 to a value of SO 
X 1010 dvne/cm2 at X = 20. The ultimate tensile strength o-b also mea
sured at — 196°C increases from 14 kg/m m 2 to 100 kg/mm2 between X 
= 1 and X = 20. The low temperature was chosen for the measurement in 
order to prevent plastic flow and the ensuing structure transformation 
before the final break.

During drawing, the density of the material changes (Fig. a). The den
sity of annealed Fortiflex drops from p = 0.963 g/cm 3 and approaches
0.951 g/cm 3, the density of the quenched and drawn material, at a draw 
ratio near 4. The density of the quenched material does not change 
initially during drawing; it increases for X >  5. The additional points in 
Figure 5 were obtained from a very slowly cooled sample, which was drawn 
at 60°C. Behavior similar to that of the density is found in the heat of 
fusion (Fig. 5). The heat of fusion of the quenched sample increases 
steadily from 42 cal/g at X = 1 to 52 cal/g at X = 20. The heat of fusion 
of the annealed sample, however, decreases until it reaches the value of the 
quenched sample around a draw ratio of X «  5. With increased draw ratio, 
the values become independent of the thermal history of the film used for 
drawing.

In flu e n c e  o f  th e  T em p era tu re  o f  D ra w in g
The local draw ratio at the section where the neck formed is plotted 

as a function of the nominal strain in Figure 6 for two different tempera
tures of drawing, 24 and 90°C. With lower temperature of drawing T<\, 
the changes of draw ratio in the neck are larger and faster, indicating that 
the neck sharpens. The change to a smaller rate of deformation occurs at 
higher draw ratios; at X = 7 at 90°C and at X = 9 at 24°C. The plastic 
deformability of the fiber structure decreases with lower temperature.

Figure 7 shows the true stress-strain curves at different draw tempera
tures. As the draw temperature increases, the yield point falls to a lower 
yield stress and the following stress increase gets progressively smaller.

The density and heat of fusion of a sample with a draw ratio of 8 are 
somewhat affected by the drawing temperature, as is shown in Figure 8. 
The density increases slightly from 0.950 g/cm 3 to 0.959 g/cm 3 as the 
drawing temperature goes from 9 to 110°C, the increase being greater at 
low drawing temperature and leveling off completely above 80°C. The 
data were all obtained on translucent, drawn samples, either as-drawn 
(open circles) or after slight pressing (filled circles). The pressing did 
not affect the crystallinity, as indicated by density data. Parallel to this



behavior is that of the heat of fusion which also increases from 43 to 49 
cal/g between 9 and 110°C. Other properties, elastic modulus and ulti
mate tensile strength, both measured at room temperature are scarcely 
influenced by the temperature of drawing, as is indicated in Figure 8.

P IA S T IC  D EFO RM A TIO N  OK PO LY ETH Y LEN E. II 7.'!

Fig. 6. Draw ratio X at the cross section where constriction started as function of the 
nominal strain for two different temperatures of drawing (¡m =  1 cm/min).

Fig. 7. True stress-strain curve obtained after drawing at different temperatures (rj =
1 cm/min).
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6.10 E, d y n /c m 2

20 40 60 80

T , °C d___
100 120

Fig. 8. Density p, heat of fusion Ahi, tensile strength tri and elastic modulus E  of drawn 
samples at 20°C (X =  8) as functions of the temperature of drawing T d; (O) as drawn; 
( • )  pressed samples (see text).
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Fig. 9. Elastic modulus E  at 20°C as function of true draw' ratio X for the values of
drawing temperature indicated.
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An influence of the draw temperature on the elastic modulus is observed, 
however, at higher draw ratios, as shown in Figure 9 where the elastic 
modulus is plotted versus draw ratio with drawing temperature T& as 
parameter. The elastic modulus, being practically independent of the 
drawing temperature below a draw ratio of 10, shows a strong temperature 
dependence above that draw ratio; the lower the drawing temperature, 
the higher the elastic modulus is.

x

Fig. 10. Draw ratio X at the cross section where constriction began as a function of the 
nominal strain for three values of va.

Fig. 11. True stress-strain curves obtained after drawing at different temperatures
and drawing rates: (— ) »d = 0.1 cm/min; (----- ) w,i = 1 cm/min; (---- ) va = 5 cm/min.
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In flu en ce  o f  th e  D raw  R a te
The draw rate influences the drawing behavior to some degree within the 

range of overall elongation rates investigated, 0.1 and 5 cm/rnin. As can 
be seen from the plot of the local draw ratio versus time (Fig. 10) at 24°C, 
the initial changes in draw ratio (up to X «  10) are relatively faster at high 
draw rates, indicating a sharpening of the neck with increasing draw rate. 
The change to the smaller local extension rate takes place around X = 7..r> 
at a crosshead speed of 0.1 cm/min and at X = 9 at 1 or 5 cm/min. The 
subsequent extension rate of the fiber structure decreases with increasing 
crosshead speed and is practically zero at 5 cm/min.

The corresponding true stress-strain curves are plotted in Figure 11. 
When the elongation rate is increased from 0.1 to 1 cm/min, the true stress 
is always higher. This effect is enhanced at lower drawing temperatures. 
At the higher rate of 5 cm/min, the yield stress increases still further. 
At higher strain, however, the curve approaches that of a sample drawn at 
1 cm/min. At a strain of 860%, the ultimate strain at 5 cm/min, a sudden 
stress increase followed by fracture is observed.

D IS C U S S IO N
A goal of the investigation of the drawing process is the correlation of 

morphology with the properties of drawn samples. The main morpho
logical changes during deformation are initially tilt and slip of lamellae. 
With higher draw ratio, the original lamellae are destroyed and microfibrils 
are formed. These microfibrils may undergo further changes during the 
subsequent drawing. The whole transformation occurs gradually in the 
neck and hence extends over a finite length of the sample, in spite of the 
fact that the transformation of single lamellae into microfibrils occurs in 
micronecks located at the crystal cracks with negligible extension in draw 
direction. The elementary act is discontinuous, but it occurs in nearly 
randomly distributed places in the neck and thus produces a gradual transi
tion from the microspherulitic to the fiber structure. This gradual transi
tion was observed by investigation of the debris after etching, wide-angle 
x-ray measurements, and small-angle x-ray scattering (SAXS).1 Other 
properties of the samples, e.g., crystallinity and the true stress-strain 
curves, are therefore not expected to show a sharp transition in agreement 
with the results obtained here.

C rysta llin ity
The crystallinity measurements show a few features which may be re

lated to the morphology. Above a draw ratio of X = 5, the crystallinity 
as derived from density or heat of fusion is independent of the thermal 
history of the film used for drawing (Fig. 5). This observation supports 
the previous claims derived from electron microscopy,2 SAXS,3 and crystal- 
size determination1 that microfibrils are newly formed morphological units 
independent of the history of_the film.4-7
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The initial decrease of the crystallinity as seen at low draw ratios of the 
annealed samples can be the consequence of spherulite destruction, and 
formation, at very low draw ratios, of microfibrils of lower density. The 
existence of microfibrils can indeed be observed by SAXS already at A =
1.1 for highly branched 1JE, and at A = 1.3 for linear PE.8 Since a finite 
concentration is needed for detection by SAXS, one might conclude that 
microfibrils are formed quite early in the drawing process. Most probably, 
they have a lower density than the original annealed film for two reasons: 
first, the crystals of a liber structure exhibit larger paracrystalline dis
order;9 and second, the decrease of long period from 300 to 170 A increases 
the surface-to-volume ratio and hence reduces the density. With drawing 
at room temperature, the density of microfibrils must be similar to that of 
the quenched sample since no changes in density are observed during draw
ing of quenched PE.

As is indicated in Figure 8, the crystallinity depends on the drawing tem
perature. It is lower at lower temperature. Since long periods do not 
change appreciably in this temperature range, one has to assume that more 
imperfections are incorporated in the microfibrils during their formation at 
lower temperatures.

A surprising fact is the steady increase in crystallinity between A = 10 
and A = 20 (Fig. 5). An explanation for this might be the increasing num
ber of tie molecules which is required for the explanation of the discrepancy 
in crystal size as measured by SAXS and WAXS1 or in the elastic modulus10 
(as described in the following discussion of mechanical properties).

Mechanical Properties
The true stress-strain curves do not seem amenable to a detailed dis

cussion in terms of the individual deformation steps. This is, as men
tioned before, a consequence of the deformation processes which extend 
over a large range in draw ratios. The curves are also very insensitive to a 
change in crystallinity of the sample used for drawing (Fig. 3). This might 
be interpreted by the similarity of the number of tie molecules connecting 
the newly formed crystallites within the microfibrils.

A second feature of the true stress-strain curves, which has to be related 
to the deformation process, is their large temperature dependence (Fig. 7). 
It shows that the single deformation steps are very temperature-dependent. 
This could be expected for processes like chain tilting or slipping, as long 
as the number of tie molecules is not too large. The slipping seems to go 
on up to very high draw ratios, allowing high extension of the sample.

Additional information on these temperature dependent processes can 
be obtained, when properties of samples drawn at different temperatures 
are compared at the same temperature. The mechanical properties, i.e., 
the elastic modulus E and the tensile strength <ri, measured at room tem
perature are independent of the temperature of drawing in the temperature 
range of 0 and 110°C up to a draw ratio of 8 (Fig. 8); at higher draw ratios, 
however, they show a strong dependence on the temperature of drawing.



78 M E I N  E L  A N D  P E T E R L 1 N

o"/X , K g /m m 2

Fig. 12. Differential work density <r/\ as function of draw ratio at various draw temperatures and draw rates: (---- ) 1 cm/min; (••) 0.1 cm/min; (--- ) 5 cm/min);(-----) quenched samples.
This indicates that with higher draw ratio a second process occurs, which is 
probably a relaxation. The presence of this process can be seen also in 
other measurements, for example, the dependence of the true stress-strain 
curves on the draw rate (Fig. 11). The stress decreases at lower draw rate 
and this decrease gets smaller with increasing draw temperature, which 
indicates the expected behavior of a relaxation process.

With the knowledge of the true stress-strain curves, one can calculate the 
work W necessary for the plastic deformation of the sample. One has for 
every volume element

clW = Fell = = (FoAMX (1)
which yields the differential work per unit volume

(1/Fo) dW/clK = tr/'X (2)
In this derivation the sample is assumed incompressible, i.e., V = Al = 
Vo = A0lo■ The differential work density <r/X is plotted in Figure 12 as 
function of X for different drawing temperatures. As in Figures 3, 6, 7, 
10, and 11, the data apply to the volume element where necking begins. 
The differential work density increases extremely fast at the beginning 
of the drawing experiment as a consequence of high elastic energy storage 
at relatively small strain. The following plastic deformation with con
spicuously higher compliance causes the ratio cr/X to decrease to minimum 
with a subsequent nearly linear rise up to the final fracture of the sample.
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The shape of the differential work versus strain curves as shown in Figure 
12 was not detectably influenced by heating effects, since drawing at 0.1 
or 1 cm/min provides practically isothermal drawing.11 It should there
fore reflect specific morphological changes. The existence of the minimum 
is an unmistakable indication of two different deformation mechanisms, 
one operating predominantly during and the other after actual necking 
of the volume element. This is in agreement with the morphological 
changes of the sample and with the course of deformation as shown in 
Figure 2. During the deformation in the neck, the original microspherulitic 
structure is discont-inuously destroyed in more or less randomly scattered 
micronecking zones so that the macroscopic transformation into the fiber 
structure appears gradual: the microspherulitic component decreases and 
the fiber component increases continuously. If the destruction rate is 
proportional to the volume fraction of the remaining original structure, one 
expects an exponential decrease of differential work density as function of 
time or strain during necking, as is indeed observed in the decreasing por
tion of the tr/A curve.

The new fiber structure exhibits a smaller plastic compliance than the 
original microspherulitic structure as may be deduced from the slopes of 
A and An curves after and before necking (Fig. 2). The significant reduc
tion of cross section by a factor A means a A-fold larger true stress on the 
fiber structure. As a consequence the maximum at the yield point and 
the subsequent decrease in the load elongation curve disappear in the 
true stress-strain curve.

The plastic deformation of the fiber structure cannot proceed by further 
rotation and destruction of lamellae because it is composed of more or less 
perfectly aligned microfibrils. The microfibrils are extremely strong and 
stable as a consequence of the great many tie molecules connecting the 
folded chain blocks. But the lateral cohesion between adjacent micro
fibrils is rather modest because it is based on the relatively weak van der 
Waals forces between slightly mismatched crystalline blocks separated by a 
layer of highly concentrated lattice defects (the quasiamorphous boundary 
between adjacent mosaic blocks) and on the few tie molecules going from 
one microfibril to an adjacent one. Such tie molecules may eventually be 
formed during drawing by exchange of folded-chain blocks between adja
cent microfibrils. More likely they originate from tie molecules inter
connecting different lamellae in the original sample.12

The high tensile strength of microfibrils and the relatively weak lateral 
cohesive forces among them favor longitudinal sliding motion as the 
mechanisms for plastic deformation of the fiber structure. During sample 
elongation, the microfibrils slide past each other. The interfibrillar tie 
molecules cause partial unfolding at the blocks where they are affixed. 
As a consequence, the length of such a tie molecule increases with A, and 
so does the distance between the two blocks it connects. The mass 
fraction of interfibrillar tie molecules increases with drawing and hence
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Fig. 13. Séparai ion of the differential work density <r/\ into the two components ll'i and11'2 (see text).
the resistance to further deformation increases as is shown by the 
increase of true stress with strain (Figs. 3 and 11).

The differential work density for sucli a deformation of the fiber 
structure docs not contribute to <r/X before neck formation because there 
is as yet no fiber component. This is gradually formed in the neck, and 
is fully developed after the neck has passed the volume element in 
question. Hence the corresponding contribution to the differential work 
density starts from zero in the neck, reaches nearly its full value at the 
end of the neck, and later increases as a consequence of stiffening of the 
fiber structure by the increasing volume fraction of iuterfibrillar tic 
molecules.

The superposition of the two contributions, the destruction of spherulites 
in the neck and secondly the microfibrillar sliding in the fiber structure, ex
plains the curves in Figure 12. A reasonable separation is attempted, as 
shown in Figure 13, by assuming an exponential decrease of the first com
ponent.

The minimum is located at the X value where the negative slope of the de
struction mechanism equals the positive slope of the fiber stretching mech
anism. Consequently it is located at a draw ratio prevailing somewhere 
between the center and the end of the neck. It moves to higher X with in
creasing temperature of drawing 7'j. Since the magnitude of drawing in 
the neck decreases with increasing 7'a, one has to conclude that the ratio of 
specific contributors of both mechanisms changes with temperature. At 
higher 7'd the transformation from the spherulitic to the fiber structure by 
lamella destruction extends over a range of draw ratios beyond that
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Pig. 14. Total work of spherulitic destruction Wi and maximum temperature, Tm&x, in adiabatic deformation (see text) as functions of drawing temperature.
achieved in the neck. Evidence for the latter behavior is found indeed by 
SAXS in PE13 and in polypropylene.14'18

The area under the curve representing the contribution of the destruc
tion mechanism in the neck gives the work W\ of applied forces during 
elastic deformation, subsequent lamellar slipping, chain tilting and slipping, 
and the final lamellar fracture. It is plotted in Figure 14 as a function of 
Td. Although the absolute values depend on the rather arbitrary separa
tion into two components of the differential work density curves, one sees 
that the total work of destruction Wi rapidly decreases with increasing 
temperature of drawing. If no heat were transferred to the environment, 
the maximum increase of temperature calculated under the assumption of a 
constant specific heat of 0.5 cal/g is simply obtained by a proper change of 
the scale of the ordinate. By adding the temperature of drawing, one ob
tains the maximum temperature Tmax, which may occur in the neck during 
drawing. Both values are plotted in Figure 14.

The deformational work Wi of the fiber structure is of the same order of 
magnitude or even larger than Wi, but it is uniformly produced over all the 
fibrous volume elements, in contrast with IFi which is to a large extent con
centrated in the extremely thin destruction zones. As a consequence, the 
local heating caused by IF2 is small at low draw rate and identical with the 
macroscopic heating of the drawn sample after necking.

A further source of information on the morphology is the elastic modulus 
of the drawn sample. In the microfibril model given before, the crystalline 
blocks are in series and held together by intrafibrillar tie molecules. With 
this assumption, one can calculate from the elastic modulus of a sample the 
fraction /3e of nonfolding or tie molecules in a sample of crystallinity a ac
cording to

( 3 )
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TABLE II
X ^HN03> % a 3 « ,  -  1 9 6 ° C ,  % b fi t ,  — 1 9 6 ° C ,  1

1 5 — —
7 5 3 3

10 2 0 4 4
2 0 3 0 13 7
2 5 3 0 13 7

1 Results taken from Peterlin and Sakaoku.2b Pe calculated from eq. (3): k = 2.4 X 1012 dyne/cm2.e/3ff calculated from CTb_i96°c/o'ici; <n<i = 1400kg/mm2. Data of Mark.16
Here Ec and E& are the elastic moduli of the crystalline and amorphous 
components. Assuming that the modulus of the tie molecules Eilk equals 
that of an extended chain Ek, one obtains the values given in Table II to
gether with the results previously obtained by the fuming nitric acid treat
ment.1'2 This number increases with increasing draw ratio (slightly 
smaller numbers have been obtained before by using elastic moduli mea
sured at room temperature). The agreement between the results of the 
two methods could be improved if one assumes a statistically varying 
number of tie molecules along a fibril instead of the constant number as
sumed in the calculation. In the third column finally, a number of tie 
molecules was calculated from the ultimate strength according to = 
cb/cid- This number is always less than values obtained by fuming nitric 
acid treatment and partly below values obtained from the elastic modulus. 
This discrepancy is probably due to inhomogeneities of the sample or to the 
fact that a great many chains break before the final fracture of the mate
rial. 17

Apart from the exact number, one finds by all methods of investigation an 
increasing number of tie molecules with increasing draw ratio. This might 
also explain the density increase at higher draw ratio as already mentioned 
in the discussion of the crystallinity. On the basis of our deformation 
model, one must conclude that the increase of tie molecules with draw ratio 
is mainly the consequence of sliding motion of adjacent microfibrils, which 
extends the interfibrillar tie molecules by partial unfolding and hence in
creases their volume fraction. Such a deformation model does not provide 
a mechanism for a substantial increase of intrafibrillar tie molecules.

CONCLUSIONS
The true stress-strain curve and the differential work density curve 

derived from it definitely point to the existence of two simultaneous defor
mation mechanisms during drawing of PE: destruction of the original 
microspherulitic structure and deformation of the new fiber structure. The 
first mechanism starts before necking by tilting and slipping of lamellae 
into the position of maximum plastic compliance for chain tilt and slip, 
which finally leads to the break up of lamellae into folded-chain blocks.
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The destruction is nearly completed at a draw ratio of about 10. Con
currently, the new fiber structure appears as the torn-off blocks are incor
porated in well-aligned microfibrils. The deformation of the new fiber 
structure can hardly proceed by further deformation of the single micro
fibril which is firmly held together in the fiber direction by many intra- 
fibrillar tie molecules generated by partial chain unfolding during fracture 
of the original lamellae and connecting the folded-chain blocks. But there 
is much less resistance to longitudinal slip of microfibrils which are con
nected by a much smaller number of tie molecules. These interfibrillar tie 
molecules most likely originate from tie molecules connecting adjacent 
lamellae in the undeformed, microspherulitic material. During longitu
dinal slip of microfibrils, the interfibrillar tie molecules extend as a conse
quence of partial unfolding of their ends fixed in the blocks of adjacent 
microfibrils. Such an increase of their volume fraction with increased 
draw ratio is reflected in the increased elastic modulus, tensile strength, 
and number of tie molecules.
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Lamellar and Interlamellar Structure in Melt- 
Crystallized Polyethylene. II. Lamellar Spacing, 
Interlamellar Thickness, Interlamellar Density, 

and Stacking Disorder

S. KAVESH* and ,(. M. SCHULTZ, University of Delaware, 
Newark, Delaware 19711

Synopsis
Measurements of the small-angle scattering power and the degree of crystallinity in melt-crystallized high-density polyethylene have been used to evaluate the “amorphous” density in situ by the relation,

COc-v/n söisyis = (p, -  P:1)Vr(i -  iw)Jo
where V is the irradiated volume and d (S) is the “slit-smeared’ ’ absolute intensity. The amorphous density is a function of sample history and is always higher than the extrapolated melt density. After slitdieight correction, and within the experimental error, the ratio of the two observed long periods is 2:1 at all temperatures (25-126°C). The lamellar thickness and the average interlamellar spacing are obtained from the degree of crystallinity and the first corrected long period. At increasing temperatures between 25°C and 110°C, the lamellae become thinner while the interlamellar zone expands by almost half. Over this range the changes are reversible with temperature. Above 110°C, both the lamellae and the interlamellar region expand with temperature. The thickening is partially reversible upon recooling. Other results obtained include measurements of stacking disorder and of microstructural changes with crystallization temperature and wilh time at ambient temperature.

INTRODUCTION
Context of the Present Work

The work reported in this paper is the result of the application of a 
special x-ray instrument—a combination high-angle and low-angle diffrac
tometer1—to the study of the intimate substructure of spherulitic poly
ethylene. The specific capabilities of the instrument are (a) to record in 
direct sequence low-angle and high-angle x-ray data, (b) to do so for varying 
ambient conditions, and (c) to provide data amenable to absolute intensity 
analysis. As we shall see, these diffraction capabilities enable a number of

* Present address: Materials Research Center, Allied Chemical Corporation, Morristown, New Jersey 07960.
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substruct.ural characteristics to be evaluated in the same experimental 
sequence, the principal such characteristics being the degree of crystallinity, 
the density of the amorphous phase, and (using a specific model) the thick
ness of the crystalline lamellae and the intervening amorphous layer. The 
method for obtaining degree of crystallinity and interpretation have been 
dealt with in the preceding paper in this series2 and will be mentioned again 
here only insofar as necessary to define the conditions of the present analy
sis. The remainder of the introductory remarks are therefore aimed at 
reviewing the background into which the present structural results should 
fit.

Interlamellar Density
It appears that opinion is divided as to the density of the amorphous 

regions in spherulitic polyethylene vis a vis the density of a supercooled 
melt. Several investigators have correlated room temperature specimen 
density with degree of crystallinity as determined by x-ray diffraction,3-5 
infrared absorption,3 6 and thermal7-9 methods. By extrapolating density 
data to zero crystallinity, values of amorphous density are found. These 
values converge on 0.85 gm/cm3, nearly the value which would be obtained 
by extrapolation of melt densities to room temperature. The convergence 
has been implicitly taken as strong evidence that the amorphous density in a 
spherulitic aggregate is the same as that of a supercooled melt.10

There is, however, a body of evidence which conflicts with the above. 
Mandelkern et al. found11 that enthalpy of fusion data yielded an amor
phous density of 0.90 g/cm3 when extrapolated linearly to zero density. 
Further, in a subsequent publication, Mandelkern et al. showed12 that the 
slope of a curve relating specific volume to enthalpy of fusion is not con
stant, but rather depends on the crystallite size and the interfacial free 
energy (different, in general, for each sample). The work of Okada and 
Mandelkern has placed the results of infrared studies in some doubt also, 
since only one of the “crystalline” bands yielded an amorphous density- 
value as low as 0.35.6 Lastly, Swan13 extrapolated density and unit cell 
data so as to set the amorphous density equal to the melt density at the 
melting point of polyethylene. Using this procedure, he found the amor
phous density to be greater than the extrapolated melt density at all tem
peratures below the melting point. All these data suggest that one must 
look with some skepticism at the conclusion that the properties of the 
amorphous phase may be easily extrapolated from those of the melt.

Further information on the structure of the amorphous regions in par
tially crystalline polyethylene has been obtained from the position of a 
diffuse band appearing in x-ray diffraction photographs. The angular 
position of maximum intensity in the diffuse band is related to the relative 
interchain distance in the amorphous material through Bragg’s equation. 
(The actual interchain distance must be obtained by Fourier transformation 
of the x-ray intensities. For the normal paraffins through pentadecane, 
the actual interchain spacing, rigorously- determined, is about 20% greater

86



A M K U A l l ,  I N T E R I A M l i b l A n  IN  P O L Y K T I I Y h b M i .  I I  87

4 9

S E L L A
4 4

J_____l0 20 4 0 60 8 0 100 120 140 160 180 2 0 0

T, °C

Fig. 1. Amorphous interchain spacing in polyethylene.
than that calculated from Bragg’s equation.14) Figure 1 shows the relative 
amorphous interchain spacing observed by several authors4'15’16 for linear 
polyethylenes. In each case, it is seen that the amorphous spacing in
creases markedly with increasing temperature near the melting point. 
Extrapolation of the liquid portions of the curves to room temperature 
would yield an interchain spacing 3-5% higher than is actually experienced. 
This is the same size discrepancy as was observed in the “anomalous” 
amorphous densities mentioned in the preceding paragraph.

Hermans and Weidinger17 suggested a direct method of measurement of 
the density of the amorphous regions based on a principle of conservation of 
scattered intensity formulated by Guinier and Fournet,18 Porod,19 and 
Stern.20 In a macroscopically isotropic two-phase system (a condition 
fulfilled by a fine spherulitic aggregate) the conservation principle can be 
written.

where S is related to the scattering angle 26 and the incident wavelength X 
by N = 2 sin 6/\, I(S) is the intensity at a particular value of S, V is the 
irradiated volume, pi and p2 are the electron densities of the two phases 
present, and is the volume fraction of one of the phases. The validity of 
eq. (1) is independent of the size and shape of the constituent particles and 
requires only that they be large compared to atomic dimensions. As noted, 
the small-angle scattering power is an experimentally available quantity. 
Thus, if the crystalline density is known and absolute measurements of the 
degree of crystallinity can be made, the amorphous density may then be 
calculated.

(1)
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Fischer et al.21 have utilized eq (1) to assess the density of the interlamel- 
lar layer in polyethylene single crystals and in highly stretched linear and 
branched polyethylenes. A relative crystallinity index22 (by heat of fusion) 
was used in determination of the amorphous densities. On this basis the 
amorphous density of single crystals and of stretched branched polyethylene 
agreed with an extrapolated melt density. The amorphous density of 
stretched linear polyethylene was substantially higher than the extrapolated 
melt density.

A principal objective of the present work has been the measurement of 
the density of the amorphous regions in melt-crystallized, unstretched, 
linear polyethylene from absolute measurements of the small-angle scatter
ing power and the degree of crystallinity.
Relationship between Lamellar Periodicity and Small-Angle Long Period

The x-ray small-angle diffraction patterns from melt-crystallized poly
mers show, in general, one to three broad intensity maxima. It is conven
tionally accepted that these maxima relate in some manner to the lamellar 
microstructure observed by electron microscopy. A lore specifically, it is 
usually assumed that the small-angle maxima should be described by the 
periodicity of stacking of the lamellae. Both general23 and specific24-25 
theories of the scattering by lamellar stacks predict such intensity peaks. 
The angular positions of the peaks should depend on the mean spacing of 
lamellae according, approximately, to Bragg’s law. In this case the spac- 
ings calculated from the angular position of the peaks, by using Braggs law, 
should be integral multiples of each other, if they arise from the same peri
odic structural source. The “approximate” nature of the application of 
Bragg’s law is due to irregularities in the stacking23-24 or to the effect of 
refraction.26

Proof of the nature of the specific relationship between the x-ray small- 
angle maxima and the lamellar microstructure of melt-crystallized polymers 
has, however, been elusive. When three small angle maxima have been 
seen,25-27-28 it has been the position of the second peak which agrees well 
with the electron-microscope measurements of the thickness of the lamel
lae.25-28 In general, the second peak is not a second order of the first. 
The position of the first peak is invariant with thermal conditioning, 
where as the second peak is responsive to sample history. The intensity 
of the second maximum is comparable to or greater than the intensity of the 
first. It was concluded in each study that the second of the three small- 
angle diffraction peaks corresponded to the lamellar periodicity. No con
clusions have as yet been reached as to the origin of the first (lowest-angle) 
small angle peak. With regard to the third (highest-angle) of the three 
observed peaks, its position corresponded to somewhat less than one-half 
the long period of the second peak. It should be noted that all the data 
cited above were obtained with slit-collimated radiation. The effects of 
slit-height “smearing”18 would be directionally satisfactory to explain the 
discrepancy from a 2:1 long-period ratio if the second and third peaks are in



a first- and second-order relat ionship. Another possibility is that both 
peaks arise from the same structural periodicity but are not related exactly 
according to Bragg’s law because of structural irregularities. A third pos
sibility is, of course, that these peaks manifest different structural elements. 
However, since the data were in fact not corrected for slit smearing, the 
source of the third scattering maximum has remained conjectural.

Conclusions regarding the correspondence between diffraction maxima 
and structural features for the studies in which only two small-angle max
ima were seen are even more tenuous. Geil has reported that for poly
ethylene as crystallized, the second peak relates to the lamellar thickness 
if the crystallization took place at atmospheric pressure,29 whereas the 
correlation was with the first peak for material crystallized under pressure30 
or for annealed material.29 Brown and Eby have reported the lamellar 
thickness of six melt-crystallized polyethylene specimens to he between 
the two long periods, but to agree best with the second.31 Both long periods 
were observed to increase with crystallization temperature. For all the 
above, slit collimation was used; and the ratios of long periods always ex
ceeded 2:1. On the basis of the several observations, it has not been pos
sible to define the sources of the two small-angle peaks.

Interlamellar Thickness
Direct microscopic measurements of the thickness of the interlamellar 

layer have also been elusive. Osmium staining procedures developed by 
Andrews32,33 to enhance the contrast of the interlamellar region have been 
used to observe the microstructure of several polymers.32-37 While uncer
tainties have prevented quantitative analyses of interlamellar thickness, 
all observations have shown an interlamellar thickness which is a substan
tial fraction of the crystallite thickness.

The hope of quantitative measurements more probably lies primarily 
with small-angle x-ray scattering (SAXS) techniques, which are quite 
sensitive to periodic changes in electron density. Fischer and Schmidt 
were the first to detect changes in interlamellar thickness by using a SAXS 
procedure in polyethylene quenched to room temperature after annealing.38 
They found that during the initial stages of the annealing process the crys
tallinity decreased while the SAXS long period increased. They thus 
concluded that partial melting of the lamellae and expansion of the inter
lamellar region had occurred. Bower initial crystallinity and greater 
increases in long period occurred at higher temperatures, indicating that the 
interlamellar spacing had also increased with temperature. Unfortunately, 
the data are ambiguous for the later stages of annealing, when both crystal
linity and long period were increasing. It could not be determined if only 
the lamellae thickened or if both lamellar and interlamellar thicknesses had 
increased. In another type of experiment, the intensity of the SAXS peaks 
is monitored during heating or cooling of the material. This measurement 
is useful, since it can be related to lamellar structure. It can be shown that,

I .A M E L E A H ,  I N T  E l i  I,AIVT E L E A  I I  l \  P O E Y E T I I Y I . E N E .  I I  «»)
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for a very regular stacking of lamellae, the intensity I of the nth order 
small-angle peak must follow the law,

In a  (p c  -  P a ) 2 sin2(7T?d/P) ( 2 )

where p0 and pa are the densities of the crystalline and interlamellar (amor
phous) regions, respectively; P is the periodicity of lamellar stacking, and 
t is the thickness of the interlamellar zone. Thus variations in I„ must be 
related either to the density difference pc — pa or to the interlamellar thick
ness t. Nukushina et ah,39 using polyethylene single-crystal mats, and 
Schultz et ah,25 using bulk polyethylene, have noted reversible peak-height 
intensity changes up to fourfold. In the temperature regime below the 
critical temperature for onset of annealing phenomena (associated with the 
crystallization temperature in bulk polymers), any changes in long period 
P were found to be very small. This intensity effect was assumed to be 
much larger than that which would arise from density changes alone, hence 
to point toward a reversible change in t, the interlamellar thickness. In 
order to explain the data, a theory was presented for the reversible loosening 
of surface defects, (chain folds, tie chains, or chain-end cilia) at the expense 
of the crystals, i.e., “surface melting” of the lamellae.

O’Leary and Geil, investigating polyoxymethylene, stretched nylon and 
poly (ethylene terephthalate),40 found significant degrees of reversibility in 
both SAXS intensity and long period following annealing at temperatures 
far above the original crystallization temperature. The reversibility in 
long period was much greater than has been observed to date in polyethyl
ene.3941 The data again did not permit separation of the effects of dimen
sional changes in the lamellae and interlamellar regions, nor could the 
contribution of density changes be assessed. The observations are intrigu
ing because they imply one of the following.

1. The lamellae undergo reversible changes in dimension above the 
crystallization temperature. This would be in conflict with crystallization 
theories and observations which hold that the extended-chain configuration 
is thermodynamically favored and that folded-chain crystals form only at 
high supercooling where folded-chain nucleation is more rapid. According 
to this view, annealing above the crystallization temperature should permit 
the lamellae to thicken, but cooling should have no effect.

2. The small-angle long period is not related to the lamellar spacing.
3. The interlamellar region is subject to greater dimensional change and 

has more influence on lamellar periodicity than has generally been realized.
Need for Further Research

In general, the SAXS measurements have indicated in a qualitative way 
that the interlamellar zone in polyethylene thickens with increasing tem
perature. However, the crystallinity measurements referred to have not 
been quantitative, nor have the SAXS intensity measurements been un
ambiguous. Unfortunately, it has not been possible to say just how much
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the interlamellar distance changes nor what its value is at some particular 
condition. As for the lamellae, below the crystallization temperature the 
evidence indicates that they “melt” to some extent with increasing tem
perature. Above the crystallization temperature, it is known for certain 
only that the periodicity of the stacked lamellar structure increases dramati
cally. However, data are lacking which can show what this signifies. It 
is not clear whether the lamellar thickness increases or whether the inter
lamellar zone thickens, or both. Quantitative measurements of crystal
linity, long period, and lamellar and interlamellar densities are all needed 
to define the changes which occur simultaneously in the lamellae and in the 
interlamellar zones. It was to these measurements that this study was 
directed. Specifically, its objectives were: to determine the thickness and 
density of the interlamellar regions in bulk polyethylene: to characterize 
the lamellae as to thickness, mosaic block dimensions, density, volume 
fraction, and intralamellar disorder of the first and second kinds; to deter
mine how the above structural features depend on the temperature at which 
the material is crystallized and the temperature at which it may be found, 
and thus to define in large degree the morphology of the polymer.

THEORETICAL
Degree of Crystallinity and Intralamellar Disorder

The meaning and measurement of the degree of crystallinity of polymers 
in the context of conflicting views of polymer structure have been discussed 
in detail elsewhere.2'22 In brief, if a measurement of degree of crystallinity 
is to be meaningful, the method of measurement must distinguish between a 
one-phase homogeneously disordered structure and a two-phase structure 
consisting of relatively ordered and relatively disordered regions. Further, 
if a two-phase structure exists, small intracrystalline defects of atomic di
mensions should be included in the measurement of the crystalline content.

Part I of this study2 described in detail the x-ray diffraction method de
veloped for the simultaneous determination of crystallinity (including 
intracrystalline defects) and effective Debye-Waller factors. It was found 
that Marlex (1002 polyethylene unambiguously constituted a two-phase 
system under the conditions of the investigation. Measurements of the 
degree of crystallinity were based on the following relation, believed to be 
rigorous:

I A B S  —  Vex \ FMl | 2 Dhkl ( 3 )

where I a b c : is the observed absolute intensity of the (hid) Bragg reflection 
(electrons)2/unit cell, vCT is the volume-fraction crystallinity, including 
intracrystalline defects, Fhki is the structure factor of the unit cell for the 
(hkl) reflection, and Dnu is an effective Debve-Waller function, i.e., a dis
order function which must be found appropriate to the polymer.
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Interlamellar Density
Following the suggestion of Hermans and Weidinger,17 measurement of 

the density of the amorphous region of semicrystalline polyethylene was 
based on the principle of conservation of scattered intensity. Guinier and 
Fournet18 show that when the x-ray beam is slit-collimated and effectively 
infinitely high, as was the case here, the appropriate form of the conserva
tion principle is as follows:

2r/V  f  SHS)dS = (p„ -  Pa)2/-e(l -  >',.) (4)J  o
where 5(¿S') is the “slit-smeared” absolute intensity and r„ is now the volume 
fraction crystallinity.* oThe units of eq. (4) are (electrons)2/A6. When expressed in terms of the 
experimental quantities and for pc and pa expressed in units of g/cc, ecp
(4) becomes (see the Appendix):

(Pe —  P a )2r „ ( l
m V 27r Vq X 1024 n

7.N) n- Eawht2exp{ —pt} Jo
where m is the molecular weight of the polymer repeat unit (14 
for —CHo—) ; Z is the number of electrons per repeat unit (S for —GIF—) ; 
N is Avogadro’s number; re is the classical radius of an electron (re2 = 7.S3 
X 10“26 cm2); Vo is the unit cell volume (A3); w is the average breadth of 
the beam at the sample position (cm); h is the height of the beam at the 
sample position (cm) ; t is the sample thickness (cm) ; p is the absorptivity 
of the sample for the x-radiation ; S is the magnitude of the scattering vector 
S = 2 sin 6/\ ; E0 is the primary beam intensity at the sample position in 
arbitrary units. The experimental scattered intensity d e.xP is corrected for 
background scattering (in the same units as E0). Thus, we have

d exp  =  d ,sam ple d]3 e x p j  \xt f

where d sample is the measured intensity with the sample in position and 
,4b is the background intensity without a sample in the x-ray beam.

Small-Angle Long Period
If the x-ray beam has a finite height, although it be infinitely narrow, 

there is nevertheless a range of incident angles to the sample. Thus, scat
tering is produced over a range of angles and the resulting data are said to be 
“slit smeared.” The result of the slit smearing is to shift the small angle 
maxima toward longer angles in a manner related to the beam geometry and 
the positions of the maxima. Guinier and Fournet18 show the following- 
relation to hold between the measured intensity distribution ,4(<S') and the 
true scattered intensity I(S) :

d (E) = f  W Q j)T (V w T V i)d!/Jo (fi)
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where y is the ordinate oi a point in the beam and 1 !•'(//) is a weighting func
tion describing the fraction of the total beam power at y. If I,he height of 
the beam is at least equal to the diameters of the scattering rings, the beam 
is effectively infinitely high. In this case, and for a Gaussian weighting 
function, a solut ion to eq. (G) is:

exp*fc2<S2} / - ¿ '( V W n 1)
W it  Jo V s*  +  u1

where k is a constant and
- +  u2)

du

ki'(Vs- +  u-) = d(Vs*  +  w2)

(7)

(»)
Schmidt42 has devised a fast numerical solution to eq. (7) and programmed 
it for a digital computer. Schmidt’s program (modified in its input re
quirements by F. Wilson) was checked for correctness and used in this 
work. In the apparatus employed here, the weighting factor was constant 
(constant beam intensity).

Lamellar and Interlamellar Thickness
The lamellar and interlamellar thicknesses measured in this study were 

based on identification of the first SAXS long period Pi (after slit-height 
correction) with the average periodicity of a stacked lamellar model (Fig. 
2). The lamellae were considered to be of constant thickness, but variably 
spaced, reflecting paracrystalline disorder in the stacking arrangement. 
From the geometry, the lamellar thickness l and the average interlamellar 
spacing l are related to the degree of crystallinity as follows:

/ = l\rPl
t = (1 -  t'cr)Pl (9)

where rer is the volume fraction crystallinity.
Stacking Disorder

In general, the intensity scattered by an object is 4:j
FHS)/(S) = -^ 2 (S )* |a (S ) |2 (10)

where F is the structure factor of the average scattering unit; Z{S) is the 
Fourier transform of Z(x); Z(x) is the probability density of finding a scat
tering unit within the volume dvx at the extremity of vector x, one scattering 
unit being at the origin of coordinates; and V is the volume of the object. 
The quantity <r(S) is the Fourier transform of <r(x), the “form function” 
of the object; <x(x) is unity when the terminus of the vector x is inside the 
object and zero otherwise. The asterisk denotes the convolution integral.
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The disordered stacked lamellar structure under consideration may be 
considered a one-dimensional paracrystal of N scattering groups. For such 
a structure Guinier43 evaluated eq. (10) at the Bragg condition (S = n/P) :

I(S = n/P) '  L — H2 
_1 +  H* -  2H_

F2(S)=  N 2Z(S = n/P) (ID

Fig. 2. Stacked lamellar model of Reinhold et al.24 Constant lamellar thickness. Randomly distributed interlamellar spacing l.
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where H = exp{ —2inS2gp2}, gp is a constant characteristic of the extent 
of paracrystalline disorder, P is the average periodicity of the structure, 
and the quantity isZ(»S' = n/P) is defined.

The particle factor for the disordered stacked lamellar structure has 
been given by Reinhold, et al. :24

F2 (S) = H2sin2 (twSl)
W (12)

where l is the lamellar thickness. Thus, the intensity scattered by a 
stacked lamellar paracrystal at the Bragg condition (S = n/P) is

N 2 P21 = ~^v T  n 2 sm2tt2V n~
nirl Z(S = n/P)

If first-order and second-order reflections of the same periodicity are seen, 
the ratio of their intensities is as follows:

h  = sinVj/P) Z(S -  Ï/P) 
h  ~ 4 sin2(2ttI/P) Z(S = 2/P)

Rearranging, we have
Z(S = l/P) - 1 /1  sin2(2ir//P) 

_4 Ii sin2{irl/P) _ Z(S = 2/P) = 0

(13)

(14)
This is an equation in only one unknown, the paracrystalline stacking 
parameter gp.

EXPERIMENTAL
Apparatus

The apparatus has been described in detail elsewhere.45 In order to 
achieve the objectives of this investigation, both small-angle and wide-angle 
x-ray scattering measurements were needed closely spaced in time on the 
same specimens, maintained at controlled temperatures. Both sets of 
measurements on a sample were made without having to alter the sample 
environment and within a period of four hours.

The x-ray diffractometer employed a ground and bent focusing mono
chromator and Johansson-Guinier44 optics. An x-ray beam was produced 
whose width at half-intensity was 4 X 10 radians and whose height in 
relation to the SAXS maxima was effectively infinite.18 Beam intensity 
was constant along its length. The SAXS limit of resolution of the diffrac-otometer was between 800 and 1000 A, depending on the magnitude of the 
scattered intensity. The wide-angle limit of resolution was 0.05°(26) as 
measured by the half breadth of the (110) reflection from quartz. The 
spectral purity of the CuKai radiation used was very high2 and enabled use 
of calibrated brass attenuators to weaken and measure the primary beam 
and thus to evaluate the absolute intensities.
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Specimens were maintained at elevated temperatures during x-ray studies 
by means of closed-loop circulation of heated helium through a sample coll 
fabricated of a glass-reinforced plastic with low thermal conductivity. 
Specimen temperature control was ±0.14°C.

Material
The material studied was .Marlex (3002 high density polyethylene. Prop

erties reported by Phillips Petroleum Company for this material are listed 
in Table IV of Part I.2 The x-ray specimens were sheets, 1 mm thick, 
compression-molded at 170°C to eliminate influence of prior history. After 
molding and relaxation at 170°C the hot-molding platens were transferred 
to a constant temperature bath for crystallization. Crystallization times 
permitted were 1 day at. 110°C, 11S°C, and 123°C, three days at 126°C, and 
one week at 129°C. Pinhole powder diagrams of the specimens showed no 
preferred orientation of the crystallites.

Procedure
The experimental program was in two parts. In the first part, samples 

crystallized at 110°C were studied at temperatures ranging from 25°C to 
129°C at time intervals of 3 hr, 1 day, and 3 days. Between x-ray runs, 
samples were immersed in mercury and maintained at temperature regu
lated to ±0.1 °C. After 3 days at temperature the samples were reexam
ined at 25°C. In the second series of runs, samples crystallized in a con
stant temperature bath at temperatures from 110 to 129°C were char
acterized at 25°C. The densities of the x-ray specimens were determined 
at 2o0C by the density-gradient method. Densities at elevated tempera
tures were determined dilatometrically according to the method of Bckke- 
dahl,45 with specimens subjected to the same time and temperature schedule 
as the x-ray specimens.

The wide-angle x-ray measurements have been described previously.2 
SAXS measurements were usually made over the angular range —0.10° 
< 40 < 1.40°, by stepping the detector and counting scintillations at each 
position. At each step the x-ray intensity was measured with and without 
the sample in the x-ray beam in order to determine background scattering. 
Over the range 0 < 40 < 0.4°, the scattered intensity was measured at least 
twice at each angular position for the dual purposes of measuring and re
ducing experimental errors. At least 1000 pulses were counted at each 
position. Up to 46 = 0.8° the number of pulses was usually at least 10,000.

Figure 3 is a plot of small-angle x-ray scattering at 25°C for a sample 
crystallized at 110°C. This may be considered a typical run. Plots of all 
experimental data are given elsewhere.46 Two curves are shown in the 
figure. One is drawn through the experimental points. The second was 
calculated from the first by the slit-height correction procedure of Schmidt.42 
Both curves show two broad scattering bands. The desmeared curve also 
shows a small sharp maximum at 40 = 0.90°, corresponding to the inflection
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Fig. 3. Example of small-angle x-ray data: (O) experimental data: (——, after slit
height correction.

region of the experimental data. This sharp peak is a spurious detail 
resulting front sensitivity of the desmearing procedure to random errors 
in the experimental data. It can be suppressed by appropriate smoothing 
of the data. The magnitudes and positions of the broad peaks are, how
ever, insensitive to data fluctuations. The positions of all peaks (including 
spurious ones) are given in reference 46. Only the positions of the broad 
peaks are treated here.

The integration of eq. (4) was carried out by fitting a linear equation in 
S to 3exP between successive points, then multiplying by S and analytically 
evaluating the integral of the resulting quadratic.

The data were extrapolated to zero angle by extending at constant in
tensity the lowest angle reliable point to 40 = 0°. Because of the multi
plication by S, this interval contributed only about 5% of the total integral. 
The extrapolation of the data to infinity was based on fitting to the last 
data point an equation of the form

4  exp =  C/S2

where c is a constant. This is the theoretical asymptotic form of the small 
angle scattering valid for particles of any shape.18 The extrapolation to 
infinity contributed roughly 25% of the total integral.
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RESULTS
The principal results of this portion of the investigation are measure

ments for Marlex 6002 polyethylene of long period, interlamellar spacing, 
overall density, interlamellar density, and the relationships among these 
quantities, temperature and time.

Density Relationships
Overall Density. Figure 4 presents the results of a dilatometrie density 

study of Marlex 6002 crystallized at 110°C and exposed to temperatures of 
23-110°C for periods up to 3 days. Density was independent of time over 
this range and reversible with temperature. No change in the density of

Fig. 4. Density of sample crystallized at 110°C at temperatures between 23°C and110°C.

T I M E ,  H O U R S

I'ig. 5. Density of sample crystallized at 110°C after annealing at temperatures above110°C.
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Fig. 0. Density of annealed samples upon return to 25°C. Density at 25°C of samplescrystallized at 110-129°C.

Fig. 7. Density difference between phases.
the sample was seen upon return to 23°C after exposure to the elevated tem
perature for the three day period.

At temperatures above 110°C, sample density was time-dependent, and 
an annealing effect was observed. Figure 5 presents data obtained at 118.3, 
123.4, and 129°C for a sample crystallized at 110°C. After initial thermal 
equilibration, sample densities decreased slightly over a period of about 15 
min (not shown). Thereafter, sample densities increased approximately 
logarithmically with time. The rate of density increase was more rapid at 
the higher temperatures. The densities of these samples upon their return 
to 25°C are presented in Figure 6. Also shown are the densities at 25°C 
of samples crystallized isothermally at the same temperatures. The overall 
density increased both with increased annealing temperature above the 
crystallization temperature and increased crystallization temperature. 
A single curve can reasonably be drawn through both sets of data.

Lamellar Interlamellar Density Differences. Lamellar-interlamellar 
density differences were obtained from measurements of the small-angle
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scattering power and the volume-fraction crystallinity as related to eq. (4). 
Data on degree of crystallinity are reported in Part I of this study.2 Figure 
7 presents the measured density differences between the crystalline and 
amorphous phases. Below the crystallization temperature of the sample, 
(pc — pa) increased reversibly from 0.113 g/cc at 25°C to 0.128 g/cc at 
110°C. Above the crystallization temperature, Ap increased more rapidly 
and changes were no longer reversible upon cooling. The effect of anneal
ing at these higher temperatures was to increase Ap with time. At 129°C, 
Ap increased from 0.128 g/cc after 3 hr at temperature to 0.155 g/cc after 3 
days at temperature.

Density-Time-Temperature Relationships for Marlex 6002. Figure 8 
presents density-time-temperature relationships for crystalline, amorphous, 
partially crystalline, and liquid states of Marlex 6002. The crystalline 
densities shown are the unit cell densities obtained from measurement of 
wide-angle x-ray positions.2 The amorphous density was obtained by 
subtracting the density differences Ap of Figure 7 from the unit cell densi
ties. The overall densities of the partially crystalline material determined 
dilatometrically are from Figures 4 and 5. The melt densities were also 
obtained dilatometrically. It is noted that the density of the amorphous 
phase was higher than an extrapolated melt density at all temperatures in 
the range 25-129°C. The amorphous density at 25°C was 0.89 g/cc or 
almost 6% higher than an extrapolated melt density of 0.84 g/cc. Above 
120°C, both overall density and amorphous density decreased sharply with 
temperature. In contrast to the increase of overall density with time 
above 110°C, the amorphous density decreased with time.

The unit-cell density2 and melt density were well fitted over the range of 
the data by linear correlations with temperature. Least-squares regression 
equations and 95% confidence limits are presented in Table I. In addition,
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Fig. 9. Effect of crystallization temperature on amorphous density at 25°C.
Table I presents a least-squares straight line fit to the measured amorphous 
densities in the temperature range 25-110°C. Confidence limits for the 
amorphous density were not obtained from the regression analysis but were 
calculated instead from a Monte Carlo analysis of propagation of error.46 
Trends in the values for the amorphous density following crystallization 
at various temperatures were clearly defined. Upon increase of crystalliza
tion temperature from 110°C to 129°C, the amorphous density at 25°C 
increased from 0.89 g/cc to almost 0.92 g/cc (Fig. 9).

The effect of annealing on final amorphous density at 25°C was highly 
variable. The room-temperature value of the amorphous density was 
higher after annealing at 123 and 126°C but lower after annealing at 118 
and 129°C. These differences may have resulted from uncontrolled quench 
rates after annealing.

TABLE ILeast-Squares Density Correlations and 95% Confidence Limits

o O Density, g/cc Specific volume, cc/g
Unit cell 25-129 Pc = 1.014 -  3.55 X V0 = 0.98c + 3.63 Xproperties 10“4jT ±0.004 10“47’ ±0.004Melt properties 142-180 Pmelt = 0.857 — 5.62 X 10~1T ± 0.003 V melt = 1.15«, + 9.61 X 10“4r  ±0.004Amorphous phase 25-110 Pa = 0.905 -  5.72 X Fa = 1.10s + 7.40 Xproperties 10~*T ±0.007 10-47’ ±0.007

Molecular Scale Structure
Long Period at Elevated Temperatures. It is useful to note first the 

effects of slit-smearing on the small-angle results. SAXS long periods ob
served at sample temperatures of 25-126°C for Marlex 6002 crystallized at 
110°C are shown in Figure 10, uncorrected for slit height effects. No data
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Fig. 10. Uncorrected small-angle long period.

point is shown at 129°C, as the position of the first scattering maximum was 
obscured by the primary beam. Figure 11 shows the corresponding rela
tionship after correction of the data for the effects of slit height smearing. 
The ratio of first and second long periods, obtained from Figures 10 and 11, 
is plotted in Figure 12. After correction for slit height effects, the two 
small-angle long periods observed were in a ratio of 2:1.

The corrected long period Pi at 25°C for Mar lex 6002 crystallized at 
110°C was 335 A. It increased slightly (approximately 5%) between 
25 and 110°C. Above 110°C, the long period increased at an accelerating 
pace, and at 126° C it was 515 A.

No effect of annealing time on the long period was evident over the range 
3 hr to 3 days. The long periods observed upon return to room tempera
ture are listed in Table II. The increases in long period observed at the

TABLE IIChanges in Long Period Upon Annealing and Recooling of Marlex 6002 (Tc = 110°C)

Annealingtemp,°C

Long period, A ReversibilityPxT _ p25
PA -  P,0 X 100, %

Permanent change on annealing, %
Pi0Initiallyat 25°C

PAattemp T
Pi25,on return to 25°C

118 335 368 350 55 4123 335 417 400 21 19126 335 515 425 50 27129 335 — 500 — 76
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annealing temperatures were 20-50% recovered upon returning to room 
temperature; but permanent increases in long period of 4-76% occurred, 
the higher figure applying to the highest temperature.
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Figure 13 shows the effect of crystallization temperature ranging from 
110°C to 129°C on the first SAXS long period Pi, measured at 25°C. This 
long period increased from 335 A to approximately 795 A upon increasing 
the crystallization temperature. In comparison, a sample air quenched

CRYSTALLIZATIO N TEMPERATURE, °C.

Fig. 113. Long period, lamellar thickness, and average iriterlamellar spacing as related tocrystallization temperature.

F ig . 14. E f fe c t  of te m p e ra tu re  on long  period , la m e lla r  th ick n e ss , and  average  in te r-
la m e lla r  sp ac in g  fo r sam p le  c ry s ta lliz e d  a t  11 0 °G .
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from 170°C to room temperature over a period of a few minutes showed a 
long period of 208 A.

Lamellar and Interlamellar Thickness. As previously noted, the results 
presented in this section are based on identification of the smallest-angle 
long period Pi with the average periodicity of a stacked lamellar model con
taining paracrystalline disorder in the stacking arrangement. The lamel
lar thickness l and the average interlamellar spacing t are related to the de
gree of crystallinity and to the average periodicity according to eq. (9). 
The lamellar thicknesses and average interlamellar spacings obtained 
from the combined small-angle and wide-angle x-ray measurements of long- 
period and degree of crystallinity are presented for the range of ambient 
temperatures in Figure 14. It should be emphasized that both the small- 
angle and wide-angle x-ray data used in computing one point according to 
eq. (9) were obtained on the same sample in the same apparatus, without 
change of temperature and within a short time interval. The lamellar 
thickness decreased 31 A, from 225 A to 196 A, over the temperature range 
25-110°C. Over the same temperature range the interlamellar thickness

o o oincreased 49 A, from 110 A to 159 A. Over this temperature range, the 
overall periodicity expanded slightly (about 5%).

Above the crystallization temperature both lamellar and interlamellar 
thickness increased, but the interlamellar thickness increased more mark
edly. The lamellar thickness, initially 225 A at 25 °C, increased from its 
minimum value of 196 A back to 226 A over the range J 10-126°C. In 
comparison, the interlamellar spacing was initially 110 A at 25°C, and 
nearly tripled to 290 A at 126°C.

The effect of annealing time on lamellar and interlamellar thickness at 
the annealing temperature is presented in Table III. The SAXS long- 
period at the annealing temperature did not measurably increase with time 
between 3 hr and 3 days, but over this time the lamellar thickness increased 
10-18% while interlamellar spacing decreased 8-15%. The greatest 
changes with time occurred at the highest annealing temperature.

The spacings observed upon returning the polymer to 25°C are recorded 
in Table IV. The lamellar thickness increased by a factor of about one- 
fourth on cooling. In contrast, the interlamellar spacing shrank by half.

TABLE IIIEffect of Annealing Time oil Lamellar and Interlamellar Thickness Marlex 6002 (Tc = 110°C); Measurements Made at Annealing Temperature

Annealing temp, °C

Lamellar thickness l, A Average interlamellar spacing, l, A
Annealing time Change,

%
Annealing time Change,%3 hr 3 days 3 hr 3 days

118 191 210 + 10 177 158 -11
123 200 229 + 14 217 200 -8
126 226 268 + 18 289 247 -15
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TABLE IVChanges in Lamellar and Interlamellar Spacings upon Annealing and It«cooling ofMarlex G002 {Tc = 110°C), Annealed Three Days
Annealing temperature

118°C 123°C 126°C
Lamellar thicknessInitial at 25°C, A 225 225 225At annealing temperature, A 210 229 268On return to 2,VC, A 245 300 320Change on cooling, % + 10 +31 + 19Change from initial thickness, % +0 +33 +42Interlamellar spacingInitial at 25°C, A no 110 110At annealing temperat ure, A 158 200 247On return to 25°C, A 105 100 105Change on cooling, % -33 — 50 -57Change from initial thickness, % — 5 -10 — 5

The lamellar thickness was increased 9-42% from its original dimensions 
by the annealing process, higher figures applying to higher temperatures. 
The interlamellar spacing was reduced approximately 5%, independent of 
the annealing temperature. Overall, the long period was permanently 
increased by 4-27% over the same temperature range (Table I).

Figure 13 shows the lamellar and interlamellar thickness measured at 
2,")°C for samples crystallized at temperatures ranging from 110 to 129°C. 
The lamellar thickness and interlamellar spacing both increased with crys
tallization temperature, but the lamellar thickness tripled over this range 
while interlamellar spacing only doubled.

Stacking Disorder. By using the ratio of the first-order and second-order 
small-angle maxima, eq. (14) was solved iteratively to yield values of the 
paracrystalline stacking parameter gv. Values of gp were computed only for 
runs in which l/P exceeded 0.67; solutions of eq. (14) become increasingly 
imprecise as l/P approaches one-half. It was found that the paracrystal
line stacking disorder was 12-18% of the average periodicity, independent 
of crystallization temperature, as is indicated in Table V.

TABLE VEffect of Crystallization Temperature on Stacking Disorder

T„ °C
Lamellarthickness,A

Longperiod,A h/h
Paracrystallineparameter

0p
110 225 335 11.4 0.12118 247 363 9.3 0.18123 301 430 9.6 0.14126 363 504 8.5 0.16120 596 795 7.3 0.12
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DISCUSSION
Lamellar and Interlamellar Zones

The previous section has presented data on the degree of crystallinity, 
long period, lamellar thickness, interlamellar spacing, and the phase densi
ties. The degree of crystallinity was determined by an absolute procedure2 
simultaneously wit h the SAXS measurements, so that changes in the lamel
lar and interlamellar regions could be distinguished. To bring all of the 
results into sharper focus, we consider the simultaneous changes which 
occurred in Marlex 6002 polyethylene, crystallized at 110°C, upon holding 
at temperatures between 25 and 129 °C and then recooling.

These changes are illustrated in Figure 15. First of all, (Fig. 15A) at 
25 °C the long period was 335 A and the degree of crystallinity was 67% 
by volume. In view of the stacked lamellar structure of the material, this 
must mean that the average thickness of the zone in which the atoms were 
sufficiently well ordered to diffract x-rays sharply was 225 A (0.67 X 335 A). 
This well ordered zone (which does not include disordered surface layers) 
has been referred to as the lamellar thickness. It is similarly to be con
cluded that the average space between the well ordered zones was 33% of 
335 A or 110 A. This relatively disordered region, referred to here as the 
interlamellar zone, includes the fold surfaces of the lamellae, interlamellar 
tie molecules, chain end cilia, and molecules trapped during crystallization 
between the lamellae but not connected to them. The interlamellar den
sity at 25°C was 0.89 g/cc as compared to 0.84 g/cc for an extrapolated 
melt density. Thus, the interlamellar zone in the semicrystalline polymer, 
though it gave a diffuse x-ray scattering pattern, was evidently more or
dered than a liquid phase.

TI
225A

55A 1/2I .....  f
A) T= 25°C

C) 3 HOURS AT I26°C

,/2 52A t/2

52A
E) UPON RETURN 

TO 25°C

Fig. 15. Microstructural effects of temperature and time.
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Upon heating of the polymer to 110°C, the long period increased about 
14 A to 349 A, while the degree of crystallinity decreased to 55% by volume. 
Thus, the lamellae apparently became thinner on the average, their thick
ness dropping to 196 A (Fig. 155). The interlamellar spacing increased to 
155 A, picking up the roughly 30 A lost by the lamellae and causing the 
14 A increase in long period. Temperature-induced changes of this type 
were observed up to the original crystallization temperature of 110°C and 
were reversible on recooling to 25°C. The observation of reversibility is 
evidence for the existence of an equilibrium between the well-ordered re
gions and the surface layers of the lamellae.47

Upon continuing the heating of the polymer above the crystallization 
temperature, the interlamellar zone continued to thicken but the lamellae 
reversed the decreasing trend shown below 110°C and thickened also. At 
126°C the long period increased to 515 A and the degree of crystallinity 
decreased to 44%. Thus the lamellar thickness had increased to 226 A and

othe interlamellar zone had increased to 289 A (Fig. 15(7). The change in 
the interlamellar zone accounted for the largest part of the increase in the 
long period.

Comparison of the changes in the small-angle long period and the specific 
volume provides evidence of possible changes in the number of lamellae in 
the sample upon increasing the temperature from 25 to 110°C. In this 
temperature range the SAXS long period increased 4% while specific vol
ume increased 5.7%. Thus the number of lamellae seems to have remained 
approximately constant between 25 and 110°C. In contrast to the indica
tion of an approximately constant number of lamellae below 110°C, the 
number of lamellae must have decreased between 110°C and 126°C. This 
was evidenced by an increase in specific volume between 110°C and 126°C 
of only 3% as compared to a long period increase of 46%. The increased 
long period is possible within approximately the same volume only if the 
number of lamellae decreased. Thus, above the original crystallization 
temperature a process of melting and recrystallization appears to have oc
curred.

Upon continuation of the heating of the polymer above the crystallization 
temperature of 110°C, several of the properties measured became time- 
dependent. These were: degree of crystallinity, thickness of the lamellar 
and interlamellar zones, and interlamellar density. The long period did not 
change noticeably with time.

Annealing for 3 days caused small (ca. 10%) increases in the degree of 
crystallinity and the lamellar thickness and small (ca. 10%) decreases in the 
interlamellar spacing and the interlamellar density (Fig. 155). This last 
effect is interesting in conjunction with the increase in crystallinity. It 
suggests possible depletion of the interlamellar zone by incorporation of 
chains into adjoining lamellae. Possibly the effect was caused by tie 
molecules and molecules attached to one or the other lamellae being “reeled 
in” during annealing. Formation of new lamellae between existing lamel
lae is not indicated, for this would have caused a decrease in long period
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and such was not observed. The formation of voids during annealing is not 
believed to have occurred in most specimens, since good agreement was 
obtained in cross-checks of density and x-ray determinations of degree of 
crystallinity (see below).

Upon returning the polymer to room temperature after annealing, the 
long period decreased 4-17%, maintaining 20-55% of its previous increase 
at the annealing temperature. The decrease in long period on cooling 
resulted entirely from a decrease in the interlamellar thickness (Fig. 15E). 
The interlamellar spacing at 25°C was about half of its value at 120°C and 
5-10% less than in the polymer as-crystallized. The lamellar thickness 
was 9-42% greater than the original value after annealing and recooling.

Nukushina et ah had previously noted a 10% decrease in long period upon 
cooling polyethylene single crystals from 120°C.39 Zubov and Tsvankin48 
found a 9% decrease in long period upon cooling oriented polyethylene 
fibers from 113°C. O’Leary and (jeil40 had also noted decrease in both 
small-angle scattered intensity and long period upon cooling from annealing 
temperatures. The simultaneous measurements of degree of crystallinity 
and long period of this study have shown that the most influential cause of 
both intensity and long-period changes occurring upon cooling are associ
ated with the contraction of the interlamellar zone.

Crystallizing the polymer at temperatures above 110°C had the effects 
of increasing long period, crystallinity, lamellar thickness, interlamellar 
spacing, interlamellar density, and lamellar mosaic-block size. Not sur
prisingly, the. overall effect of crystallization at higher temperatures, at 
which the rate of crystallization was reduced, was to enhance the general 
level of order.

Identification of the First Long Period with Lamellar Periodicity
The identification in tins study of the first SAXS long period with the 

periodicity of the stacked lamellar structure of the polymer requires com
ment. In the few studies of polyethylene in which both electron micros
copy and SAXS measurements have been made and in which two, rather 
than three, SAXS long periods have been seen,29-31 the evidence has been 
conflicting as to whether the first or second long period corresponded to the 
structural periodicity of the stacked lamellae. Both long periods changed 
in response to sample history, but they were in a ratio exceeding 2:1 and 
seemed not to be different orders of reflection by the same periodic struc
tural feature. However, in each of the studies referred to, the SAXS data 
were obtained with slit-collimated beams but were not corrected for the 
effects of slit-height smearing.

The data of this study were also obtained with a slit-collimated beam but 
were corrected for the effects of slit-height smearing. In this study, also, 
the uncorrected data showed a ratio of long periods in excess of 2:1. How
ever, the significant point of departure is that after correction, the long 
periods were in a ratio of almost precisely 2:1. This fact is an indication
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of tlie importance of the slit-height, correction, and, most signihcantly, it 
suggests that the two small-angle reflections are indeed produced by the 
same structural feature.

In ter la m ellar  D e n s ity
That the density of the amorphous regions of partially crystalline linear 

polyethylene is greater than that of the supercooled melt had previously 
been reported by Fischer et al.21 from measurements of the small-angle 
scattering power of highly stretched linear polyethylenes, by Swan13 on the 
basis of calculations from overall and unit cell densities, and by Sella15 from 
measurements of average chain spacings in the amorphous regions. Other 
data which fall into alignment with this finding are presented in the work 
of Mandelkern et al.,11 Okada and Mandelkern,6 and Hendus and Schnell.3

The density of the amorphous phase as it exists in the partially crystalline 
polymer was obtained in this study from measurements of the total small- 
angle scattering power, the volume-fraction crystallinity, and the density of 
the crystalline phase. The relation between these quantities, eq. (4), is 
based on the following premises:19 (1) scattering particles are small com
pared to the irradiated sample volume but large compared to atomic dimen
sions; (2) there prevails random orientation (or spherical symmetry) of 
scattering particles; (3) particle densities are constant in a given sample, 
and interparticle densities are also constant in a given sample; (4) only two 
phases are present.

The first and second premises are justified by the small size and spherical 
symmetry of the stacked lamellae within the spherulites. The third prem
ise is a statement that density differences among particles are small as 
compared to density differences between the phases. This seems to be a 
valid assumption. As for the last premise, if voids were present in the 
solid of the order of size of the scattering particles, the form of eq. (4) for the 
scattering power would no longer be valid. The total scattering power 
would be increased by the presence of the voids and the measurements of 
the interlamellar density would be too low. On the other hand, if voids of a 
size much larger than particle dimensions were present, scattering would be 
increased at such small angles that the increase would not be observed. 
Thus, measurements of interlamellar density at worst represent a lower 
limit, on the actual interlamellar density.

Evidence on the presence of voids comes from comparison of x-ray and 
density determinations of volume-fraction crystallinity from measured 
values of lamellar (unit cell) density, interlamellar density, and overall 
density. Data obtained under all experimental conditions are plotted in 
Figure 16. With the notable exception of five points on the figure (six 
experimental conditions) the correspondence between x-ray and density 
determinations of crystallinity was excellent. Interestingly, the six runs 
in question had two factors in common. First, all but one of the samples 
had been quenched after annealing or after crystallization at an elevated 
temperature. The last sample had been quenched directly from the melt at
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Fig. 16. D egree of c ry s ta llin ity . C o n sis ten cy  of m easu rem en ts  of lam ellar, in te rlam ellar, 
an d  overall d en s ity  w ith  w ide-angle x -ray  d e te rm in a tio n .

170°C. Secondly, all of the deviations were toward lower crystallinity by 
the density measure. Thus, it is indicated that voids were present in these 
six specimens, the voids probably being produced as a result of shrinkage 
during quenching. However, since the measured interlamellar densities 
were not smaller than those found in other runs, it would seem that the 
voids were large as compared with particle dimensions and did not con
tribute to the measured small-angle scattering power.

C O N C L U S IO N S
The following conclusions have been reached regarding the structure, 

properties, and behavior of a melt-crystallized linear polyethylene.
1. A two-phase structure exists in the polymer. The more ordered phase 

scatters x-rays sharply and for material crystallized at 110°C is identified 
with lamellar crystals 225 A thick at 25°C and stacked on a repeat distance 
of 334 A. Disorder of the second kind of about 15% exists in the repeat 
distance.

2. The less ordered phase gives a diffuse x-ray pattern and is identified 
with the 110 A space between the crystals at 25°C.

3. Between 25°C and the crystallization temperature Tc of 110°C an 
equilibrium exists between lamellar and interlamellar regions. Upon in
creasing the temperature, the lamellae become thinner while the interlamel- 
lar spacing increases. Over this temperature range the changes are re
versible with temperature.

4. Above Tc, changes in the morphological variables become time de
pendent and increasingly irreversible with increasing temperature. Above 
Tc both the lamellar and interlamellar regions increase in thickness with 
temperature, but the lamellae thicken with time, whereas the interlamellar 
regions become thinner with time.
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5. The density of the interlamellar region is a function of sample history 
and is alw ays higher than the density of a melt extrapolated to the same 
temperature.

A P P E N D IX
E valu ation  o f  th e  S m a ll-A n g le  S ca tter in g  P o w er  From  

E x p erim en ta l Q u a n titie s
The appropriate form of the conservation principle for a slit collimated 

x-ray beam of effectively infinite height has been given by Guilder and Four- 
net.18

(LV/F) f  S<)(S)dS = (pv — Pa) Ji’c(l — i’c) (A-1)J 0
By definition the absolute intensity is43

¡KS) = ¿exp/NIe (A-2)
where N is the effective number of unit cells and le is the Thomson scatter
ing of a free electron. The Thomson scattering is

Ie = re2(E0/2A) [1 +  cos2 (20) ] (A-3)
where re is the classical radius of the electron (re2 = 7.83 X 10 ~26 cm2); A 
is the irradiated cross-sectional area (cm2) ; and E0 is the energy in the pri
mary beam. At small angles, the Thomson expression becomes

Ie = re*E0/A (A-4)
The effective number of unit cells in the sample volume V is

N = 1024 Feff/Fe (A-5)
where Fen is the effective sample volume (cm3) and Vc is the average unit
cell volume (expressed in A3). The effective sample volume is less than the 
irradiated sample volume because of absorption of energy from both the 
primary and secondary beams on traversing the sample. Guinier43 shows 
the effective sample volume for a sheet sample with faces perpendicular to 
the incident beam to be

A exp ( — pi) . .
‘  „ (1 - , / « * » )  lcx|,|' ' (1 -  V ”* * »  ~11 (A-G)

where p is the linear absorption coefficient; t is the sample thickness; and A 
is the irradiated cross-sectional area. The limit of Ven at small angles is:

Feff = At exp { — pt j (A-7)
Combining eqs. (A-l) to (A-7) gives

¿(-S') = (¿„xpFr)/0.0783 AV exp ( —pt}
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The primary beam intensity is variable at the sample position. It is con
venient to express the irradiated sample volume in eq. (A-l) as

V = wlit (A-8)
where h and w are the height and integral breadth of the beam at the sample 
position:

w /: Id.v/Eo (A-9)
It follows that

f Sä(S)dS 
J o 0.0783-fc’ow/t/2 exp { — pt\ I <SÜ e x ;Jo clS (A-10)

The integral intensity of the primary beam E0w is measured by removing 
the detector slit and counting with the detector opened wide. The height 
of the primary beam at the sample position is obtained by exposing an x-ray 
film mounted in the sample position.

The units of eq. (A-l) and (A-10) are (electrons)2/A 6. Thus for pc and a 
expressed in g/cm3 we have
(pc Pa)-|'o(l I c) m

ZN
2  7t r c

0.078‘SEowhi2 exp { —pt r dS

(A -ll)
w here m is the molecular weight of the scattering unit (14 for—CH2—■ ); Z 
is the number of electrons per scattering unit (8 for ■—CH2-—) ; and N is 
Avogadro’s number.

The experimental intensity was corrected for background scattering by
àexp = ŝample — ¿¡Be.Xp ( — pt) (A-12)

where ¿sample is the measured intensity with the sample in position and 
B is the background intensity without a sample in the x-ray beam.
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O lig o m e r ic  P r o p y le n e  G ly c o ls  in  A q u e o u s  S o lu t io n
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and Paper Research Institute of Canada, Point Claire, Quebec, and Chemistry 

Department, McGill University, Montreal, Quebec, Canada

S y n o p s is
T h e  a p p a re n t specific volum es, <fo, of a  series of p o ly p ro p y le n e  g lycol) and  poly  (eth y len e  

g lycol) o ligom ers in aqueous so lu tio n  w ere d e te rm in ed  as a  fun c tio n  of te m p e ra tu re  from  
4  to  25°C . T h e  slope, d fa /d lT ,  w as ta k e n  as a  m easure of th e  e x te n t of in te ra c tio n  be
tw een  th e  h y d ro p h o b ic  p o rtio n s  of th e  o ligom er an d  w ate r, h igher values of d<j>i/dT rep 
resen tin g  d im in ished  h y d ro p h o b ic  in te ra c tio n . I t  is suggested  th a t  th e  observed  increase 
in c l fa /d T  w ith  chain  len g th  for th e  p o ly p ro p y le n e  g lycol) o ligom ers can  be a t tr ib u te d  to 
th e  p rev io u sly  p roposed  disk  coiled confo rm atio n  of the  chain  w hich reduces th e  degree of 
c o n ta c t betw een  th e  side-chain  m e th y l g roups an d  w a te r  as th e  chain  leng th  increases. 
T h is in te rp re ta tio n  is su p p o rte d  b y  (1) th e  d irect re la tio n sh ip  b etw een  th e  d ifference in 
th e  th e rm a l expansion  b eh av io r of th e  tw o oligom er series a n d  th e  accessib ility  of th e  
m eth y l g roups in  th e  p o ly p ro p y le n e  g lycol) disk-coil, and  (2) th e  ag reem en t betw een  th e  
ca lcu la ted  vo lum e changes on m ixing for th e  m e th y l g roups a n d  th e  values p re d ic te d  for 
th e  disk-coil m odel from  th e  N em eth y  and  Scheraga th eo ry .

IN T R O D U C T IO N
In a recent investigation, Neal and Goring were able to show that the 

derivative of the apparent specific volume of the solute with respect to 
temperature, cIfa/dT, is a sensitive measure of the effect of a solute molecule 
on the structure of water.1 For a variety of small, nonionic solutes, 
correlations were established between dfc/dT and other properties which 
are commonly considered to be indexes of structural interactions (e.g., the 
heat of mixing). The main conclusion of this work was that hydrophobic 
compounds, which promote water structure, have lower values of dfc/dT 
than hydrophilic compounds.

In the present analysis, the thermal expansion behaviour of a series of 
polypropylene glycol (PPG) oligomers in water is examined. The pa
rameter, d&i/d.T, is then utilized as a measure of the “hydrophobic charac
ter” of these compounds in aqueous solution.

In a chain molecule, the extent of the hydrophobic interaction with 
water will be governed by the conformation of the chain in solution. Re
cently, it was shown that the viscometric behavior of the oligomeric poly-

115
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Fig. 1. P h o to g ra p h  of th e  p o ly p ro p y len e  g lycol d isk-coil m odel of D P  12.

(propylene glycols) in water could be interpreted in terms of a particular 
conformational model of the chain, i.e., a solvent-impermeable, disk-shaped 
hypercoil (Fig. I).2 It was postulated that this conformation was stabi
lized by hydrophobic interactions among the side-chain methyl groups 
which form the core of the structure. The purpose of the present work is 
to show that the observed variation of dipt/dT with the degree of poly
merization (DP) can be attributed to the disk-coiled conformation of the 
chain, which reduces the degree of contact between the hydrophobic por
tions of the oligomer and the surrounding water.

As a basis for comparison, thermal expansion measurements have also 
been conducted on a series of polyethylene glycol) (PEG) oligomers which 
have the same backbone structure as polypropylene glycol) but lack the 
pendant methyl groups. Since the polyethylene glycol) oligomers are 
less hydrophobic than PPG,3 differences are expected in the thermal ex
pansion behavior of the two series which can be ascribed to the side-chain 
methyl groups on PPG.

E S T IM A T IO N  O F  T H E  H Y D R O P H O B IC  C H A R A C T E R  O F T H E  
D IS K -C O IL  M O D E L

In order to relate the trend in dfc/clT to the disk-coil model, a theoretical 
estimate must be made of the “hydrophobic character” of each oligomer in
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<§>2

PLAN

F ig . 2. D esignat ion of th e  m e th y l g ro u p  a rea  facto rs.

the disk-coil configuration. This may be done by calculating the hydro- 
phobic area of the disk-coil which is accessible to water.

In the disk-coil, a large proportion of the methyl groups are close-packed 
in the interior of the structure and are thus removed from the aqueous en
vironment. By observation of the Stuart-Briegleb models, it was 
possible to estimate the loss of accessibility of the methyl groups, relative to 
the fully accessible groups on the extended chain. The loss of methyl 
group accessibility due to hypercoiling was calculated as a reduction in the 
hydrophobic surface area of the chain.

The computational method involved the assignment of an area factor to 
each methyl group. The CH3 group was approximated by a polyhedron as 
shown in Figure 2. The end-on face of a single hydrogen atom was desig
nated an area factor of unity. The upper surface of the polyhedron corre
sponding to a side view of the three hydrogen atoms of the meth.yl group 
was assigned a value of three units, while each of the three polyhedron edges 
was given a value of two units. The fully accessible methyl group there
fore had an exposed surface area of twelve units. If, in the disk-coil, part 
of a methyl group was buried in the interior, then its exposed surface area 
was reduced accordingly to some fraction of the value 12. When the ex
posed surface area was summed for all of the methyl groups in a dislc-coil, 
then a figure was arrived at which represented the “hydrophobic area” of 
the disk-coil. This number divided by the theoretical maximum methyl 
group area for the equivalent extended chain gave the fraction of the total 
methyl group area in the disk-coil which was exposed to the aqueous me
dium. This fraction expressed as a percentage was designated as the ex
posed methyl group factor, Me(exposed). As an example, an extended chain 
of DP 10 would have a total hydrophobic surface area of 120 units. By 
visual inspection of the disk-coil it is estimated that 65 units are buried 
in the interior of the structure leaving only 55 units exposed. Thus the 
exposed methyl group factor is 55/120 = 46%.

A complicating feature of this treatment was the fact that, because of the 
nonspecific nature of methyl group hydrophobic interactions, it was not 
possible to reproduce by model building the exact internal structure of a
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T A B L E  I
P e rc en ta g e  of E xposed  M e th y l G ro u p  A rea in  th e  D isk -C oil M odels

D P  Mexposed, %
2 83 ±  0!
3 71 ±  2
5 63 ±  2
7 54 ±  2

10 49 ±  3
12 49 ±  2
15 47 ±  3
17 46 ±  4

a M ean  d ev ia tio n .

particular disk-coil. However, after dismantling the structure and reas
sembling it several times for each degree of polymerization, average values 
of Me(exposed) could be determined. These are given in Table I with the 
mean deviations taken over six trials.

In a later section of the paper the Me(exposed) values in Table I derived 
from a study of the molecular models will be correlated with the volume 
behavior of the aqueous solutions of the oligomers.

E X P E R IM E N T A L
M a ter ia ls

All except one of the polypropylene glycol) samples have been described 
fully in a previous paper.2 Tetrapropylene glycol, tetraethylene glycol, 
and pentaethylene glycol were prepared and fractionated by Dr. B. Weibull 
of Mo Do Aktiebolag (Sweden), to whom we are indebted for the samples. 
The samples of diethylene glycol, triethylene glycol, and the Carbowaxes 
300, 600 and 1000 were obtained from the J. T. Baker Chemical Company.

Number-average molecular weights Mn were determined by vapor- 
pressure osmometry (Mechrolab 301A) in isopropanol at 37°C. The 
calibration standard was propionamide.4

Two per cent solutions of the glycols were made up by weight using 
freshly boiled, distilled water. Prior to an experimental run the glycol 
solutions were heated to ca. 90 °C to expel any dissolved air, and were then 
allowed to cool to room temperature in a stoppered flask.

The higher polyglycols show inverse solubility-temperature behavior in 
aqueous solution.5 In particular, the PPG 1025 and PPG 425 samples had 
lower critical solution temperatures at about 25°C and 70°C, respectively. 
Therefore, to ensure redissolution, these samples were stirred while being- 
cooled slowly to about 4°C.

D ila to m etry
The change in solution volume with temperature was measured between 

4 and 25°C with a capillary dilatometer which was capable of detecting
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volume changes of 1 X 10-4%. The details of the dilatometer design and 
the dilatometry techniques and computational methods are given else
where.4 Readings were generally taken at 3°C intervals for the solutions 
and at S°C intervals for the pure solutes. To convert the relative dila
tometer volumes to densities, an independent density measurement of the 
appropriate liquid was made pycnometrically at one temperature. This 
“calibrating” density was then combined with the volume reading of the 
liquid in the dilatometer at that same temperature to give the weight of the 
liquid in the dilatometer.

The apparent specific volume of the solute was obtained from the density 
of the .solution by using the equation.

<t> 2 = 1 /I
iv>\p (1)

where p is the density of the solution, p0 is the density of water, and w2 is 
the weight fraction of the solute.

Trial runs with water revealed that the reproducibility in density was 
about 2 X 10~6 g/ml, which, for a 2% solution, would result in an uncer
tainty of ±0.001 ml/g in <j>2. This estimate of the absolute precision in </>2 
was confirmed by comparing the results of trial runs on 2% sucrose solutions 
with 4>2 values calculated from the literature.6 The corresponding error in 
the slope, dfc/dT, is less than 0.3 X 10~4 ml/g-°C.

R E S U L T S
Number-average molecular weights and degrees of polymerization of the 

pure glycols are listed together with their densities in Table II.

T A B L E  I I
M o lecu lar W eig h ts, D egrees of P o ly m eriza tio n , an d  D en sities  of th e  P u re  Po lyg lyco ls

G lycol M „
D ip ro p y lene 130
T rip ro p y len e 175
T e trap ro p y len e 229
P e n tap ro p y len e 291
P P G  P400 313
P P G  425 410
P P G  1025 940
D ieth y len e 102
T rie th y len e 141
T e tra e th y le n e 180
P e n tae th y len e 198
P E G  :l()0 284
P E G  600 533
P E G  1000 802

A verage
D P

D en s ity  a t 9°C . 
g /m l

1 .93 1 .0309
2 .7 1.0267
3 .6 1.0201
4 .7 1 .0210
5 .1 1 .0196
6 .8 1.0193

15 .9 1.0138
1 .90 1.1244
2 .8 1 .1325
3 .7 1.1336
4 .1 1.1341
0 .1 1 .1352

11 .7 1 .1223 (25°C )
1 7 .8 1 .1069  (45°C )
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TEMPERATURE (°C)
Fig. 3. P lo ts  of a p p a re n t specific vo lum e vs. te m p e ra tu re  for som e of th e  oligom ers.

Table III contains the apparent specific volumes <j>2, expressed as least- 
square polynomial functions of temperature. Examples of <t>* versus tem
perature plots in both oligomer series are shown in Figure 3.* With the 
exception of PPG 1025, the expansion data for all of the glycols in solution 
were fitted by straight lines within experimental error. The thermal ex
pansion behavior for the two PPG 1025 solutions was best expressed by 
higher-order equations in temperature. This was due to the upward 
curvature in the <£2 versus T plots at higher temperatures, and is probably 
a reflection of the inverse solubility-temperature relationship in this sys
tem. The coefficients for the PPG 1025 equations are listed in Table IIIB.

Plots of dfo/dT as a function of degree of polymerization of the oligomer 
are shown in Figure 4. In both series the values of dfyi/dT increase with 
chain length. However, it is evident that this trend is more pronounced for 
the polypropylene glycol) oligomers. It should be noted that the datum 
point for PPG 1025 is unreliable, since it represents an average value of 
dfyi/dT determined at one temperature only, i.e., 10°C. Values of clfc/dT 
for this system varied from 0.8 X 10-3 to over 1.0 X 10-3 ml/g-°C in the 
temperature range 4-25°C. Consequently, the intersection of the two 
curves in Figure 4 may be an artifact, since the dfa/dT values interpolated 
from the PPG curve above a DP of 7 are only approximate.

* Thermal expansion measurements were actually carried out over the range 4-60°C.
The more extensive data and polynomials for this temperature range are available.4
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Table IV lists empirical equations for the temperature dependence of the 
specific volumes v2 of the pure polyglycols. These equations were obtained 
by combining the independently measured densities in Table II with the 
average value of dv2/dT for each oligomer series, as determined from ther
mal expansion measurements on representative polyglycols. Average 
values of dv2/dT for the PPG and PEG oligomers were 0.S10 X 10-3 and
0.697 X 10~3 ml/g-°C, respectively.

T A B L E  I I IA
F i t t in g  of E m p irica l E q u a tio n s  fo r <¡>? from  4 to  25 °C  (f>2 =  A  +  (B  X 1 0 "3)T

G lycol

C o n ce n tra tio n
(w eight

frac tio n )
A ,

m l/g
B ,  m l/g -  

°C
S D , m l/g  

X 103“
D ip ro p y lene 0 .0 2 0 0 0 .9171 0 .4736 0 .1
T rip ro p y len e 0 .0 2 1 2 0 .9 0 8 5 0 .6 1 0 2 0 .1
T e trap ro p y len e 0 .0 2 0 0 0 .9 0 8 4 0 .6 3 1 8 0 .2
P en tap ro p y len e 0 .0 1 9 8 0 .9 0 2 5 0 .6 9 9 5 0 .1
P P G  P400 0 .0 1 9 8 0 .9 0 1 0 0 .6 9 8 4 0 .1
P P G  425 0 .0 1 9 9 0 .8 9 6 4 0 .7635 0 .2
P P G  1025(1) 0 .0 1 9 2 — 0 . 877b —
P P G  1025(2) 0 .0 2 0 2 — 0 . 933b —
D ieth y len e 0 .0 1 9 7 0 .8 5 1 6 0 .6 1 0 7 0 .1
T rie th y len e 0 .0 2 0 4 0 .8 4 2 8 0 .7 0 2 0 0 .2
T e tra e th y le n e 0.0191 0 .8 3 8 6 0 .7191 0 .2
P e n tae th y len e 0 .0 2 1 2 0 .8374 0 .7 2 2 9 0 .2
P E G  300 0 .0 1 9 3 0 .8 2 9 7 0 .7 7 9 8 0 .2
P E G  600 0 .0 1 9 5 0 .8 2 4 5 0 .8252 0.1
P E G  1000 0 .0202 0 .8 1 9 5 0 .8 6 2 0 0 .2

* S ta n d a rd  d ev ia tio n  of 
L d f r / d T  X 103 a t  10°C.

T A B L E  I I I B
F it t in g  of E m p irica l E q u a tio n s  for <£■ > from  4 to  25°C

02 — A +  ( « X 10“ 3)7’ +  (C  X 10~6)7 '2 +  (T) X 1 0 -D T 3

A ,
B ,

m l/g -
c ,

m l/g -
D ,

m l/g -
SD ,
m l/g

G lycol m l/g °C ° C 2 °C 3 X 103»
P P G  1025(1) 0 .8 9 0 8 0 .6 5 1 2 1.1291 --- - 0 .3
P P G  1025(2) 0 .8 8 6 2 1.6067 - 5 .6 5 5 0 15.2458 0 .1

“ S ta n d a rd  d ev ia tio n  of fa .

The densities of the pure glycols determined from the empirical equations 
may be compared with values from the literature. For diethylene glycol, 
triethylene glycol, tetraethylene glycol, and PEG 300 (DP = 6.1), the 
densities calculated from Table IV were within 0.001 g/ml of literature 
values reported at 15,7 20,:M and 25°C.10 Literature values at 20 and 25°C 
for dipropylene glycol,810 PPG 425,8 and PPG 1025s are within 0.001 g/ml
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D.P.

F ig . 4. D P  dependence of d f c / d T .

of the densities calculated for these compounds from our empirical equa
tions.

Only one value could be found for the partial specific volume of a poly
glycol in dilute aqueous solution. A PEG oligomer of molecular weight 
240 was reported to have a partial specific volume in water of 0.846 ml/g at 
23°C.U This is in excellent agreement, with our own value of <j>2 for PEG 
300 (Mn = 284) at 22°C; viz, 0.847 ml/g.

T A B L E  IV
E m p irica l E q u a tio n s  for Vi of th e  P u re  Po lyg lyco ls from  4 to  25°C  

i>2 =  A  +  (B  X  10~>)T
G lycol A ,  m l/g B ,  m l/g -°C

D ip ro p y lene 0 .9 6 2 8 0 .8 1 0
T rip ro p y len e 0 .9667 It
T e trap ro p y len e 0 .9 7 3 0 it
P en tap ro p y len e 0 .9 7 2 2 It
P P G  P400 0 .9 7 3 5 It
P P G  425 0 .9 7 3 8 It
P P G  1025 0 .9791 it
D ie th y len e 0 .8831 0 .6 9 7
T rie th y len e 0 .8 7 6 7 It
T e trae th y le n e 0 .8 7 5 9 tt
P e n tae th y len e 0 .8 7 5 5 it
P E G  300 0 .8 7 4 6 tt
P E G  600 0 .8 7 3 6 tt
P E G  1000 0 .8 7 2 0 It

D IS C U S S IO N
T h erm al E x p a n sio n  C oeffic ien ts

According to Neal and Goring,1 the increasing values of clfa/dT in Figure 
4 correspond to a reduction in the hydrophobic character of the solute.
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F ig . 5. T h e  d ifference b etw een  dtjn/dT  of P E G  an d  P P G  vs. th e  exposed m e th jd  g roup
fac to r of th e  disk-coil.

The fact that both oligomer series exhibit the same trend for the dependence 
of dfa/dT on chain length suggests that the mechanism for the reduction of 
hydrophobicity is similar in both instances.

Such an effect may be due to intramolecular hydrophobic bonding in the 
oligomers. In PEG, these interactions could take place between backbone 
(—CH2CH2—) groups, since the chain is extremely flexible.12'13 The over
lapping of hydrophobic regions in I'EG must result in a reduction of the 
(—CH2CH2—) area which is accessible to water. The loss of available 
hydrophobic area in the chain due to such interactions corresponds to a re
duction in the hydrophobic character of the oligomer when compared to an 
equivalent, fully extended PEG chain. Examination of molecular models 
of PEG oligomers indicates that the ease of forming ( — CH2CH2—) 
(—CH2CH2—) hydrophobic contacts greatly increases with increasing 
chain length, especially in the low DP range. Consequently, the relative 
decrease in hydrophobic character should be more pronounced for longer 
chain lengths, which accounts for the trend observed in Figure 4.

The d<t>z/dT-DP behavior of the PPG series can be interpreted in terms 
of the disk-coil model. I11 the disk-coil configuration some of the backbone 
(—CH2CH2—) groups can participate in hydrophobic bonding and conse
quently are partially removed from the aqueous environment. A11 ad
ditional contribution to the loss of hydrophobic area arises from the reduc
tion in the methyl group accessibility due to hvpercoiling (cf. Table I). 
These combined effects are more pronounced at higher degree of poly
merization; thus, compared to the equivalent, extended PPG chain the 
disk-coil becomes relatively less hydrophobic as the chain length increases.

The difference in the thermal expansion behavior of the two oligomer 
series probably arises from the structure-forming tendencies of the PPG 
methyl groups which are exposed to water. This effect is more pronounced
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at low degrees of polymerization, where the methyl groups are more 
accessible. In fact, as shown in Figure 5, Aclfc/dT =  (dfc/dT)peg — 
(dfadT)ppg is a linear function of Me(,,xr,ose<i) for DP between 2 and 10. The 
negative Ad<f>2/d,T values for oligomers of DP > 10 result from the intersec
tion of the two curves in Figure 4. As noted previously, the thermal ex
pansion behavior in this region is indeterminate, and consequently, little 
can be inferred from the trend in Figure 5 in this DP range.

V o lu m e C h a n g e s  on  M ix in g
The trends observed in the present work show that for the PPG and PEG 

oligomers there is a correlation between dfc/dT and the volume contraction 
on mixing, with (4>2 — v2) decreasing as dfa/dT and the oligomer chain 
length increase. The question then arises as to whether the volume 
changes on mixing can be related to the configuration of the polypropylene 
glycols in aqueous solution.

Nemethv and Scheraga have made theoretical estimates of the volume 
changes accompanying the transfer of aliphatic hydrocarbons from the 
nonpolar medium to water.14 Friedman and Scheraga showed that the 
theory was reasonably successful in predicting the volume of mixing of a 
homologous series of alcohols.15 They assumed that the effect of the polar 
group was common to all the members of the series and it could therefore 
be subtracted to give the volume contribution of the hydrocarbon moiet ies. 
In the present study, the volume contribution of the methyl group side 
chains in PPG may similarly be obtained by subtracting the effect of the 
PEG backbone. These values may then be compared with two sets of 
theoretical estimates for the methyl group volume changes. One of these 
sets corresponds to the Nemethy and Scheraga values for the fully accessible 
methyl groups of the extended chain and the other corresponds to the 
values determined for the partially accessible methyl groups in the disk- 
coil configuration.

At a given temperature the decrease in volume accompanying the trans
fer of one mole of a glycol oligomer into water was determined from the 
equation

A7 = (*, -  v-mn (2)
where AF is the volume decrease on mixing (in ml/mole) for an oligomer of 
number-average molecular weight Mn at a concentration of 2% by weight 
(ca. 4 X 10-3-4 X 10~4 mole fraction).

The volume contribution of the methyl groups was then obtained from 
the equation

AFch3 = AFppg — AFpeg (3)
where AFCh, is the volume decrease due to the methyl groups on a PPG 
oligomer of given DP and AP̂ ppg and AFPEg are the experimental volume 
changes of PPG and PEG oligomers of the same DP as determined from eq.
(2). The error in AFCh8 was approximately ± 10%.

Theoretical values of the volume shrinkage of the methyl groups were
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Fig. 0. E x p erim en ta l and th eo re tica l vo lum e changes on m ixing for th e  P P G  m eth y l
g roups vs. D P .

calculated from a modified version of the Xemethy and Sclieraga equation,14 
as follows,

A F c h 3 =  — (43 / 24)  ? iF ° A £  (4 )

where u is the degree of polymerization of the oligomer, Fc is the number of 
water molecules in the first layer around the hydrocarbon solute molecule 
(F° = S for methyl groups) and X\ is the mole fraction of water in the first 
layer that is tetra-hydrogen bonded. Values of A74 are tabulated as a func
tion of temperature.14

Values of A F ch3 as determined from eq. (4) correspond to the volume 
shrinkage when all the methyl groups on the oligomer are assumed to be 
fully accessible to the solvent. To obtain estimates of the volume decrease 
for the methyl groups accessible in the disk-coils, the values of A Fen ob
tained from eq. (4) were multiplied by the exposed methyl group factors in 
Table I.

The results are shown in Figure 6 for the temperature range 9-25°C. 
The values of A Fen, as predicted for the fully accessible methyl groups are 
in the order of 100% greater than the experimental values. However, the 
agreement between the experimental values and the values calculated for 
the disk-coil model is fairly good, particularly in the range of higher degree 
of polymerization. One notable discrepancy is that the theoretical values 
of AFch3 are temperature-dependent, while the experimental values are 
relatively insensitive to temperature between 4 and 25°C. Friedman and 
Scheraga noted this shortcoming in their volume study on alcohols, and 
attributed it to limitations in the original statistical thermodynamic treat
ment of volume change's.15
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C O N C L U D IN G  R E M A R K S
The main conclusion to be drawn from the present work is that the dif

ferences between the volume behavior of PEG and PPG oligomers in 
aqueous solution can be attributed to water structural effects. In addi
tion, it has been possible to interpret the results semiquantitatively in terms 
of the disk-coil model proposed previously to explain the viscometric be
havior of PPG oligomers in aqueous solution.2

It should be pointed out that there are several uncertainties in the treat
ment given. In the first place, the correlations in Figures 5 and G do not 
constitute proof of the disk-coil model. A tightly coiled conformation, 
having spherical symmetry, with the methyl groups buried within the coil 
would probably have given similar trends. However, a spherical model 
would not have explained the viscometric data.2 A second point concerns 
the correctness of ascribing the parameters Adfa/dT and AFch3 solely to 
the effect of the exposed methyl groups. Such an assumption is valid only 
if the conformations of the two types of oligomer are such that their back
bone hydrophobic interactions are equivalent. One may also question 
the application of the Nemethy and Scheraga theory for assessing the 
volume of mixing, particularly in view of its failure to predict the tempera
ture dependence correctly.

In the light of the above reservations, the correlations obtained are sur
prisingly good and lend support to the general validity of the concepts pre
sented, including that of the disk-coil model. Further elucidation of the 
problem will probably come from different types of experimental observa
tions on similar systems.
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E t h y le n e - P r o p y le n e  C o p o ly m e r s :  D e g r e e  o f
C r y s ta l l in ity  a n d  C o m p o s it io n *

G. VER STltATE and Z. W. WILCHINSKY, Enjay Polymer Laboratories, 
Linden; New Jersey 07086

S y n o p s is
X -ray , d iffe ren tia l scann ing  ca lo rim ete r, a n d  d en s ity  m easurem en ts of th e  degree of 

c ry s ta llin ity  h av e  been  m ade on  e th y len e -p ro p y le n e  copolym ers w hich ran g e  in  com posi
tio n  from  60 to  100 m ole-%  e thy len e . A t 23 °C  th e  degree of c ry s ta llin ity  w as fou n d  to  
v a ry  from  zero to  ap p ro x im ate ly  75 w t-%  in  a  reg u la r m an n e r w ith  com position . A  sys
te m a tic  difference exists betw een  th e  x -ray  an d  h e a t of fusion m easurem en ts if a sim ple 
tw o-phase m odel is assum ed in o rder to  ca lcu la te  th e  p er cen t c ry s ta llin ity  from  h ea ts  of 
fusion. T h e  a p p a re n t h e a t of fusion  of th e  cry sta llin e  frac tio n  d e tec ted  b y  th e  x -ray  
m eth od  is as low  as 30 c a l/g . T h is  d isc repancy  increases w ith  com onom er co n te n t. I t  is 
suggested  th a t  la rge surface o r defec t energies are p re sen t. T h e  b ro ad  m elting  beh av io r 
of th e  sam ples is also co n sis ten t w ith  such  a  d escrip tio n  of th e  system .

IN T R O D U C T IO N
Certain studies in the literature have concerned themselves with crystal

linity in ethylene-propylene copolymers1-10 while others have discussed the 
dependence of the degree of crystallinity measured on the means of mea
surement and have correlated this dependence to support a particular 
model for bulk and solution crystallized polymers.11'12

Data are presented here for the degree of crystallinity (23°C) of ethylene- 
propylene copolymers over a range of compositions from polyethylene to 
approximately 60 mole-% ethylene and thus from ca. 75% crystallinity to 
0%.

Density, differential scanning calorimetry (DSC), and x-ray techniques 
are used on samples with identical thermal history, and thus the study has 
generated a novel set of data for ethylene propylene copolymers.

E X P E R IM E N T A L
The ethylene to propylene ratio in all of the polymers studied was deter

mined by infrared spectroscopy (Beckman IR 5A). The ratios of peaks at 
4400, 1160, and 720 cm-1 were used. This method was calibrated by using 
14C-tagged polymers prepared by the same catalyst system which was used 
to prepare the copolymers discussed here.

* Taken in part from a paper presented at the 1909 Gordon Conference on Elastomers,
Colby College, New London, New Hampshire, July 28-August 1, 1969.
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N MR data on the polymers gave results which depended on the resolu
tion obtained. Data obtained at 100 MHE and 160°C generally gave higher 
ethylene contents (especially at low C2 levels) than data at 60 MHE and 
100°C. The latter data agreed with the 14C values. Symmetrical peak 
resolution was used.

Other independent methods, including use of the 1380 cm-1 methyl 
band, gave unsatisfactory results, these being due to variation of the ex
tinction coefficient among polypropylene samples. This band could be 
used if the 14C polymers were used for calibration.

Samples which were used for heat of fusion, x-ray, and density measure
ments were prepared by pressing pads of the polymer between Mylar in a 
Carver press at ca. 160°C for 30 min. Pads wore 0.030-0.125 in. thick. 
Crystalline samples prepared in this way showed birefringence, as measured 
in an Abbé refractometer. The “amorphous” samples had to be stressed 
to produce birefringence.

For samples in which preferred orientation of the crystallites was present, 
the diffracted x-ray intensity was randomized by a procedure described 
elsewhere.13 Interpretation of the oriented patterns was thus reduced to 
the method described below for isotropic specimens.

The samples were either bulk ethylene-propylene copolymers, ter- 
polymers, or polyethylenes as noted in Table I. The polyethylenes used 
were “as received” commercial samples with the exception of sample 
393-15 which was prepared in our laboratory with the catalyst described 
below; whereas the copolymers were laboratory preparations synthesized 
in heptane (solution or slurry depending on solubility) at ca. 25°C in a con
tinuous stirred tank reactor with a Ziegler-Natta type homogeneous 
catalyst. For this catalyst the reactivity ratio product (ethylene +  
propylene, terminal model) was ca, 0.5.

The copolymers were heterogeneous in both composition and molecular 
weight. This in part was due to the presence of more than one active 
catalyst species. However, 98% of the polymer was within ±10 wt-% 
ethylene of the stated average value.

These statements are based on column elution fractionation data and on 
studies of the kinetics of the polymerization process. The stated re
activity ratio product thus represents an average value. The functional 
form of the copolymerization reactivity ratio equation is unaltered in the 
presence of multiple catalyst species; the meaning of the reactivity ratio 
product changes.

After cooling to room temperature at 10°C/min, the samples were 
annealed at room temperature for at least one day (see Table I for actual 
times) ; x-ray and DSC measurements were then made on different sections 
of the sample simultaneously. As a result of the thermal and aging history 
described, the change in crystallinity during the elapsed time of the analyses 
was negligible.

Since the measured crystallinity in a polymer sample depends upon ex
perimental procedures and interpretation of the data, wc detail how the 
density, x-ray, and calorimetric measurements were made.
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X -R a y  C rysta llin ity  D e ter m in a tio n s
The fraction of the polymer in the crystalline state was determined by an 

adaption of the procedures reported by Weidinger and Hermans.14'15
In a selected range of diffraction angles (7-32°), the diffraction pattern 

was resolved into an area A a attributable to the amorphous phase and an 
area A,, attributable to the crystalline phase. The weight fraction /„ of the 
polymer in the crystalline phase is proportional to Ac, and the fraction /„ in 
the amorphous phase is proportional to A:l. These relations may be 
written :

h = AVlc (1)
and

/a  =  (1 - / „ )  =  AVI a (2)
where K,, and K„ are the respective proportionality factors. By combining 
these equations, one may write:

1 = KCAC -f- KaA3 (3)
Dividing eq. (1) by eq. (3), one obtains

/c = ! / [ ! +  K{AJA')] (4)
where K = K .JK a constant independent of the intensity scale factor 
used. The evaluation of K through the solution of eq. (3) for KR and K, 
requires at least two diffraction patterns representing different degrees of 
crystallinity. In the present work, the two levels of crystallinity were ob
tained for a given polymer by the method of Hermans and Weidinger15 in 
which the polymer was examined at room temperature and just above its 
melting point. Except for the temperature differences, the diffraction pat
terns M ere obtained under identical experimental conditions. From these 
two patterns it was possible to evaluate AT and K,, in eq. (3) for an in
dividual polymer. The validity of the method depends on Afa being in
dependent of temperature in the range considered. A test of this condition 
was made by measuring values of Aa for an amorphous polymer at 25°C 
intervals between 25 and 150°C. The values were all within ±  1% of the 
mean. In considering these results, intensity corrections for the thermal 
expansion of the sample can be neglected for two reasons. First, the 
thickness of the sample was close to the optimum for maximum intensity in 
transmission diffraction. Under these conditions the intensity is rather 
insensitive to small changes in thickness or mass of sample per unit surface 
area. Secondly, when the sample is in a state of low plasticity at elevated 
temperatures, the thermal expansion is restricted almost entirely to 
changing the sample thickness, because of the sample holder construction. 
Thus, the mass of sample intercepted by the incident x-ray beam is almost 
constant.

The diffraction patterns were obtained by a transmission method16 with 
samples Vs in. thick. For the calibration experiments involving molten
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samples, a furnace containing a stainless steel cell with beryllium windows 
was used. The procedure for measuring A a and Ac will be described with 
reference to Figure 1. A straight base line ab is drawn from 2d = 7° to 
26 = 32°. The area above this base line may now be considered consisting

Fig. 2. Correlation of calibration constant in x-ray crystallinity equation with crystal
line area. Data in Table I.
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of A0 = Ac' +  A A and Aa = A ' +  A/. However, because of the nature 
of the superposition of the crystalline reflections on the amorphous halo, the 
dashed line separating Ac' from A/ may be difficult to establish with the 
desired accuracy. To circumvent this difficulty, the following construction 
was used. The height /„ of the amorphous halo above the base line is 
determined, and the points c and d on the diffraction, trace at (%)/» and 
(’A)/# are marked to establish the line eel. From measurements of over 50 
amorphous patterns, at various temperatures ranging from 25 to 150°C, 
the average value of AJ'/AA was found to be 0.119, the standard deviation 
being 0.006. Thus, from measurements of AJ and A/ +  A/, one can 
determine Aa and Ae. Although Aa can also be estimated by multiplying 
/ a by an empirical constant, the value thus obtained can be shown to be 
less precise than that obtained by the procedure described.

Vallies of K determined separately for the samples indicated in Table I 
decrease with a decrease in ethylene content, room temperature crystal
linity, or the area ratio AJ{Aa +  / la) as shown in Figure 2. For con
venience in carrying out crystallinity determinations, the correlation of K 
with Ab/(A„ +  Ah) is preferred. This relation, can be expressed by the 
equation

A = 0.55do/  (.1,. +  A a) +  0.;>4 (5)
where A„ and A„ are the room temperature values.

Since the determination of K by the present procedure depends on 
measuring two levels of crystallinity, the precision of K increases as the 
difference between the crystallinity values increases. A greater scatter of 
the points at low values of AC/(AC +  A A) is thus expected. In evaluating 
the degree of crystallinity for the polymers, the value of K was that of eq.
(5). The computed uncertainty in the value of K from the correlation 
(95% confidence limit) is 0.08 (for AJ(d a +  A„) in the range 0 to 0.4) lead
ing to an associated uncertainty of about 0.02 in /„, Having selected the 
correlation line for K, we find the precision of /„ measurements determined 
by the method described is within ±0.02 (95% confidence limit).

D etec tio n  o f  C rysta llin ity  b y  th e  H e a t  o f  F u sio n
Heats of fusion AHs of the polymer samples were determined with a Du 

Pont DTA 900 DSC cell. This instrument measures differences between 
the temperature of an inert reference and that of a sample containing holder 
as the reference material is heated at a constant rate through the transition 
region. It may be shown17 that the excursions from a linear baseline are 
related to heats associated with first order transitions while heat capacity 
changes lead to changes in the position or slope of this baseline. To relate 
the area of the excursion to the AHf one must calibrate the instrument. 
For the Du Pont instrument the calibration constant is a function of the 
temperature of transition. Thus indium, mercury, and benzophenone 
(criterio-quality, Matheson Coleman Bell, for the latter) were used to cali-
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T A B L E  IT
C o n s ta n ts  U sed in D S C  C a lib ra tio n

T „„  °C
A H i,
ca l/g T m*, °C “

H g“ - 3 8 . 9 2 .7 - 3 3
B enzophenone 4 8 .2 2 3 .5 51
Indium b 156 .2 6 .7 9 164

» T „,* recorded  a t  peak  on ou r in s tru m en t at 1 0 °C /m in  h ea tin g  ra te . 
11 D a ta  of K rig b a u m .25

brate the instrument; see Table II for the physical constants used. An 
external recorder (Honeywell) was used in the calibration runs. The areas 
of the instrument XY recorder and the external time base recorder were 
compared by running samples with broad enough melting regions to give 
good precision for integration on both instruments, and simultaneously 
recording the peak.

It was found that the calibration constant changed linearly with tem
perature over the range of interest ( — 40 to +165°C) and the total change 
amounted to approximately 3.0%. The calibration constant is known to 
better than 1% at any given temperature. All of the polymer samples 
exhibited broad melting and the calibration constant was chosen that cor-

F ig . 3. D ifferen tia l scann ing  ca lo rim ete r traces .
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responded to the median point in the scan area. (The same was done for 
the standards.) The same scanning speed of 10°C/min was used through
out, and the sample size was chosen to give approximately the same total 
heat of transition for all the runs. This varied from ca. 2 mg for the 
standards and polyethylene to ca. 12 mg for some of the low crystallinity 
copolymers.

The ratio of heat given off to the total heat capacity of the sample be
comes a systematically changing variable for such samples. It is not 
anticipated that the magnitude of this change could cause the “low” heats 
of fusion reported herein (see below). In addition, the change in heat 
capacity of the sample in the transition region was not accounted for (i.e., 
no baseline shift correlation made). In all cases an unambiguous baseline 
was drawn tangent to the trace before and after the transition, however. 
Typical traces appear in Figure 3.

We have used 69 cal/g18 for A Hi*, the heat of fusion for perfectly crystal
line polyethylene at Tm = 145°C19 (a difference of a few degrees here will 
not make much difference), and the relation

Some comment on the recent publication of Atkinson and Richardson20 
is appropriate here. These authors give Tm = 141 ±  1°C and A //f =
73.5 ±  5%. As has been stated, the difference in Tm does not make much 
difference in the correction to the heat of fusion, however, the 73.5 cal/g 
value is some 6.5% higher than the value we use. Atkinson and Richard
son20 ascribe the difference between their value and the lower values of 
others using calorimetric techniques to the fact the broad melting samples 
give AH adiabatic — A/iDsc as approximately +5%  due to baseline un
certainty. Lacking data, we are unable to comment on this, however; 
since both the polyethylene value, 69 cal/g, and our results are AHVSC, 
errors if they exist should be somewhat compensatory.

Another consideration with our data regarding baselines is that the 
samples may crystallize further upon cooling for the DSC run to be made. 
Thus, the “apparent” heat capacity of the samples at temperatures below 
the melting region would be too high due to melting below room tempera
ture and the baseline shift (e.g., Fig. 3, Sample 774B) would lead to too low 
a AHt. This is a problem inherent in the DSC study of materials which 
crystallize down to Ts.

Since the addition of the comonomer causes major melting point depres
sions to occur and also since a significant number of methyl groups may 
enter the lattice, a question arises as to the proper AHi* to use for samples 
other than the polvethylenes that melt at 145°C. As a first estimate, we 
have corrected AH,* for temperature by using the data of Wunderlich and 
Dole.21 No correction is made for the copolymer units. Thus, we write

Per cent crystallinity = (AH ¡/ AH ¡*) X 100. (0)

Cp,crystal = 0.3513 +  1.98 X 10~3 T cal/g-°C 
Cp,,iqUid = 0.5455 +  5.38 X lO"4 T cal/g-°C

(7)
(8)
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Afff* = AHt** -  f T (Cv,crystal -  Cp,Uqnid)dT (9)
J  145

= 55.9 +  0.19427’ -  7.2 X 10-4T2 (10)
where A H {**  denotes the value of A l l *  for a sample melting at 145°C. 
At T = 50°C, eq. (10) represents a 7% correction on A//f.

C rysta llin ity  F rom  D e n s ity  D e ter m in a tio n s
All density determinations were made in gradient columns (ethanol- 

H20) at 23°C. Samples (ca. 10 mg) were cut from the pads described 
above. In order to convert the density values to degrees of crystallinity 
it is assumed that a two phase system exists and that the contributions to 
the specific volume from the amorphous and crystalline phases are additive. 
The following equation was used:

per cent crystallinity = (v — va)/(v0 — va) X 100 (11)
= 6.882 -  5 .992«

where v is the specific volume of the sample, va is the specific volume of the 
amorphous phase (1.170 cm3/g )2, and vc is the specific volume of the crystal
line phase (1.000 cm3/g )22.

It should be pointed out that the volume of the unit cell increases with 
increasing number of methyl sidegroups of the copolymer.4 However, as 
the methyl sidegroups are assumed to be incorporated into the unit cell to 
produce the expansion, the cell increases in weight. These effects are in 
opposite directions and very nearly cancel, as discussed in Appendix I. 
Although the cancellation may not be complete, no correction for the 
residual was carried out because of the uncertainty in the cell expansion 
data.

D IS C U S S IO N
The crystallinity data given in Table I and Figures 4 and 5 will be dis

cussed first.
There are systematic deviations among the degrees of crystallinity ob

tained by the different methods. Calorimetry gives the lowest values. 
The difference between crystallinities from the heat of fusion and from 
x-ray data far exceeds experimental error. As shown in Figure 5, for all 
but the lowest crystallinity samples the discrepancy increases as the degree 
of crystallinity diminishes. A comparison of crystallinity values from 
x-ray and density measurements shows good agreement for the copolymers 
below 30% crystallinity and for two of the high-density polyethylenes. 
However, significant discrepancies can be noted for several of the samples, 
including two of the high density polyethylenes. A satisfactory explana
tion for the occasional discrepancies has not been found. These results 
are not in complete accord with at least one previous study11 in which the
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larison of degree of c ry s ta llin ity  o b ta in e d  b y  th e  lliree m ethods used : (■ ) 
1 ISC, ( • )  x -ray .

F ig . 5. C orre la tion  of x -ray  c ry s ta llin ity  w ith  h e a t of fusion cry sta llin ity .
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x-ray and density crystallinities were found to be in agreement. As the 
x-ray method measures the crystallinity in a direct manner and requires 
no independent calibrations, we regard the x-ray values of crystallinity as 
being valid within the stated precision limits, and will use these values as 
standards of reference in the remainder of this discussion.

In Figure 5 it can be noted that the data should follow the solid line for 
agreement between the methods involving use of eqs. (4) and (6). The 
validity of the assumption of additivity of contributions from amorphous 
and crystalline phases has been discussed at length,11'12 as have the defect 
characteristics of the crystallites formed4'5,6’10 and unit cell variation with 
annealing conditions.22 There is sufficient evidence to suggest that there 
is some contribution from a variety of ordered structures, especially in 
rapidly cooled samples. The divergence of our AHtj density, and x-ray

Fig. 6. D ependence of a p p a re n t h e a t of fusion of cry sta llin e  m a te r ia l on degree of
c ry sta llin ity .

data is consistent with the presence of defect or surface energies. Our data 
are thus in qualitative agreement with Manclelkern et al.11 and Harnada 
et al.,12 for example, with regard to the effects of morphology on the heat of 
fusion of the crystalline material.

The “range of crystallite sizes and a diversity of interfacial structures 
and properties” which were studied by Mandelkern et al.11 lead to enthal
pies of fusion which became smaller fractions of the values expected from 
density measurements as molecular weight and undercooling increased. 
The small-size crystallites which resulted in that study apparently arise 
from kinetic restrictions due to the chain connectivity, which increase with 
molecular weight. In our case, small crystallites result not only from this 
effect (for which we have presented no data here) but from the disruptive 
nature of the methyl groups. This effect is the important one in our case. 
We can change the distribution of crystalline size and presumably the inter
facial or defect energy contribution by altering annealing procedures and
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sample molecular weight; however, both our data and those of Baker and 
Mandelkern4 indicate these effects to be of secondary importance, once the 
molecular weight is high enough to permit neglect of endgroups. The 
presence of the comonomer units produces enthalpies of fusion which are 
much below those expected from the x-ray (or density) measurements even 
for the samples for which the undercooling is small.

These effects can be noted in the behavior of the heat of fusion. In 
Figure 6, the ratio of AHt to fc (from x-ray data) is plotted as a function of 
the per cent crystallinity (x-ray). This quantity represents the apparent 
heat of fusion of the crystalline material itself and it is seen that, this 
rpiantity consistently decreases as the degree of crystallinity decreases. 
That the samples of highest crystallinity do not attain the value 69 cal/g 
is consistent with the data of Mandelkern et al.n since our data were taken 
at large undercoolings.

Further insight into the nature of the crystallinity in these samples can 
be gained by describing the regions in which melting occurs. (All data are 
uncorrected for instrument lag.) For the linear polyethylene of lowest 
molecular weight melting is not observed until the sample is heated to at 
least 80°C. For the branched samples melting begins at a lower tem
perature; similarly, for a high molecular weight linear sample, melting 
occurs over a broad range which starts almost immediately above room 
temperature. The melting terminates sooner for the branched sample, 
i.e., at 125°C compared with about 140°C for the linear polymers. For 
the copolymer samples the melting begins at some temperature slightly 
above room temperature and continues to a temperature which decreases 
as ethylene content decreases. (For our copolymer data A Hi is related to 
the temperature of maximum excursion from the baseline by AHt «
0.45T — 18.0.) This behavior is different from that of the broad-melting 
linear samples and is consistent with the existence of a maximum melting 
temperature23 determined by copolymer content.2'4 Thermodynamic 
considerations23 lead to the conclusion that the copolymers are being an
nealed (room temperature) at progressively smaller undercoolings as the 
propylene content increases. This annealing at smaller undercoolings is 
not expected to produce measurable amounts of more perfect crystalline 
material in the context of the model of Flory,23 however.

It can be shown (see Appendix II) that on the basis of the Flory model the 
reduced undercooling produced by additional comonomer, at a given tem
perature, does not lead to increased values of Af/f/(fraction crystalline). 
This quantity is predicted to decrease at a given temperature, with increas
ing comonomer content. It also decreases with increased undercooling at 
constant composition. The magnitude of the decrease in AH{/(fraction 
crystalline) is of the order of that observed in Figure 6. That model is 
wrong for our system (comonomer units rejected from lattice, only surface 
energy term); however that result indicates that even in the “perfect 
copolymer crystal,” which probably underestimates the surface effects, a 
large decrease in the observed enthalpy of fusion is expected.
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Fig. 7. E ffec t of an n ea lin g  on D S C  T races. A rrow s in d ica te  annealing  te m p era tu re s .
See te x t for discussion.

Thus copolymers of the same molecular weight and viscosity as the lower 
molecular weight linear polymers (Marlex) always exhibited melting im
mediately above room temperature. In fact, melting that starts just above 
the annealing temperature can be induced by annealing at temperatures 
down to Tg (ca. — 60°C) (see Fig. 7). The point of Figure 7 is that an
nealing of the copolymers at any temperature below the maximum melting- 
point leads to the formation of crystalline material, some of which melts 
immediately above that annealing temperature. Depending on the length 
of the annealing period, the temperature, the polymer composition and 
molecular weight, one can produce multiple regions of enhanced melting by 
annealing at several different temperatures. This is shown by the middle 
scan. Complete melting of that sample and annealing only at the lower 
temperature produces only one broad melting region, as shown in the 
bottom scan. This latter behavior is important, since it indicates that 
“amorphous” ethylene-propylene copolymers are not usually amorphous 
down to Tg. The recent paper by Johnson et al.24 discusses these effects in 
ethvlene-vinyl acetate copolymer.

This behavior can be interpreted as copolymer units causing crystallites 
to form (defect containing folded structure, small folded structures, fringed 
micelles, or whatever) which change or are affected in a regular manner as 
the composition or degree of crystalinity of the polymer changes. The 
broad melting is indicative of crystalline material with a spectrum of sta
bility (due to defects or size).

It is interesting, therefore, to note that these data are in agreement with 
the qualitative prediction of Flory’s model.23 This model is based on the 
concept that copolymer units are rejected from the lattice and that a sur
face energy results as the chain exiting from a crystalline region continues 
its course through the polymer (either to fold back or not).

It is known that the methyl group6-10 can enter the lattice and also that 
folded lamellae can be formed with copolymers at least at low comonomer
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content; however, a reasonable approach to a semi-quantitative model for 
the system appear to be an extension of the Flory23 model to include these 
effects and with appropriate concern for the changes in the amorphous re
gions as discussed by Krigbaum.26

A P P E N D IX  I
The unit cell volume and weight can be readily estimated from published

data of interplanar spacings and copolymer composition. For example,
for a composition corresponding to 7 methyl sidegroups per 100 chain
carbon atoms, plotted data of Baker and IMandelkcrn4 give the value
ri2oo = »A a =  3.920 A and dm = 4.225 A; and for zero methyl content
values of dm = 3.695 and duo = 4.105. From these, the calculated values °for b are 5.02 A for the former composition and 4.94 for the latter. The r 
dimension remains constant, within the accuracy of measurement.5 From 
this information it can be easily shown that the unit cell for 7 methyl groups 
per 100 carbon atoms is larger by a factor of 1.070. Assuming that the 
chain segments contained in the crystal have the average composition (as 
indicated by Baker and Maudelkern4), the unit cell for this methyl content 
is heavier. Hence, we have

vc{7 CH3/IOO C) 
r„(0 GIh/100 C) = (A-l)

Within the accuracy of the estimate, the specific volume of the crystalline 
phase can be considered independent of the methyl side group concentra
tion. However, if more accurate data for the volume of the unit cell as a 
function of methyl content were available, a corrected value of vc might be 
justified.

A P P E N D IX  II
The heat of fusion of a copolymer (in cal/g), corrected for surface energy 

effects given by:
A  i f  corrected E

5 = 8* ( W ° s — W ee)  ( A H u -  2 < re/ 8) — 1
V 1.1 /1 T  X , M , (A2)

where Mh M« denote molecular weight of crystallizable monomer and non- 
crystallizable monomer, respectively; A //u is the heat of fusion of the 
monomer (cal per mole of units); cre is the surface energy (in cal/mole) of 
emerging chains; 8* is the minimum sequence length crystallizable; TT<$°, 
JFi5e are the actual and equilibrium concentrations of crystallizable units, 
respectively; Ah, X2 are mole fractions of monomers in the polymer.

By using eqs (9) and (12) of reference 23 in eq (A-2) we obtain:
A  He 1

orrected [ l T c A 7 / uXiM 1 +  XîMî
-  2 trc[A1( l - ?V * - 1 - D - ' ( l - C- > - e(8*)J] (A3)
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where I) = exp { — 2a J RT)
9 = MIJR[{l/T)-(\/TJ) ]

R is the gas constant, Tm° is the melting temperature of perfect crystalline 
homopolymer, p is the propagation probability of a crystallizable unit, and 
w, is the mole-fraction crystallinity.

Using'2 the values, <re = 4600 cal/mole, Tm° = 145°C, AIIu = 980 cal/ 
mole, p = X\, Mi = 14, M2 = 14, one finds that in the composition range
0.8 <  Xi <  0.9, with T ca. 300°K, the surface energy lowers the heat of fu
sion by as much as 25%. At lower temperatures the effect is greater due 
to the shorter sequences crystallizing. The effects of a composition change 
on the melting temperature (i.e., degree of undercooling at a given temper
ature) are less than those on the average length of sequences involved in 
crystallites however, and the polymers less rich in crystallizable monomer 
always have the greater percentage surface energy contribution.
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S y n o p s is
W ork ou  tw o sh ee t orgaiiosilicon po lym ers, one deriv ed  fro m  th e  m in e ra l ehryso tile  

a n d  th e  o th e r  from  th e  m ineral ap o p h y llile , is described . T h is  w ork  p rov ides direct, ev i
dence th a t  b o th  these po lym ers are  com posed of shee ts. In  ad d itio n , i t  show s th a t  in  th e  
ch ryso tile -derived  p o ly m er th e  sh ee ts cu rl in to  scrolls, a n d  th a t  in  th e  ap o p h y llite -deriv ed  
p o ly m er th e  shee ts a re  essen tia lly  flat.

IN T R O D U C T IO N
Covalently bound sheet polymers, although little known as either nat

ural or synthetic species, appear to be of some interest. For one thing, 
they can be expected to be flexible on a molecular scale and pliable on a 
macroscopic scale (given suitably flexible connecting linkages and suitably 
weak intersheet attractive forces). Further, since the separation of sub
stantial fragments from sheet frameworks requires the breaking of a large 
number of bonds in a concerted fashion, organic sheet polymers can be ex
pected to show high resistance to drastic molecular weight changes upon 
slight framework degradation.

The opportunity for morphological control through architectural control 
is also to be expected of organic sheet polymers. This comes about because 
sheet polymers based on sheets with no strain or with balanced strain can 
be expected to yield powders or coherent solids, while sheet polymers based 
on sheets having a suitable combination of size, shape, and strain can be ex
pected to yield fibrous products. Strong support for this view is found in 
the behavior of sheet silicates.la-e Further support comes from what 
little is known about organic sheet polymers.2-6

While these and other features make sheet, organic polymers attractive 
for investigation, the synthesis of such polymers presents very large 
hurdles. These arise because planar polymers require repeating units of 
functionality of three or greater7 and such units can equally well, in general, 
participate in the formation of three-dimensional polymers.

One way that these preparative difficulties can be met is to synthesize in 
an initial step the essence of the framework desired and then in subsequent 
steps to convert this to the final polymer, e.g., to synthesize a crystalline 
material having as an inherent part of its structure the essence of the de-
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sired framework and then to convert this to the final polymer by extrac
tion, grafting, addition, substitution, etc. Of course, if a naturally oc
curring material containing the desired framework is available, the difficult 
first step can then be avoided.

The practicality of this general approach has been already established. 
For example, graphite has been converted to a graphite fluoride polymer by 
a fluorine addition process.5'6 Similarly, the sheet silicate ion in the min
eral chrysotile [common asbestos, approximately Mg3(OH)4Si2 0 5 ] has been 
converted to an organosilicon polymer by an extraction-grafting process2-4 
patterned on that developed by Lentz for 1he conversion of simple silicate 
ions to organosilicon compounds.8

The work that follows gives further consideration to the preparation and 
properties of organosilicon sheet polymers derived from silicates by extrac
tion and grafting. Two polymers have been investigated, one being the 
just mentioned, but only partially characterized, polymer derived from 
chrysotile. The other is a similar, briefly described,2 polymer derived 
from the mineral apophvllite (approximately KFCa,iSis(bo ■ 8ILO).

E X P E R IM E N T A L
Five similarly prepared samples of the chrysotile-derived polymer and 

two similarly prepared samples of the apopbyllite derived polymer were 
used in making the micrographs shown in this paper. The new prepara
tions of the chrysotile polymer were patterned on the earlier work of 
Frazier et al.3 The preparations of the apophyllite polymer were also 
patterned on earlier work.2 The Arizona chrysotile used to prepare 
sample 1 was a gift of the Jacquays Asbestos Corp. and came from its 
Eldorado Mine, 30 miles north of Globe, Arizona. It was obtained 
through the courtesy of Mr. D. W. Jacquays. The Quebec chrysotile 
used in preparation of samples 3 and 4 was from the Province of Quebec 
and was obtained from Ward’s Natural Science Establishment, Rochester,
N. Y. The synthetic chrysotile used to prepare sample 5 was a gift of 
the Johns Manville Corporation and was obtained through the courtesy 
of Dr. Julie Chi-Sun Yang. The apophyllite (samples 6 and 7) was from 
India and secured from Ward’s Natural Science Establishment.

C h ryso tile  P o ly m er  fro m  N a tu ra l M in era l
S a m p le  1. This synthesis was carried out under conditions designed to 

disturb the fiber bundles as little as possible. A mixture of Arizona chryso
tile in the form of fiber bundles about 1-2 mm in diameter and 10-20 mm in 
length (3.3 g), 2-propanol (150 ml), chlorotrimethylsilane (50 ml), and con
centrated hydrochloric acid (30 ml) was heated gently for a few minutes, 
additional chlorotrimethylsilane was added (15 ml), and the mixture re
fluxed for 1 day. The resultant was cooled, further chlorosilane added (30 
ml), and the refluxing continued for 9 more days. The product was re
covered, washed, and dried (2.0 g) and then refluxed with a mixture of ben
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zene (ISO ml), chlorotrimethylsilane (20 ml), and pyridine (2.4 ml) for 2 
days. Since the material still contained a little unreacted mineral after 
being washed and dried, it and a previously refluxed (30 min) mixture of 
chlorotrimethylsilane (95 ml) concentrated hydrochloric acid (30 ml), and
2-propanol (150 ml) were refluxed for 3.5 days. The product, after 
washing and drying (2.0 g), was identified as the desired polymer by its in
frared spectrum. Its spectrum also showed that it was free of mineral. 
Parts of the product were spotted yellow-brown, but only fiber bundles free 
from this discoloration were selected for use. (These discolorations were 
introduced in the pyridine step and were probably attributable to a decom
position product from the pyridine mixture.)

S a m p le  2 . This sample was prepared in the manner described earlier.3
S a m p le  3. A mixture of chlorotrimethylsilane (50 ml), Quebec chryso- 

tile dispersed in a blender in 2-propanol (2.5 g and 150 ml), additional pro
panol (50 ml), and concentrated hydrochloric acid (25 ml) was heated with 
stirring for 1 day. The mixture was then cooled, additional chlorosilane 
added (25 ml), and the refluxing continued for 7 days. After recovery the 
product was washed and dried (1.5 g) and a portion of it (1.2 g) refluxed 
with stirring with benzene (100 ml), chlorotrimethylsilane (15 ml), and pyr
idine (2.0 ml) for 3 days. The resultant, after washing and drying (1.2 g), 
was identified as the desired product by infrared spectra.

S a m p le  4 . Quebec chrysotile that had previously been dispersed in dis
tilled water, freed of impurities, and air-dried (3.1 g) was mixed with 2-pro- 
panol (156 ml), chlorotrimethylsilane (65 ml), and concentrated hydrochlo
ric acid (30 ml) and refluxed with stirring for 1 day and cooled. Additional 
chlorosilane was added (30 ml) and the refluxing continued for 9 days. 
The product was recovered, washed, and dried (1.9 g). It was identified as 
the polymer by its infrared spectrum. (Experience showed that the 
second step of the procedure described for samples 1-3 generally added 
little substitution and so analgous, the step was omitted here and for sample 
5.)

C h ryso tile  P o ly m er  from  S y n th e tic  M in era l
S a m p le  5 . The synthetic chrysotiles used were found to give products 

with low degrees of substitution with reaction mixtures of the type described 
above (presumably because the effective particle size of the mineral was 
smaller, thus leading to unsatisfactory balance between the rates of leaching 
and substitution). However, reaction of a stirred mixture of the synthetic 
mineral with a modified reaction mixture did yield a good product. In this 
procedure, 2-propanol (25 ml), chlorotrimethylsilane (15 ml), and concen
trated hydrochloric acid (5 ml) were refluxed for 1 day, cooled, and syn
thetic chrysotile (0.50 g) added. The resultant slurry was refluxed for 9 
days and the product recovered and washed by centrifugation (0.30 g). 
This product was a white hydrophobic powder that apparently swelled 
only slightly in solvents known to swell the natural mineral derived 
polymer. It gave a broad, weak x-ray diffraction maximum at about 15 A
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and an infrared spectrum similar to that of the other samples. The 
differences in the diffraction pattern and the swelling characteristics of this 
product were attributed to differences in the shape and size of the polymer 
particles.

A p op h yllite  P o ly m er

S a m p le  6. A mixture of apophyllite ground to pass 100 mesh (1.3 g), 
malonic acid (2.0 g), acetone (50 ml), diethyl ether (2.0 ml), distilled water 
(1.0 ml), and chlorotrimethylsilane (25.0 ml) was allowed to stand in a stop
pered flask for 13 days. The resultant was recovered, washed, and dried 
(1.3 g) and a mixture of it (0.20 g), pyridine (10 ml), and A,0-bis(trimethyl- 
silyl) acetamide (10 ml) was refluxed for 5 days. The product, after being 
recovered, washed, and dried, was a white hydrophobic powder which gave 
only one x-ray diffraction peak. This peak was fairly sharp (considerably 
sharper than that of the chrysotile polymer, presumably because the sheets 
in this polymer lie essentially flat (see below) and corresponded to a Bragg 
spacing of about 16 A. The infrared spectrum was similar to that of the 
chrysotile polymer,3 except that the bands associated with the organosilicon 
groups were relatively more intense.

Sample 7. To prepare this sample, apophyllite (100 mesh, 10.0 g) was 
treated with a mixture of acetone (500 ml), distilled water (4.0 ml), and 
chlorotrimethylsilane (200 ml) in a stoppered flask for 1 day. The resultant 
was recovered, washed, dried, and treated with an identical mixture for 11 
more days. Again the resultant was recovered, washed and dried (10.1 
g). A mixture of this (2.0 g), pyridine (50 ml), and N,0-bis(trimethylsilyl)- 
acetamide (50 ml) was refluxed for 3 days. The final product, after being 
washed and dried, had the same infrared spectrum as sample 6.

Elemental analyses of the apophyllite polymer gave erratic results, par
ticularly for silicon, in spite of considerable effort spent on technique. As 
a whole, they indicated that half or somewhat more of the available sheet 
sites were occupied by trimethylsilyl groups. In earlier work the chrys
otile also seemed to present difficulties in analysis though they were less 
severe.

M icro sco p y

Japan Electron Optics Laboratory JEM-6A and Hitchi Limited HU-11A 
electron microscopes equipped with hairpin filaments were used in this 
work. Embedding was carried out with Araldite 6005 resin and sectioning 
with a Reichert Om-U2 ultramicrotome equipped with a diamond knife. 
The unembedded samples were supported on carbon coated copper and 
tungsten grids while the embedded samples were supported on uncoated 
grids. Sample 1 was used for the micrographs shown in Figures 3-6, 
sample 2 for Figure 7, sample 3 for Figure 8, sample 4 for Figures 9 and 10, 
sample 5 for Figure 11, sample 6 for Figure 13, and sample 7 for Figure 14.
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R E S U L T S  A N D  D IS C U S S IO N
Previous work3 has shown that the treatment of chrysotile with a mixture 

of isopropanol, hydrochloric acid, and chlorotrimethylsilane leads to a 
complex reaction in which the composite brucite-silicate sheets making up 
the mineral (Figure l ) ld are converted into trimethylsilyl-substituted 
sheets. On the basis of the available data and what is known of the gen
eral chemistry of silicon it has been concluded that the stripping and 
grafting steps involved in this reaction take place simultaneously on a given

F ig . 2. C h ry so tile -d eriv ed  p o ly m er sh ee t as p roposed  b y  F raz ie r  et a l .z
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Fig. 3. C ross sections of th e  chryso tile  po lym er fibers em bedded  in A ra ld ite  resin show ing 
(a) ring, (b) sp iral, a n d  (c) sem iring  outlines.

sheet. It has also been concluded that about half the sites available 
on a given sheet are occupied by trimethylsilyl groups and that the rest are 
occupied by OH groups or are linked together by oxygen bridges. A 
schematic representation of this postulated structural arrangement is 
shown in Figure 2.

To account for the observed fibrous morphology of the polymer, it has 
been postulated that the individual polymer sheets have internal strains and 
that these cause the sheets to curl into tubelike fibers. The observed
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Fig. 4. C ross sec tions of th e  ch ryso tile  p o lym er fibers em bedded  in  A ra ld ite  resin 
h av ing  u n u su al double  cores, (a )  an d  (6).

swelling of the polymer in ordinary organic solvents has been attributed to 
an uncoiling of the polymer sheets.

The present work supports these conclusions and provides a basis for 
their elaboration and extension. Figures 3 and 4 present micrographs of 
cross sections of the fibers embedded in Araldite resin. .Most of the fibers 
in these micrographs appear as rings although a few appear as spirals or 
partial rings. In accord with earlier conclusions, the rings are thought to be 
associated with unswelled scrolls, the spirals with swelled scrolls, and the
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Fig. 5. C h ry so tile  p o lym er fibers w ith  lead  filled cores, (a) an d  (b).

semirings with pieces of scrolls. (In the earlier similar micrographs most 
of the fibers are swollen and have spiral cross sections. This difference is 
attributed to differences in the synthetic and embedding procedures used.) 
The fact that the cores of the rings of Figures 3 and 4 are quite transparent 
to the electron beam is of interest and suggests that these fibers are essen
tially empty.

Further evidence on the nature of the cores is provided by the results of a 
lead-staining experiment. In this experiment some fibers on a carbon- 
coated grid were wetted with a drop of a dilute lead acetate-dimethylform-
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Fig. 6. L a ttic e  im ages of th e  ch ryso tile  p o lym er fibers em bedded  in  A ra ld ite  resin  show 
ing th e  layerlike n a tu re  of po lym er. N o te  th e  incom plete  layers of fibers a ro u n d  (a).

amide solution and allowed to dry in air. The dark cores of some of the 
fibers (Fig. 5) give unmistakable evidence of trapped lead and hence of the 
hollow character of these fibers. That only some of the fibers trapped lead 
is not surprising, even assuming, as is reasonable, that most of them were 
hollow,* since the trapping of lead during the evaporation of the solvent

* W h e th er o r n o t th e  ch ryso tile  fibers a re  so m etim es p a r tia lly  filled has been  a  su b je c t 
of d e b a te .9
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Fig. 7. L a ttice  im age of a  ch ryso tile  po lym er fiber em bedded  in  A ra ld ite  resin  g iving 
clear ind ica tions of a  sp ira l s tru c tu re , (a ).

and the accompanying recurling of the fibers is clearly a chance process. 
(It should be pointed out that it is now believed that the uncoiling of the 
fiber scrolls in solvents is probably only partial and not complete. This 
does not, however, alter the essence of the argument presented.) Pertinent 
to these results is the fact that Clifton, Huggins and Shell earlier achieved 
a similar result with chrysotile fibers by a somewhat different means.9

Direct confirmation of the previously proposed layerlike nature of the 
fibers is provided by the lattice images of the fiber cross sections shown in
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Fig . 8. C h ry so tile  po lym er fibers w ith  ends of reduced  d iam eter, (a) an d  (6).

Figures 6 and 7. (Lattice images as clear as these were seldom found, in 
part, of course, because of the required precise vertical alignment of the 
sections.) Similar direct confirmation of the layer nature of chrysotile 
fibers has been furnished by lattice images of mineral fiber cross sections.10

These micrographs indicate that many of the individual layers are in
complete. The occurrence of such layers supports the assumption made 
above that the semirings of Figures 3 and 4 are associated with pieces of 
scrolls. Incomplete layers have also been found in the mineral fibers,10
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Fig . 9. C h ry so tile  p o lym er fiber w ith  a  para lle l ribbon .

and it is assumed that the incomplete layers observed here were derived 
from similar incomplete mineral layers. (The formation of such layers 
during the conversion process seems unlikely.) That these incomplete 
layers did not get separated from the main parts of the fibers suggests that 
elsewhere they were more complete.

Somewhat puzzling is the fact that the measured distance between the 
lattice image lines in Figures 6 and 7 is about 17 A, while the interlayer 
spacing deduced for the fibers from earlier x-ray powder work3 is about 15 
A. Perhaps this discrepancy is connected with the difficulty of interpreting
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F ig . 10. L a ttic e  im age of a  ch ryso tile  p o lym er fiber in  a horizon tal position .

the diffraction results from these unusual fibers (the microscope calibration 
was checked).

In Figure 7 is seen direct evidence for scroll-like character in a tightly 
curled fiber. Interestingly, it appears that three layers are rolled up 
together in this scroll. These results find a direct parallel in the work of 
Yada10 on the mineral fibers. This latter work shows without question 
that the mineral fibers are composed of scrolls with an interlayer spacing 
of 7.3 A (thus incidentally making it quite clear that the present fibers
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are not unreacted mineral fibers) and that various numbers of layers can 
be rolled up in the scrolls.

Several other details of the polymer fibers are worth noting'. One of 
these is the occasional appearance of fiber ends with reduced diameters. 
Figure 8 shows two such fiber ends. These probably arise from layers with 
partially set back edges curling up to form the fibers, or from additional 
layers wrapping around already former fibers. Since ends of this type 
are known for the parent mineral fibers,11 it is presumed that the observed
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0
Fig. 12. S ilica te sheet found in apophy llite .

ends with reduced diameter were derived from mineral fiber ends with 
similarly reduced diameters.

Also found (but rarely) are fibers with double cores (Figure 4). These 
could arise from a number of different types of unusual structure patterns. 
Two such patterns are suggested by Yada’s10 work on mineral fiber cross 
sections.

A feature of the libers which is seen fairly often when the fibers are 
viewed horizontally is shown in Figure 9. It is presumed that the ribbon- 
fiber pair seen here is actually a partially unrolled fiber.

In Figure 10 is seen the lattice image of polymer fiber resting in a hori
zontal position. The spacing of the lines, about 17-19 A, is that expected 
from the cross-section work. Similar lattice images (but spaced by 7.3 A) 
have been observed for the parent mineral fibers by Yada. A complicating 
feature in the interpretation of this micrograph is that another fiber in the 
same micrograph shows more widely spaced lines. While the reason for 
this is not known, it may be that this second fiber was simply less tightly 
rolled than the first one.

The expected flexibility of the polymer sheets is reflected in the fact 
that the fibers are frequently seen in bent or curved configurations (e.g. 
Figure 5). It is also reflected in the ability of the sheets to uncurl when 
wetted with organic solvents and in the softness of the polymer on a macro
scopic scale.

In Figure 11 is shown the product obtained from the synthetic chrysotile. 
The fibei’s in this product are much shorter and much less uniform in diam
eter than are those from the natural mineral. This is not at all surprising, 
since micrographs of the parent synthetic mineral show that it is also 
composed of short fibers of variable diameter. This product is of particular 
interest since it represents the full synthesis of an inherently fibrous poly-
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Fig. 13. B e n t (a )  an d  s tack ed  (b ) shee ts of th e  ap o p h y llite  po lym er.

mer, both the framework-building stage and the grafting stage having been 
carried out in a deliberate fashion.

The previous work on the chrysotile-derived polymer fibers did not 
establish clearly the origin of the strain causing the sheets to bend nor the 
way in which they bent (i.e., with the methyl groups on the covex or con
cave side of the sheet). The present work does not provide direct evi
dence on this point either, but it is reasonable to suggest that the curl is 
caused by steric hindrance between methyl groups and that these are
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F ig . 14. L a ttic e  im age of th e  ap o p h y llite  p o lym er em bedded  in A ra ld ite  resin  an d  cross-
sec tioned .

therefore on the convex side of the sheet. Perhaps the strongest point in 
favor of this view is the extremely hydrophobic character of the fibers.

A complement to this and earlier work on the chrysotile-derived polymer 
is provided by the work on the apophyllite-derived polymer. While 
analytical difficulties prevented assessment of the degree of substitution in 
this polymer, the microscopic evidence indicates that the silicate sheets of 
the mineral were extracted and converted to organosilicon polymer 
sheets. However, because of the nature of the parent Si20 5 = sheets'6
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(Figure 12), the grafted groups must have been attached to both sides of the 
sheets thus giving balanced strains. Accordingly, flat- sheets are expected. 
That such are obtained is shown clearly in Figures 13 and 14. The 
former figure shows in addition that the sheets are flexible, as expected.

Three methods were used to obtain information on the distance between 
the sheets; direct measurement of the distance between the lattice image 
lines, selected-area electron diffraction on the cross-section used to obtain 
the lattice images, and x-ray diffraction on similarly synthesized samples 
of the dry powder. Direct measurement indicated that the closest inter
layer spacing was about 20-22A. In agreement with this the selected area

oelectron diffraction work gave a d spacing of ca. 22 A, thus indicating an 
average spacing in the 22 A range. The x-ray diffraction work gave a d 
spacing of ca. 1(5 A and thus an average spacing of ca. 1(5 A. Perhaps the 
first two methods gave larger spacings because the embedding process 
increased the spacing somewhat.

In accord with the flexibility of the sheets on a microscopic scale, the 
bulk powder is soft and exhibits somewhat waxlike behavior when ground. 
The chemical robustness of the sheets is demonstrated by their method of 
synthesis.

T h e  adv ice an d  help  of P ro fe sso r J o h n  1 low er of th e  G eology  D e p a r tm e n t of th is  U n i
v e rs ity  is g ra te fu lly  acknow ledged . T ech n ica l help  in  th e  sec tio n in g  an d  m icroscopy 
given  b y  M iss P . Shaffer a n d  M r. J . l ia ffe r ty  is also  g ra te fu lly  acknow ledged.

T h is  research  w as su p p o rte d  b y  th e  Office of N av a l R esearch  an d  is based  on  th e  P h .D . 
thesis  of J o h n  P . L insky .
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E le c t r o s t r ic t io n  C o n s ta n t  o f  P o ly ( v in y l id e n e  F lu o r id e )

KENTCHI NAKAMURA and YASAKU WADA,
Department of Applied Physics, Faculty of Engineering, 

University of Tokyo, Bunkyo-lcu, Tokyo, Japan

S y n o p s is
A new  device for m easu ring  Üie é lec tro s tr ic tio n  c o n s ta n t of p o lym er films is described . 

O bserved  v a lu es  for v ario u s po lym ers ex cep t po ly (v iny lid en e  fluoride) an d  p o ly (m eth y l 
m e th ac ry la te )  agree well w ith  those ca lcu la ted  from  th e  C lau siu s-M o so tti eq u a tio n . 
E lo n g a tio n a l p iezoelectric ity , th e  p y ro e lec tric  cu rre n t, a n d  th e  é lec tro str ic tio n  c o n sta n t 
a re  m easured  fo r u n d raw n  a n d  ro ll-d raw n  p o ly (v iny lid en e  fluoride) films. T h e  p iezoelec
tr ic ity  an d  p y ro e lec tric  c u rre n t a re  a t tr ib u te d  to  space charges an tisy m m etrica lly  dis
tr ib u te d  along  th ickness d irec tion  of th e  film  for tw o reasons: (1) th e  p o la r ity  coincides
b etw een  these tw o p h en o m en a  fo r a ll specim ens, a n d  (2) th e  p iezo elec tric ity  a n d  th e  élec
tro s tr ic tio n  c o n s ta n t h av e  th e  sam e an iso tro p y  for d ra w n  films. S im ilarity  of signs be
tw een  p iezo elec tric ity  an d  py ro e lec tric  c u rre n t is observed  also in p o ly (v in y l ch loride) 
films. T h e  e lectrical b eh av io r of po ly (v iny lid en e  fluoride) is in te rp re te d  in  te rm s of th e  
ferroelectric  n a tu re  of th e  /3-form cryst al.

In trod u ction
Poly(vinylidene fluoride) (PVDF) is distinguished among polymers by a 

very high dielectric constant. Melt-cast films of PVDF have an «-crystal 
form in which a molecule takes a planar cis conformation (2 i helix) and the 
resultant dipole moment of the C—F bond is parallel to the chain axis. 1 
When the film is drawn by rolling, the crystal is transformed into the ¡3 
form, in which the molecular conformation is a planar zigzag and the dipole 
moment of the molecules is oriented perpendicularly to the chain axis. 
According to Lando, Olf, and Peterlin, 2 ’3 the unit cell of the /3 crystal (phase 
I in their work) is orthorhombic, belonging to space group Cm2m; and the 
dipole moment of two chains in the unit cell are oriented in parallel along 
the b axis. The /3 crystal of PVDF therefore exhibits the spontaneous po
larization and this material may be classified as a ferroelectric polymer, if the 
polarization is proved to be reversed by an external field.

Various authors have studied the dielectric constant and dielectric loss of 
unrolled and rolled PVDF films as a function of temperature and fre
quency. 4 “ 10 According to them, the polymer exhibits three relaxation re
gions, a, ¡3, and y, in the order of descending temperature. The a relaxa
tion is assigned to the crystalline relaxation due to motion in the crystal.

161
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The c l relaxation markedly decreases in height and shifts to higher tempera
ture when the crystal is transformed from the a to the /3 form. The [S and 7  
relaxations are assigned to primary and local-mode relaxations, respec
tively, both of which concern to motion in the amorphous phase. The 
glass transition temperature of PVDF is around —35°C.

Piezoelectricity of PVDF was studied by Ivawai11 and Fukada12 for 
PVDF films which had been drawn and then poled, that is, a high dc volt
age was applied at a high temperature and then the film was cooled while 
the voltage was maintained. The films show a very high piezoelectric con
stant, especially for elongation along the drawing direction. The relation 
between the polarities of poling and piezoelectricity suggests that the film 
lias a spontaneous polarization. Asahina, Ivakutani, and Wada13 investi
gated the pyroelectric current in solvent-cast PVDF film in which /3 crystals 
are preferentially oriented. The pyroelectric current denotes the short- 
circuited current that appears upon heating the capacitor constituted by the 
polymer film. They observed that the current continues up to the melt
ing point and that the integrated current agrees in sign and amount with 
the spontaneous polarization of the /3 crystal.

Elongational piezoelectricity of polymer films which have neither been 
drawn nor poled was found by Furukawa et ah14 for a variety of polymers, 
including nonpolar and amorphous polymers. This piezoelectric effect has 
been attributed to the space charge embedded in the polymer film. If the 
charge distribution is ant ¡symmetrical in the thickness direction ( 2  axis), 
the film exhibits the polarization Pz which changes as the thickness changes 
in elongation. An asymmetrical distribution can be in general decomposed 
into symmetrical and ant ¡symmetrical distributions, and the latter compo
nent. results in the piezoelectricity. They also studied the pyroelectricity 
of poly(vinyl chloride) films and concluded that this phenomenon is also 
due to the antisymmetrical distribution of the space charge. When the 
capacitor is short-circuited, the space charge in the dielectric is attracted to 
the nearer electrode on account of the image charge. When the capacitor is 
heated and the charge attains sufficient mobility, the charge moves to the 
nearer electrode, and, if the charge distribution is antisymmetrical along the 
2  axis, the resultant current appears.

The purpose of this paper is, first, to establish the correlation between py
roelectricity and piezoelectricity for undrawn and drawn films of PVDF. 
If both phenomena come from the antisymmetrical space charge distribu
tion as described above, the same polarity must be observed for both phe
nomena in a given specimen.

The second purpose of this study is to investigate the origin of piezoelec- 
t ricity of roll-drawn PVDF films. Since lho.fi crystal of PVDF has no sym
metry center, the piezoelectricity might be due to internal strain as is the 
usual case in piezoelectric crystals. Another possible origin of the piezo
electricity is the antisymmetrical (listribulion of space charge as in undrawn 
PVDF and other unoriented polymers. These possibilities may be dis
tinguished by anisotropy of the piezoelectricity, its correlation with the elec-
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trostriction constant, and the correlation between polarities of piezoelec
tricity and pyroelectricity.

The study is part of a program to obtain a general understanding of piezo
electricity and other related electrical properties of polymer films which 
have been treated in various ways such as roll-drawing and poling.

E x p erim en ta l T e ch n iq u e s  and  S a m p le s
Techniques for measuring elongational piezoelectricity and pyroelectric 

current have been fully described in a previous paper. 14
The électrostriction constant k is defined by

(1)
where e is t he dielectric constant and « the strain. For an anisotropic ma
terial, k is expressed as a tensor of fourth rank. In this experiment , e is the 
component along the 2  axis (thickness direction); and s the elongational 
strain in the xy plane. Two methods for determining électrostriction are 
(1 ) to measure the change of e with variation of s and (2 ) to measure the 
portion of strain that is proportional to the square of the electric field. 15 
The latter method is, however, susceptible to errors for a piezoelectric ma
terial in which there is a strain contribution linearly proportional to electric 
field. The first method, therefore, was adopted in this study.

The change of capacitance C = tA/±irl of a parallel-plate capacitor due to 
elongational strain s is

SC/C = ( 8 e / e )  +  ( I  +  ai — a>)s (2 )
where A is the electrode area, 1 is the thickness of the dielectric, and 0 1  and 
a-, denote Poisson’s ratio along the 2  axis and along the axis perpendicular to 
elongation in the xy plane, respectively. If the material is elastically iso
tropic, ffi is identical with o-... For a drawn polymer film, this is not exactly 
the case. In the following, however, we always assume <j\ = o-2 = u for

Fig . 1. B lock d iag ram  of a p p a ra tu s  for m easu ring  é lec tro str ic tio n  co n sta n ts  of po lym er
films.
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Fig. 2. C ircu it d iag ram  of ih e  FA I de tec to r.

every case for simplicity because the difference |<xi — cr-2| is presumably 
small compared with unity. Then, k can be estimated from plots of bC/C 
against s.

The electrical circuit for measuring k  is illustrated in Figures l and 2. 
Figure 1 is a block diagram of the entire system and Figure 2 is the circuit 
diagram of the FA I detector.

The specimen (capacitor C) is mechanically vibrated by the moving-coil 
vibrator (2) at 130 Hz. The amplitude of displacement 5L is detected by 
the strain gauge (3) and indicated by the voltmeter (6). The voltmeter 
reading Fi is proportional to bL, i.e., IT = KibL. The maximum of bl. 
is limited to a few microns. The capacitor C forms a tuned circuit Ti with 
the parallel inductance L and the variable capacitor C'. The resonant 
frequency /i of the circuit varies sinusoidally with time as the specimen is 
vibrated. The frequency )'■> of the oscillator T2 is fixed at about 1 MHz and 
the maximum slope of the resonant curve of Ti (without vibration) is ad
justed t o /2 by means of the capacitor C'. When the specimen vibrates at 
130 Hz, the 130 Hz output signal U, at Ihe point A is proportional to bC, 
i.e., IT = kbC. The reading lb of voltmeter (9) is then F_. = KJcbC.

Using cq. (2) with ai = o->, we obtain

Here Ki and K2 are apparatus constants; L is the span-length; and k is 
proportional to the maximum slope of the resonant curve of Ti and depends 
on the dielectric constant and dielectric loss of the specimen. The value of 
k for each specimen was obtained as follows. By varying the capacitance 
C' without vibrating the specimen, the resonant curve of circuit Ti was ob
tained from the indication of the dc voltmeter (10) as a function of the 
capacitance C'. The maximum slope of the resonant curve thus obtained 
gives the value of k.

The oscilloscope (11) served as an indicator of phase relation between \\ 
and V«, that is, between s and bC. The capacity C of the specimen was

k = — (5e/e)/s 
= 1 -  (bC/C)/s 
= 1 -  (KiL/KJcC) (V2/  IT) (3)
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Fig. 3. Frequency of loss maximum plotted against reciprocal of absolute tem pera
ture for unrolled polyfvinylidene fluoride): (O) dielectric loss; ( • )  mechanical loss.

measured by a transformer bridge at 1 MHz (Ando-Denki TR-1B). Silver 
electrodes were vacuum-deposited on both surfaces of the specimen. The 
electrode dimensions were 1 X 1  cm2. Measurements of piezoelectricity 
and électrostriction constant were made at room temperature except as 
specially noted.

Films of PVDF were kindly supplied by Kureha Kagaku Co. Ltd. Speci
mens used were films as-received, and roll-drawn films. The as-received 
films proved to be almost isotropic so far as is indicated by measurements of 
Young’s modulus. The thickness of the undrawn film was 0.16 mm but was

T A B L E  I
Electrostriction C onstants k„ of Polymers

Ko

Polymer ( )bserved
Calculated from 
Clausius-M osotti 

equation
Polyfvinvlidene fluoride)

(undrawn) 0.29 1 . 14
Polystyrene 0.37 0.37
Polytvinyl chloride) o.:i2 0.29
Poly (methyl m ethacrylate) 0.2.-. 0.41
Poly(bisphenol-A carbonate) 0,40 0.34
Poly (ethylene terepht balate)

(amorphous) 0.40 0.38
Polypropylene 0.34 0.24
Polyethylene (high density) 0.27 0.26
Regenerated cellulose 0.93 0.88
Cellulose triacetate 0.35 0.35
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decreased to 0.09 and 0.07 mm for draw ratios a = 1.6 and a = 2.1, re
spectively. The width of the film was kept almost constant during roll
drawing.

Dielectric constant and dielectric loss of the specimen were measured by 
the transformer-bridge. The dispersion map, a plot of loss-maximum tem
perature against frequency, is given in Figure 3, in which literature data4-10 
as well as the present data are compiled.

Electrostriction constants of several other polymers were measured for 
comparison and are listed in Table I.

C orrela tion  b e tw e e n  P y ro e le c tr ic ity  and  P ie zo e le c tr ic ity
Pyroelectric current and piezoelectricity of polymer films should exhibit 

the same polarity, if both phenomena result from the same space charge in 
the film. Figure 4 shows a schematic representation of charges in the di
electric. In case (a) where the charge consists of true charges embedded in 
the dielectric, the charge will be pulled to the nearer electrode by attraction 
by the image charge and hence the upper electrode is positive for pyroelec
tric current in the load circuit. In case (b), on the other hand, where the 
charge consists of oriented dipoles, the pyroelectric current will have an op
posite polarity to that for case (a).

(a) (b)

Fig. 4. Schematic representation of charges Q'  in the dielectric, piezoelectric voltage 
SP for strain s and pyroelectric current I: (a) T rue charges embedded in the dielectric; 
(b) dipole orientation.

In the present study of elongational piezoelectricity, the piezoelectric 
charge Qp is given by the voltage change SF due to elongational strain s 
multiplied by the capacitance,

QP = CSV (4)
If charges in the film undergoes affine displacement with strain, no change 
in the charge on the electrodes will occur. However, since the metallic 
electrodes deposited on the polymer film have a much higher stiffness than 
the polymer film, surface layers are deformed only slightly with the defor
mation of the specimen. The non-uniform strain in the surface layers of 
specimen will act as a constant voltage source; and the equivalent circuit 
of the specimen consists of a dc voltage source E and a sinusoidally varying 
capacitance C connected in series. With sufficiently high input impedance 
in the measuring circuit, the charge Q on the electrode corresponding to
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C is kept constant with strain and has the opposite sign to E; i.e., Q = 
— CE. Since Q = CKand5Q = 0, il follows that

C& V  =  -  l '8C  (5 )
This leads with ecp (4) to

Q, = -V6C = -Q(BC/C) (6)
Therefore, Q„ has the opposite polarity to Q and hence the same polarity as 
the charge in the dielectric. It is concluded, therefore, that piezoelectricity 
and pyroelectricity must exhibit the same polarity for an ant ¡symmetrical 
distribution of true charges [case (a)] but opposite polarity for oriented di
poles [case (b) ].

From eq. (2) with <n = a<, it follows that
QP = —Q( 1 — k ) s  ~  Q'(\ — k ) s  (7)

where Q' ~ — Q is the charge in the dielectric.
Figure 5 shows the elongational piezoelectricity of three PVDF films and 

two poly (vinyl chloride) films. In the case of drawn films, the data for 
strain perpendicular to the draw axis is given, but the polarity is the same 
for all directions. The surface of the film is denoted as positive when the 
positive piezoelectric charge appears on this surface in elongation.

Figure 6 illustrates the pyroelectric current as a function of temperature 
(heating rate, 2.7°C/mm) for the same samples as in Figure 5. Positive 
current means current flow from the positive surface to the negative one in 
the load circuit.

The coincidence of the polarity of piezoelectricity and pyroelectricity af
fords evidence that both phenomena result from the same space charge in 
Ihe film.

Fig. ">. Piezoelectricity versus elongation: (.1 ) unrolled PVDF, ( 2)  rolled (a  =  1.6)
PVDF (6 = 110°); (;>) rolled (a = 2.:}) PVDF (8 = 90°); (4), (•'») poly(vinyl chlo
ride).
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Fig. (i. Pvrocleclrlc cu m u l. Samples identified as in Fig. 5.

Fig. 7. T h erm al analysis of P V D F  b y  d ifferen tial scann ing  ca lorim etry . Single 
arrow s in d ica te  s ta r t  of p a r tia l  m elting  an d  double arrow s t h e  th resho ld  for py roe lec tric  
cu rre n t. H ea tin g  ra te , 8°C /'m in .

The threshold temperature of the pyroelectric current in PVDF can be 
correlated with the onset of melting of crystallites. Results of the differen
tial scanning calorimetry are shown in Figure 7, in which one can see the 
partial melting starts at 117°C and 127°C for undrawn and drawn (a = 
2.4) films, respectively. The pyroelectric current begins at 130°C and 
140°C for these two films, respectively, 13°C higher than the start of melt
ing. This suggests that the trapped space charge can move only after 
melting of small crystallites has begun.

E lectrostr ic tion  C on sta n t
As has been shown in the preceding section, the piezoelectricity of PVDF, 

both undrawn and roll-drawn, seems to be attributable to the space charge 
embedded in the film. Equation (7) indicates that the apparent piezoelec
tric stress constant e = Q„/As is closely related to the électrostriction 
constant.

Assuming the Clausius-Mosotti equation,

p (ttn) = consl- <8)
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Fig. X. E led .rostrifltion  co n s ta n t o f  ro ll-d raw n P V I)F  (a  =  2.3) p lo tte d  a g a in s t angle 
betw een  elonga tional s tra in  an d  draw -axis.

where p is (lie density, and assuming in addition that the dielectric constant 
depends on density variation alone, one can obtain the électrostriction con
stant. K0 for elongational strain:

K0 = (1 — o-i — oa) [(e — 1 )/(e +  2)]/3e (9)
In Table I. électrostriction constants of various undrawn polymers are 

listed and compared with k0 calculated from eq. (9). In the calculation, e at 
1 MHz was used, and Poisson’s ratios were assumed as <ri = <r-i = 0.35 for 
all the polymers. This value was taken from data on polystyrene and poly- 
(methyl methacrylate).16 The scatter in values of Poisson’s ratio among 
glassy and semi-crystalline polymers is not so great as to affect the conclu
sion.

Except in PVDF and poly (methyl methacrylate), both of which exhibit 
dielectric relaxation at room temperature, the observed values of k are rea
sonably close to K0, as can be seen in Table I. In the case of PVDF, how
ever, the absolute value of k is markedly larger than k0.

Figure 8 represents the anisotropy of the électrostriction constant of roll- 
drawn PVDF. The value is negative irrespective of strain direction and 
the absolute value is the highest for strain along the drawing axis.

In the case of polar polymers exhibiting dielectric relaxation, the dielec
tric constant e' is expressed as

t = e«, +  At[1/(1 +  orr-) | (10)
where e„ is the instantaneous dielectric constant, Ae is the relaxation 
strength, and r is the relaxation time. The électrostriction constant de
fined by eq. (1 ) is given by

a , .  +  a a , __ î _  2ï ! l  M  ( n ,
d s  ÔS 1 +  o r r ’ (1 +  o r r " ) 2 d s _

Equation (11) suggests that the électrostriction constant may exhibit 
complicated behavior as a function of temperature and frequency. The 
first and second terms in the bracket of eq. (11) vary as the real part of di-
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electric constant but the third term gives a maximum or minimum, de
pending on the sign of dr/ds, just as the dielectric loss which has a maximum 
when plotted against frequency or temperature. Such behavior has in 
fact been observed in temperat ure dependence of k of PVDF, but detailed 
discussion will be given in a future report.

We now turn to the origin of the anisotropy of k in drawn PVDF. The 
dielectric relaxation strength of a polar material is expressed in general by

Ae = /kT)F (12)
where N is the number of dipoles per unit volume, g is the dipole moment of 
a single dipolar unit, k is the Boltzmann constant, and T is the absolute 
temperature. The factor /  is determined by the equilibrium orientation of 
the dipoles (/ = 1/3 for random orientation). The factor g originates from 
the hindering potential for dipole rotation {g = 1 for a free dipole). The 
factor F represents the ratio of the local held to the macroscopic electric 
held. Since the électrostriction constant k0 corresponds to variation of N 
with volume change, the remaining part ( k —  ko)  reflects variations of other 
factors, /, g, and/or F, with strain. The high negative value of (« — k0) in 
PVDF indicates that the factor fgF appreciably increases with elongation.

We cannot say anything conclusive at present as to which factor is 
predominant in k for PVDF. One possibility lies in the change of g with 
strain, because the short-range interaction among dipoles in PVDF is per
haps sensitive to strain. This possibility is supported by the fact that this 
polymer easily changes in conformation from a 2i helix to a planar zigzag 
during plastic deformation.

E lon g ation a l P ie zo e le c tr ic ity
Figures 9 and 10 show the piezoelectric charge as a function of elonga

tional strain for two drawn samples of PVDF with a = 1.6 and a = 2.6, re
spectively. The slope of each straight line gives the apparent piezoelectric 
stress constant e. The piezoelectric strain constant d can be calculated 
from d = e/E, where E is Young’s modulus.

The value of e is plotted in Figure 11 as a function of the angle 6 between 
the draw axis and the direction of strain. The curve is approximated by

e = e3i cos2 d +  e3-> sin2 6 (13)
The value of is very small and, in the case of the sample with a = ] .6, 
nearly equal to the value for the undrawn PVDF film illustrated in Figure 
5.

In the preceding discussion, the piezoelectricity of undrawn and roll- 
drawn PVDF films has been attributed to an antisymmetrical distribution 
of space charge in the polymer film. An alternative explanation, that the 
piezoelectricity might be brought about by orientation of j3 crystals which 
themselves have a spontaneous polarization, may be excluded because (1) 
the polarity of pyroelectricity would then be opposite to that of the piezo-



PIEZOELECTRICITY IN POLY (VINYLIDENE FLUORIDE) 171

Fiji. 0. P iezoe lec tric ity  of ro ll-d raw n P V D F  (a  =  1.6) for vario u s angles betw een 
elonga tional s tra in  an d  draw -axis.

F ig . 10. P iezoe lec tric ity  o f ro ll-d raw n P V D F  ( a  =  2.1) for various angles betw een  
elonga tional s tra in  and  draw -axis.

Fig. 11. Apparent piezoelectric stress constant of roll-drawn PVDF potted  against
angle between elongational strain and draw-axis; (O) a = 2.1; (• )  a = 1.6.
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electricity and (2) the orientation of /3 crystals produced by roll-drawing is 
not expected to be perpendicular to the film plane.

It must be noted that the piezoelectricity of drawn PVDF film has a quite 
different origin from that of uniaxially oriented proteins,17 polypeptides,18 
and cellulose,19 in which piezoelectricity does not appear for strain along the 
orientation axis but is strongest for strain along 45° direction.

The piezoelectricity of PVDF, therefore, can be classified into three cases 
as follows: (A) weak piezoelectricity in undrawn samples with the piezo
electric strain constant d ~  10~9 cgs esu; (B) medium, anisotropic piezo
electricity for drawn samples, dn «  10~s cgs esu; (C) strong piezoelectricity 
for drawn and then poled samples, cln ~ 10~7 cgs esu, as observed by 
Kawai11 and Fukada.12

Type A piezoelectricity is characterized by values of d similar to those 
for other undrawn polymers and can be attributed to space charge distrib
uted antisymmetrically along the z axis. Type B piezoelectricity may re
sult from a mechanism similar to that of type A, but anisotropy of the élec
trostriction constant plays an important role. The unit cell of the /3-form 
crystal of PVDF has a permanent dipole but, in the case of roll-drawn 
films, the direction of polarization of individual crystallites may be random 
about the drawing axis and, hence, the specimen may have no net polariza
tion. After the film has been poled, however, the polarization of crystal
lites may have a preferential orientation along the z axis and the resultant 
polarization appears. Then, the strong type C piezoelectricity character
istics to the polar crystal may be observed.

P o ss ib ility  o f  F erro e lectr ic ity  in  P o ly ty in y lid en e  F lu orid e)
As was indicated in the first section of this paper, the /3 crystal of PVDF 

has a spontaneous polarization Ps. Since the dipole moment of the repeat
ing unit (—CHo—CF2—) in a planar zigzag conformation is 2.1 D and the 
unit cell, which includes four repeating units, has a volume of 9.66 X 4.96 X 
4.64 A3-2 the value of Ps is 1.32 X 10~2 coul/m2.

When the polycrystalline, rolled PVDF has been poled at a high tem
perature, the material exhibits an extremely high value of piezoelectricity, 
indicating a high degree of orientation of the crystallites due to external 
field. The polarity of piezoelectricity agrees with the assumption that the 
polarization is due to dipole orientation in the crystal. Furthermore, it was 
shown by experiment that the polarity of piezoelectricity is reversed by the 
reversed poling. Therefore, such a material may be called ferroelectric.

The general features of ferroelectric materials are : (1 ) t he hysteresis loop 
in the polarization, which disappears at the Curie point, (2) high dielectric 
constant, (3) a high électrostriction constant, and (4) pyroelectricity due to 
the temperature dependence of spontaneous polarization.

According to Asahina and his co-workers,13 /3-form PVDF shows a pyro
electric current up to the melting point (177°C) and the current integrated 
over time agrees with Ps in order of magnitude. This indicates that the 
Curie point of this material may be near the melting point or the spontané-
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ous polarization may vanish at the melting point. As is well known, ap
pearance of the Curie point is not a necessary condition of ferroelectricity.

In the case of a ferroelectric polymer, reversal of spontaneous polarization 
is brought about by the 180°C rotation of molecules around the chain axis 
and therefore encounters a high energy barrier. This means that the coer
cive field may be very high at room temperature, presumably higher than 
the breakdown field. This may be the reason why poling is possible only at 
high temperatures.'*•12

In  conclusion, th e  a u th o rs  th a n k  D r. M . A sa h in a a n d  M iss I I . K a k u ta u i for su p p ly in g  
sam ples of P V D F  an d  also D r. E . F u k a d a f o r  p ro v id ing  facilities for rolling  films.
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E quilib rium  Melting Points o f the Low-Melting and 
High-Melting Crystalline Forms o f 

t r n n s - 1, 4-Polyisoprene

EDWARD G. LOVERING and DAVID C. WOODEN, Research and 
Development Division, Polymer Corporation Limited, Sarnia, Ontario, Canada

S y n o p s is
E q u ilib riu m  m eltin g  p o in ts  in  tra n s -  1 ,4-polyisoprene w ere ca lcu la ted  from  p lo ts  of 

c ry sta lliza tio n  te m p e ra tu re  versus th e  ex p e rim en ta lly  m easured  m elting  p o in ts . T h e  
m eltin g  p o in ts  w ere found  to be 78 ±  1.7°C  for th e  low -m elting  cry sta llin e  form  an d  87 
±  1.3°C  for th e  h igh -m elting  form . W ith in  th e  ex p e rim en ta l erro r, m eltin g  p o in ts  w ere 
in d ep e n d en t of m olecu lar w eigh t above a  n u m b er-av erag e  w eigh t of 33,000.

In trod u ctio n
The equilibrium melting point Tm° of a polymer is defined as the melting 

point of crystals in which surface energies have no effect on the melting 
temperature.1 This quantity cannot at present be determined directly and 
must be calculated by an extrapolation procedure. The most widely used 
of these involves plotting Tc, the temperature at which crystals form against 
Tm the temperature at which these same crystals melt, and extrapolating to 
the point where Tm and Tc are equal.1-3 We have applied the technique to 
melting data obtained for trans-1,4-polyi soprene and obtained new values 
for the equilibrium melting points of the low-melting (LM) and high-melt
ing (HM) crystalline forms.

E x p erim en ta l an d  R e su lts
Natural hans-l,4-polyisoprene (mimusops batata) was fractionated by 

preparative precipitation chromatography,4 and molecular weights were 
determined by gel-permeation chromatography. The chromatograph was 
calibrated against viscosity-average and number-average molecular 
weights.5,6

Melting points were measured by means of a Dupont 900 differential 
thermal analyser, calibrated as described previously.7 The materials to be 
studied were packed into the specimen tubes designed for the instrument 
and the thermocouples inserted into the polymers. The polymers were al
lowed to crystallize in a constant temperature bath after heating for 10 
min or longer at 100°C to ensure complete melting. A single specimen of 
each fraction was used to determine the melting point associated with each

175
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crystallization temperature in the series of crystallization temperatures 
studied.

Previous work showed that the thermograms of ¿ra?is-l,4-polyisoprene 
depend upon the heating rate.7 The rate used must be rapid enough to 
differentiate the melting of crystals formed at Tc from those formed by 
subsequent recrystallization during heating but the rate must not be high 
enough to shift the apparent melting point to higher temperatures. A rate 
of 1.35°C/min was found to be satisfactory.7 Melting points of LM and 
HM crystals are given in Tables I and II, respectively. The absolute error in 
measurement is estimated to be ±0.5°C, except at temperatures below 
35°C where nonisothermal crystallization is thought to become significant.

T A B L E  I I
M elting P oin ts of H M  Crystals

AT-
T c = 

47.5°C
T c = 

50.0°C
T c =  

55.0°C
T c =  

57.5°C
T c  = 

62.5°C

33,000 60.5 62.4 66.0 66.5 70.3
59,000 60.8 62.5 66.0 67.0 70.8
77,000 60.8 62. 8 66.0 67.5 71.0

116,000 60.8 63.3 66.0 67.8 71.0
280,000 61.5 63.0 66.0 68.0 70.5

* M n calculat ed from  G PC .

D isc u ss io n
Within t he experimental error, the observed melting point of the LM and 

H 1\ 1 cryst alluie forms does not vary with the molecular weight. Below 35°C, 
the experimental error in LM melting points is greater than 0.5°C, because 
the rapid rate of crystallization makes it probable that crystallization is 
nonisothermal and that the real crystallization temperature differed from 
that of t he bath and varied from sample to sample. The melting points of 
each crystalline form were fitted to a straight-line plot of Tc versus Tm by 
a. least-mean-squares procedure. LM points at 3o.0°C and lower were 
excluded from the computation because of nonisothermal crystallization. 
Tor the LM crystals,

Tm = 0.6937k +  24.037 (1)
and for the HIM crystals,

Tm = 0 . 0 5 8 +  29.706 (2)
These equations, extrapolated to Tm = 7'„, are plotted in Figure 1.

The equilibrium melting points calculated from eqs. (1) and (2) are 78 ± 
1.7°C for the LM crystals and 87 ± 1.3°C for the HM crystals at the 95% 
confidence level. The error at the melting points, beyond the limits of the 
experimental data, was calculated from the least-mean-squares equations.8

The best previously reported values of the melting points were 64° and 
74°C for the LM and HM forms, respectively.9 They were determined
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Fig. 1. P lo t o f eq.s. (1) a n d  (2) show ing  th e  e x trap o la tio n  to T e =  T m. T h e  p o in ts  
show n a re  th e  average of m eltin g  p o in ts  o b serv ed  a t  each  c ry sta lliza tio n  te m p e ra tu re .

dilatometrically by using very slow heating rates and, in terms of current 
theory, are not regarded as equilibrium melting points. Although the new 
melting points are .14 and 13°C higher than the old ones they are not un
corroborated. Rijke has found that spin-crystallized TRANS-PIP (reg
istered trade mark of Polymer Corporation Limited), which x-ray diffrac- 
tometry shows to be in the LM form, melts at 81°C.10

Previously we reported DTA extrapolated melting points of 66 and 77°C 
for the LM and HM forms, respectively.7 The results were too low for two 
reasons, first because the fractions studied contained about 1% of en
chained 3,4-polyisoprene and secondly because too much weight was given 
to melting points arising from crystallization at lower temperatures when 
carying out the extrapolation. In comparing our earlier results with those 
presented here, we discovered an error in Figure 5 of the previous paper.7 
The HM melting points arc plotted 5°C too high, and as such are in 
disagreement with the results in Figures 3 and 6 of that paper. For example 
the HM melting point, after crystallization at 52°C (Fig. 3), is about 63.5°, 
not 68.5° as indicated in Figure 5. The actual DTA experimental points, 
neglecting those at the lower crystallization temperatures, in the preliminary 
work are well within 2°C of those reported here.

In studying the molecular weight dependence of the melting point of 
polyethylene it was necessary to carry out experiments on samples which 
were only a few per cent crystalline.1 If this was not done plots of rJ\ 
against Tm with slopes of ca. 0.2 were obtained, and these, upon extrapola
tion, yielded abnormally low melting points. The slope of our Te versus 
Tm plot is well above 0.5, even though the samples were about 30% crystal
line. There is no indication that our results were adversely affected by not 
w'orking at very lovr levels of crystallinity, but if they were, it would mean
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the equilibrium melting points of trans- 1,4-polyisoprene are even higher 
than those reported here.

A theoretical relation between Tm and Tc has been derived by Gopalan 
and Mandelkern.1 They found

Tm = (a/‘2n)Tc +  Tm°[ 1 -  (a/2n)] (3)
where a = <rec/ a and n = f/f*. The interfacial free energies of the 001 
crystal face, aec and <rm, refer to mature crystals and the crystal nuclei, 
respectively. The thickness of the mature crystal is f, the thickness of the 
crystal nucleus is f*, both expressed in chain units. From eqs. (1) and (2), 
a/n is 1.396 for the LM form and 1.316 for the HM form. In agreement 
with the work on polyethylene,1 our results show that the interfacial free 
energy and the crystallite thickness of ¿rows-1,4-polyisoprene crystals 
change as the nucleus grows into a stable crystal. As expected, the ratio 
a/n is a function of the crystal form growing from the melt, whether it is 
the LM or HM form, and not of the melt itself.

W e th a n k  D r. A. M . R ijk e  for perm ission  to  re fe r to his unpu b lish ed  re su lts , o u r  col
leagues M r. J . M . H u lm e, D r. P . S. Jo h n so n , an d  M r. W . E . T h ib o d eau  of th is  labo ra 
to ry  for ass istan ce  w ith  th e  w ork, a n d  P o lym er C o rp o ra tio n  L im ited  for perm ission  to 
p u b lish  th e  re su lts .
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y -a  Transform ation in  Isotactic Polypropylene

B. A. NEWMAN and S. SONG, Department of Mechanics and Materials 
Science, Rutgers University—The State University of Neio Jersey, College 

of Engineering New Brunswick, New Jersey 08908

S y n o p s is
A -y-phase to « -phase  tran sfo rm a tio n  in a  specim en of iso tac tic  p o lypropy lene  c ry sta l

lized u n d er conditions of h igh  p ressu re  was induced  by  d raw ing  a t  100°C. X -ra y  stud ies 
show ed th a t  th e  u n o rien ted  co m ponent rem ained  in th e  y -phase, and  th a t th e  o rien ted  
com ponent w as found  on ly  in th e  « -phase. T h is  evidence s u p p o rts  a  p rev ious suggestion  
th a t  th e  p h ase  tran sfo rm a tio n  is m a rte n s itic  in ch a rac te r. T h e  consequences of such  
an assum ptio n  a re  discussed. T h e  role of d islocations in po lym eric sy stem s is genera lly  
believed to  be n o t  too  significant, b u t  since m arte n s itic  reac tio n s invo lve cooperative 
m ovem ents of a tom s, an  excep tion  in th is  case is suggested . A possible m echan ism  for 
th e  p h ase  tran sfo rm a tio n  is suggested .

In trod u ction
Crystallization of low molecular weight isotactic polypropylene fractions 

under certain conditions can yield a triclinic crystal phase, or y-phase.1'-3 
The same crystal phase can also be produced by the crystallization of whole 
polymer at high pressures.4’5 Solid-state phase transformations from this 
y-phase to the more commonly occurring monoclinic phase6 or a-phase have 
been observed, both for the low molecular weight fractions2'3 and the sam
ples crystallized at high pressure.6'7

In a previous study,3 needle-like crystalline entities prepared from a low 
molecular weight fraction of polypropylene, which contained single-crystal 
regions of both a-phase and y-phase with the common crystallographic 
direction b,* were observed. Electron diffraction indicated that the 
y-unit cell could be derived from the a-unit cell by a simple shear on (010) 
planes, confirming the suggestion first made by Ivardos et ah6 On the 
basis of these results, it was suggested that the y-a phase transformation 
was probably martensitic in character. This possibility would imply a 
number of interesting consequences. Martensitic reactions involve cooper
ative movements of atoms (similar to those required for mechanical twin
ning), and indeed such transformation can usually be induced by the applica
tion of stress in a particular direction with respect to the crystal lattice. 
It has been observed that low molecular weight fractions of polypropylene 
crystallized very slowly from the melt crystallized in the y-phase and do

* N o ta tio n  for a d irection  in recip roca l space.
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not transform to «-phase at elevated temperatures, but do transform to «- 
phase upon application of tensile stress.2'3 During extension, orientation 
occurs, and the oriented polymer is observed to be in the «-phase. A 
“stable” form of 7-phase polypropylene, prepared by cryst allization at low 
degrees of supercooling at high pressure, has been reported.8 It was ob
served that samples crystallized in this way did not transform to «-phase 
either at elevated temperatures or upon application of compressive stress. 
However, it should be noted that if the stress-induced transformations are 
indeed martensitic in character, then since the changing orientation of 
crystallites with respect to the direction of stress is different for tension than 
compression, a phase transformation would not necessarily be anticipated 
in this case. It therefore seemed appropriate that this experiment should 
be repeated with the use of tension rather than compression.

A second question concerns the mechanism for the transformation. 
Martensitic phase transformations require dislocation motions. Since 
there are restrictions on the types of dislocations and their motions in 
crystalline polymers, this subject must also be considered. It should be 
clearly understood that no consideration is given here to the question of 
which structural features would explain the relative stabilities of the two 
crystal phases prepared in different ways. Rather, the question as to the 
mechanism of the transformation, when it occurs, is considered and possible 
implications of this.

E x p erim en ta l
Samples of isotactic polypropylene crystallized under pressure at Ion- 

degrees of supercooling (AT < 40°C) were kindly provided by Dr. Iv. D. 
Pae. The x-ray diffractometer scans at room temperature and at 170°C 
confirmed that the sample had crystallized in the 7-phase and did not trans
form to a-phase at elevated temperatures. The sample was then com
pressed at 100°C to give a flat film, approximately 1 mm thick. A11 x-ray 
diffractometer scan showed that no transformation to a-phase had taken 
place at this stage. A tensile specimen was then cut from this film and a, 
tensile test run at 100°C in an Instron testing machine. The elevated 
temperature was used both for compression and extension, since the mate
rial did appear to lack integrity and only limited amounts of sample were 
available for experimentation. It should be noted however, that the tem
perature used was well below the melting temperature of. isotactic poly
propylene. Moreover, the temperature was controlled to within 1°C in 
both cases. The specimen was drawn to fracture. The specimen yielded 
after the stress reached a level of approximately 4500 psi. Some small ex
tension took place before fracture, and inspection of the fracture showed 
that some necking had taken place on a small scale, a number of small fibrils 
being observed. Some irregularities in the stress-strain curve after yield
ing was observed, but the type of fracture indicated that the integrity of 
the sample was questionable and hence the stress-strain results are not pre
sented.
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F la t  f i lm  x - r a y  p h o to g r a p h s  in  t h e  p o s it io n  o f  fr o n t  r e f le c t io n  w e r e  ta k e n  
o f  t h e  s a m p le . I n  th e  r e g io n  o f  th e  p o in t  o f  f r a c tu r e  th e  s a m p le  h a d  tr a n s 
fo r m e d  t o  a - p h a s e  o r ie n te d  in  th e  d ir e c t io n  o f  th e  a p p lie d  te n s ile  s tr e s s .  
A t  a  la r g e  d is t a n c e  fr o m  p o in t  o f  fra c t lire , w h e r e  t h e  m a te r ia l w a s  e s s e n t ia l ly  
u n s tr a in e d , t h e  s a m p le  w a s  s t i l l  in  th e  7 - p h a s e  a n d  w a s  n o t  o r ie n te d . A t  
in t e r m e d ia t e  r e g io n s  c lo s e r  t o  t h e  f r a c tu r e  s u r fa c e , b o t h  7 - p h a s e  a n d  a- 
p h a s e  w e r e  p r e s e n t ,  b u t  t h e  a - p h a s e  w a s  fo u n d  o n ly  in  t h e  o r ie n te d  fo r m  
a n d  t h e  7 - p h a s e  o n ly  in  t h e  u n o r ie n te d  fo r m . T h is  r e s u lt  is  s h o w n  in  
F ig u r e  1.

ORIENTED O-PHASE (130)

UNORIENTED /-PHASE,( 130) AND (T40)

Fig. 1. X -R a y  d iffrac tio n  p a tte rn  show ing the tran sfo rm ed  o rien ted  a -p h ase  an d  the 
u 11 tran sfo rm ed  u n o rie n ted  /-p h ase .

T h e  p r in c ip a l d if fe r e n c e  in  t h e  d if fr a c t io n  p a t t e r n s  o f  a -  a n d  7 - p h a s e  p o ly 
p r o p y le n e  is  t h a t ,  in  t h e  7 -p h a s e , n o  r e f le c t io n  in  a  B r a g g  a n g le  o f  1 8 .0 °  
c o r r e s p o n d in g  to  t h e  (ISO ) r e f le c t io n  o f  th e  a - p h a s e  is  o b s e r v e d , b u t  a  n e w  
r e f le c t io n  a t  ¡1 B r a g g  a n g le  o f  2 0 .1 °  i s  p r e s e n t .  A c c o r d in g ly ,  in  F ig u r e  1, 
a ll  l in e s  c o n ta in  in t e n s i t y  c o n tr ib u t io n s  b o t h  fr o m  a -  a n d  7 -p h a s e ,  w it h  t h e  
e x c e p t io n  o f  t h e  t w o  l in e s  m e n t io n e d . T h e s e  a r e  la b e le d  o n  F ig u r e  1. I t  
s h o u ld  b e  n o t e d  t h a t  t h e  a - p h a s e  l in e  in d ic a t e s  o r ie n t a t io n ,  w h ile  t h e  7 - 
p h a s e  l in e  s h o w s  n o  a p p r e c ia b le  o r ie n ta t io n .  A l l  o th e r  lin e s  s h o w  s o m e  
in d ic a t io n  o f  o r ie n t a t io n  w h ic h  p r e s u m a b ly  a r ise s  fr o m  th e  c o n tr ib u t io n  o f  
th e  a -p h a s e .  T h u s ,  i t  w a s  c le a r ly  e s t a b l i s h e d  t h a t  th e  “ s t a b le ” 7 - p h a s e  
m a te r ia l  a ls o  t r a n s fo r m s  t o  a - p h a s e  u n d e r  a p p r o p r ia te  a p p l ic a t io n  o f  s tr e s s ,  
a n d  t h a t  t h is  tr a n s fo r m a t io n  is  c lo s e ly  r e la te d  to  t h e  o r ie n t a t io n  p r o c e s s .
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D isc u ss io n
The question under consideration is whether the y a phase boundary is 

glissile or nonglissile. The shear relation between the unit cells; the com
mon crystallographic direction between adjoining crystal phases; the ob
servation that the phase transition can be induced by stress; the data pre
sented here that the transition can also be induced in the high-pressure- 
crystallized samples and that the direction of stress is important; all these 
observations imply a glissile interface between a- and 7-phase polypro
pylene and that the transformation is martensitic in character. The conse
quences of such an interpretation are now examined.

A martensitic phase transformation implies cooperative movements of 
atoms usually described in terms of dislocation motions. In the case of 
polymer crystals, the anisotropic bonding and the phenomenon of chain 
folding imposes considerable restrictions on the types of dislocation motions 
possible, and generally, the role of lattice defects in plastic deformation of 
polymers is not thought to be relevant. A review by Keith and Passaglia9

X- p  h o s e  a - p h a s e
F ig . 2. L a ttic e  d is to r tio n  su rro u n d in g  s tep  in a - y  in terface .

of the types of dislocations expected in polymer crystals leads to the conclu
sion that dislocations are not expected to play a significant role in the de
formation processes in polymer single crystals. However, Keith and Pas- 
saglia also point out that twinning has been observed in polyethylene chain- 
folded crystals, and since twinning is a cooperative process, successive gen
eration and motion of dislocations on adjacent glide planes may occur in 
this case. The essential similarity between a twinning process and a. trans
formation of phase by a martensitic process, both cases involving a coopera
tive mechanism for slight translation of one polymer chain relative to its 
neighbors, should be noted.

Some consideration, therefore, was given to an interpretation of the y-a 
martensitic transformation in this light. It is usually assumed that in 
martensite reactions, the transformed regions are lenticular in shape, the 
noncoherent boundary consisting of stepped coherent interfaces. In the
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c a s e  c o n s id e r e d , t h e  b o u n d a r y  w o u ld  c o n s is t  o f  s te p p e d  (0 1 0 ) in te r fa c e s .  
T h is  w o u ld  t h e n  a c c o u n t  fo r  t h e  c o m m o n  ¡^ -d ir e c t io n  o b s e r v e d  in  b o t h  a- 
a n d  7 -r e g io n s . F ig u r e  2  s h o w s  t h e  l a t t i c e  p r o je c t io n  p e r p e n d ic u la r  t o  th e  
c d ir e c t io n  ( t h a t  is , t h e  m o le c u la r  a x is )  a n d  s h o w s  t h e  l a t t i c e  d is to r t io n  
s u r r o u n d in g  a  s t e p  in  t h e  (0 1 0 )  in te r fa c e . T h e  a - p h a s e  b e in g  m o n o c lin ic  is  
r e c ta n g u la r  in  p r o je c t io n , t h e  7 - p h a s e  b e in g  tr ic l in ic  i s  o b liq u e . F r o m  
F ig u r e  2  i t  c a n  b e  s e e n  t h a t  s u c h  a  d is t o r t io n  w o u ld  b e  r e g a r d e d  a s  a  p a r tia l  
d is lo c a t io n .  T h e  B u r g e r ’s  v e c t o r  c o u ld  b e  d e f in e d  a s  t h e  c lo su r e  fa ilu r e  o f  a  
c ir c u it  t h a t  w o u ld  c lo s e  a c r o ss  a  n o n s t e p p e d  in t e r f a c e . 10 I n  w h ic h  c a se ,  
i f  w e  a s s u m e  z e r o  la t t i c e  s h e a r  in  t h e  c d ir e c t io n , t h e  B u r g e r ’s  v e c t o r  w o u ld  
b e  in  t h e  d ir e c t io n  aa*. O n e  p h a s e  w o u ld  th e n  g r o w  a t  t h e  e x p e n s e  o f  
th e  o t h e r  b y  m o v e m e n t  o f  t h e  s t e p  in  th e  aa*  d ir e c t io n , i .e . ,  b y  t h e  m o v e 
m e n t  o f  th e  p a r t ia l  d is lo c a t io n s  in  th e  aa* d ir e c t io n . K e ith  a n d  P a s s a g l ia  
o b s e r v e  t h a t  in  p o ly e t h y le n e  tw in n in g  ta k e s  p la c e  o n  t h e  fo ld  p la n e s  w h e r e  
th e  r e s tr ic t io n s  t o  t h e  m o v e m e n t  o f  d is lo c a t io n s  w o u ld  b e  le a s t .  F o r  p o ly 
p r o p y le n e  c h a in - fo ld e d  c r y s t a ls  i t  i s  n o w  b e l ie v e d  t h a t  th e  fo ld s  a r e  re 
s t r ic t e d  to  (0 1 0 )  p la n e s . F o r  r e g u la r ly  fo ld e d  a r r a n g e m e n ts  w e  m ig h t  
e x p e c t  s o m e  h in d r a n c e  to  t h e  d is lo c a t io n  m o t io n  in  th e  aa* d ir e c t io n  p r o 
p o s e d . T h e  y -a  t r a n s it io n s  a r e  o b s e r v e d  in  c a se s  w h e n  th e r e  is  r e a so n  to  
b e l ie v e  t h a t  t h e  c h a in s  are e x te n d e d  ( lo w  m o le c u la r  w e ig h t  f r a c t io n s  a n d  
s a m p le s  c r y s t a l l iz e d  a t  h ig h  p r e ss u r e ) . O n e  o b s e r v a t io n  o f  a n  a- 7  t r a n s i
t io n  h a s  b e e n  m a d e , t h is  in  t h e  c a s e  o f  a  p o ly ( e t h y le n e - p r o p y le n e )  c o p o ly 
m e r .8 I n  t h is  c a s e  i t  s e e m s  l ik e ly  t h a t  th e r e  m a y  w e ll  b e  s o m e  d iso r d e r  
a s s o c ia t e d  w i t h  t h e  fo ld e d  r e g io n s  o f  t h e  c h a in s . T h u s , i t  w o u ld  a p p e a r  
t h a t  in  th e  p a r t ic u la r  c a s e  o f  th e  y -a  p h a s e  tr a n s fo r m a t io n  in  is o t a c t ic  
p o ly p r o p y le n e ,  a  s i tu a t io n  is  p r e s e n te d  w h e r e  d is lo c a t io n  m o t io n s  m ig h t  
p la y  a n  im p o r ta n t  ro le .

I f  t h e  tr a n s fo r m a t io n  i s  in d e e d  m a r t e n s it ic  a  s e c o n d  f u n d a m e n ta l  q u e s t io n  
c a n  b e  r a ise d  c o n c e r n in g  t h e  o r ig in  o f  t h e  d r iv in g  fo r c e  fo r  t h e  r e a c t io n .  
I n  a  m e ta l lu r g ic a l  s y s t e m  t h e  d if fe r e n c e  in  la t t ic e - f r e e  e n e r g y  u s u a l ly  p r o 
v id e s  t h e  la r g e s t  c o n tr ib u t io n  t o  t h e  d r iv in g  fo r c e  o f  th e  r e a c t io n . I n  a  
p o ly m e r  i t  s e e m s  l ik e ly  t h a t  th is  c o n tr ib u t io n  is  s m a ll ,  th e  d r iv in g  fo r c e  
a r is in g  m a in ly  fr o m  m o r p h o lo g ic a l  f e a t u r e s  ( c r y s t a l l i t e  s iz e ,  c h a in - fo ld s ,  
d e fe c t s ,  e t c . ) .  T h is  w o u ld  n o t  b e  s u r p r is in g  s in c e  t h e s e  m o r p h o lo g ic a l  f e a 
t u r e s  in f lu e n c e  e v e n  t h e  m e lt in g  p o in t  (w h e n  th e  fr e e  e n e r g y  d if fe r e n c e  
b e t w e e n  c r y s t a l  l a t t i c e  a n d  m e lt  m u s t  b e  m u c h  la r g e r  th a n  th e  fr e e  e n e r g y  
d if fe r e n c e  b e t w e e n  a - p h a s e  a n d  7 - p h a s e  la t t ic e s ) .  T h is  p o in t  h a s  b e e n  p re
v io u s ly  s o m e w h a t  o b s c u r e d  b y  d is c u s s io n  o f  t h e  r e la t iv e  “ s t a b i l i t y ”  o f  th e  
a - p h a s e  v e r s u s  I h e  7 -p h a s e .  I t  s h o u ld  b e  n o t e d  t h a t  fr e e  e n e r g y  d if fe r e n c e s  
b e t w e e n  p e r fe c t  c r y s t a ls  o f  e i th e r  p h a s e  a t  r o o m  te m p e r a tu r e  a n d  p r e ssu r e  
a r e  p r o b a b ly  s m a ll  in  c o m p a r is o n  w i t h  t h e  fr e e  e n e r g y  d if fe r e n c e  b e t w e e n  t h e  
m o r p h o lo g ic a l  f e a t u r e s  a s s o c ia t e d  w it h  e i th e r  p h a s e . I t  is  w e ll  k n o w n  th a t  
m a r t e n s i t ic  r e a c t io n s  a r e  a c c o m p a n ie d  byr m o r p h o lo g ic a l  c h a n g e s , b u t  in  th e  
c a s e  u n d e r  c o n s id e r a t io n  ir r e v e r s ib le  c h a n g e s  in  m ic r o s tr u c tu r e  o c c u r  d u e  lo  
t h e  d e fo r m a t io n  to  f r a c tu r e  o f  t h e  s p e c im e n . T h e  r e la t io n s h ip  b e t w e e n  th e  
s t a b i l i t y  o f  t h e  7 - p h a s e  a n d  s p e c if ic  m o r p h o lo g ic a l  f e a tu r e s  is  n o t  c o n s id e r e d
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here. Rather the mechanism of the transformation, when it occurs, is dis
cussed.

C o n clu sio n s
The data establish a second observation of a case where the y-a phase 

transformation in polypropylene is induced by application of stress. More
over, in this case, it is clear that the direction of the applied stress is impor
tant. Some investigators suggest that a complete “melting” and recrystal
lization occurs during the necking process, and it might be thought that this 
would provide an alternative explanation. However, it should be pointed 
out that no extensive necking occurred in this case, and the x-ray data indi
cated a transformation to a-phase where the material had oriented but not 
necked, away from the region of fracture.

A mechanism for the transformation is suggested. It is not, intended to 
imply that this mechanism necessarily operates in the detailed way de
scribed, but merely to demonstrate that dislocation motions compatible 
with the anisotropic bonding and chain folding can be found in this particu
lar case, which would be used to interpret the transformation.

T h is  s tu d y  w as su p p o rte d  in  p a r t  b y  th e  N a tio n a l Science F o u n d a tio n .
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NOTES

M u l t i p l e  P h a s e s  i n  F i l l e d  P o l y m e r s  D e t e c t e d  b y  
N u c l e a r  S p i n  R e l a x a t i o n  S t u d i e s

P h y sica l p ro p e rties  of filled po lym ers h av e  been  s tu d ie d  ex ten siv e ly  in  rece n t y ears. 
T h e re  are  several in d ica tio n s th a t  w hen  po lym ers are b lended  w ith  h igh  su rface  a rea  
fillers, th e  p o lym er phase in  th e  com posite som etim es d isp lays p ro p e rties  d iffe ren t from  
those of th e  unfilled  po lym er. I t  h as  been  observ ed  th a t  w ith  increasing  filler concen
tra tio n : th e  g lass tra n s itio n  te m p e ra tu re  of th e  p o lym er increases,1-8 th e  tra n s itio n  
p eak s in  d y n am ic  m echan ical p ro p e rties  are sh if ted  to  h igher te m p e ra tu re s ,4 an d  low ering 
of w a te r  v a p o r  so rp tio n  ta k e s  p lace.5 M o s t of th ese  p h y sica l changes can be exp la ined  
q u a li ta tiv e ly  in te rm s of a  sim ple tw o-phase m odel, in  w h ich  one phase , n am e ly  th e  p o ly 
m er p o rtio n  n ea r th e  filler in terface , h as  d ifferen t co n fo rm atio n al p ro p e rties  an d  is re
s tr ic te d  in  i ts  m o lecu lar flex ib ility  b y  in te ra c tio n  w ith  th e  filler. T h e  o th e r  p h ase  rep re 
sen ts  th e  p o lym er fa rth e r  aw ay  from  th e  filler in te rface  an d  has m olecu lar p ro p e rties  
sim ilar to  th o se  of th e  p u re  po lym er. N u c lea r sp in  re lax a tio n  stu d ie s  of filled po lym ers 
h av e  in d ica ted  effects of th e  filler on overall m o lecu lar m o b ility 6 b u t  h av e  failed  to  give 
d irec t ev idence of m u ltip le  phases.7 T h e  feasib ility  of using n u c lear sp in  re lax a tio n  
m easu rem en ts  to  s tu d y  com posite m a te r ia ls  in  o rd e r to  d e te c t m u ltip le  p h ases  a n d  d if
ferences in  th e ir  m o lecu lar m o tio n  w as in v es tig a te d  in  th is  w ork.

T h e  p o lym er chosen w as P h en o x y  P K H H  w ith  th e  s tru c tu ra l fo rm u la  -EOCePLC- 
(C H 3)2C 6H 4O C H 2C H (O H )C H 2 3  n, w here n  ~  100, g iv ing a  m olecu lar w eigh t aro u n d  
30,000. I t  is am orphous, lin ear excep t for a  s lig h t am o u n t of b ranch ing , an d  th e rm o 
p las tic  w ith  T g =  371°K . O ne of th e  fillers u sed  w as A ttap u lg u s  clay, A ttage l-40 , of 
rodlike m orphology, w ith  a  B E T  specific su rface a re a  of 150-200  m 2/g . C hem ically , 
A ttag e l-4 0  is p rin c ip a lly  S i0 2. T h e  com posite w as p re p a red  b y  f irs t h ea tin g  th e  filler a t  
600°C  for 12 h r  to  d riv e  off w a te r  an d  organ ic  sizings. N e x t th e  a p p ro p ria te  a m o u n ts  of 
p o lym er a n d  filler (30%  b y  w eight of filler) w ere b lended  d ry  in  a  ro ller m ill a t  an  ele
v a te d  te m p era tu re . F in a lly  th e  b len d  w as com pression m olded  in to  s tr ip s  u n d e r p res
su re  a t  240°C .8

C o n v en tio na l pu lse  tech n iq u es w ere used to  s tu d y  th e  p ro to n  sp in - la tt ice  re lax a tio n  of 
b o th  th e  p u re  an d  th e  filled po lym er. T h e  b asic  p u lse d -N M R  a p p a ra tu s  has been  de
scribed  elsew here.9,10 T h e  re so n a n t freq u en cy  w as 20.0 M H z. T h e  te m p e ra tu re  con
tro l em ploys a  gas-flow  c ry o s ta t11,12 p e rm ittin g  m easu rem en ts  b e tw een  — 100°C  an d  
3 0 0 °C ; co n tro l is to  w ith in  a b o u t ± 0 .5 ° C . A d ig ita l co m p u te r em ploy ing  non linear 
regression m eth od s w as used  to  fit re lax a tio n  curves to  th e  d a ta .13

T h e  p u re  phen o x y  resin  can be ch a rac te rized  b y  a  single sp in - la tt ice  re lax a tio n  tim e  7 \  
th ro u g h o u t th e  en tire  te m p e ra tu re  ran g e  stu d ied . T h ese  d a ta  are  rep re sen ted  in  th e  
u p p erm o st cu rve in  F ig . 1. T h e  sp in -sp in  re lax a tio n  tim e  T i  is of th e  o rd er of 20 /¿sec. 
a t  te m p era tu re s  m u ch  below  T „  lim itin g  th e  accu racy  of th e  m easu rem en t. A bove rl \ ,  
th e re  is a  rap id  rise in  rl \ ,  p e rm ittin g  th e  use of d ig ita l tech n iq u es in  d a ta  ac q u is itio n .10 
T h e  tw o T i m in im a  are due to  d ifferen t k in d s of m olecu lar m o tio n s: th e  lo w -tem p era
tu re  m in im um  is due  to  th e  ro ta tio n  of th e  C H 3- g roups a b o u t th e ir  sy m m e try  axis; 
th e  h ig h -tem p era tu re  m in im um  arises from  th e  o verall m o tio n  of th e  p o ly m er ch a in .14.16

T h e  filled p o lym er h ad  to  b e  ch arac te rized  b y  a  non-first-o rd er sp in -la ttice  re lax a tio n  
process. A lthough  a  d is tr ib u tio n  of re lax a tio n  tim es is p ro b a b ly  m ore realistic , th e  
d a ta  could  be rep re sen ted  to  an  a d e q u a te  ap p ro x im atio n  as th e  sum  of tw o  ex p o n en tia l 
decays w ith  tim e  co n sta n ts  T u  an d  2'u,, co rresponding  to  frac tio n s a  an d  /3 of th e  to ta l
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Fig. 1. rJ \  vs. 10*/T  in P henoxy  P K H H : (O) p u re  po lym er; ( • )  longer com ponent in
system  tilled w ith  3 0 %  A ttagel-40 ; ( +  ) average re lax a tio n  tim e in filled system .

signal (a  +  /3 =  1). T h e  longer of th ese  tim es 2% is p lo tte d  as th e  m idd le  cu rv e  in 
F ig ure  1; a b o u t 7 5%  of th e  signal (unchang ing  over th e  e n tire  te m p e ra tu re  ran g e) is 
acco u n ted  for in  th is  w ay . B ecause, over m u ch  of th e  te m p e ra tu re  range, To is n ea r th e  
lim it of d e te c ta b ility  of th e  a p p a ra tu s , an d  because th e  sh o rte r  Tib corresponds to  a  re la 
tiv e ly  sm all frac tio n  (25 % ) of th e  signal, a  p lo t of Tib show s too  m u ch  s c a tte r  to  be 
edifying. T o  give som e in d ica tio n  of th e  b eh av io r of Tib, th e  w eigh ted  average  of th e  
tw o  re lax a tio n  tim es (T i)av, defined b y  (T i)av_1 =  a ( T ia) _1 +  (3(2'ib) _1, is p lo tte d  in 
s te ad  as th e  b o tto m  curve in  F ig ure  1. T h is  p a ram e te r , w hich  corresponds to  th e  in itia l 
r a te  of re lax a tio n  of th e  to ta l  system , m a y  be c o n tra s ted  to  th e  longer T ia w h ich  cor
responds to  th e  a sy m p to tic  r a te  of re lax a tio n  of th e  to ta l  system . A lthough  Tib is 
d o m in an t in  (T i)av, th e  sc a tte r  is less since a  sm all difference b e tw een  u n ce rta in  q u a n ti
tie s is n o t involved. I t  is p lan n ed  to  p o stp o n e  fu r th e r  N M R  stu d ie s  of th is  k in d  u n til a 
d a ta  acq u is itio n  tech n iq u e  su ited  to  a  sh o rt T 2 can  be em ployed.

T h e  sim plest in te rp re ta tio n  of th e  b eh av io r of th e  filled p o ly m er is th a t  tw o  d is tin c t 
phases are p resen t, in  m u ch  th e  sam e w ay  as in  a  p a r tia lly  c ry sta llin e  p o ly m er.16 I f  we 
associate  th e  2 5 %  of th e  signal w ith  sh o rte r  2 \ w ith  th a t  p o rtio n  of th e  p o ly m er n ea r 
th e  filler in terface , we can ca lcu la te  th a t ,  if th e  filler p a rtic les  are com ple tely  d ispersed, 
th e  filler affects th e  po lym er to  a  d e p th  of a b o u t 30 A. T h e  7 5%  of th e  signal w ith  longer 
fJ \  is p resum ed  to  be la rgely  u naffected  b y  th e  filler. T h is  is su p p o rte d  b y  th e  s im ila r ity  
betw een  th e  T \  d a ta  for th is  frac tio n  a n d  th e  p u re  po lym er. T h e  presence of ca. 5 %  of 
Fe-,03 in  th e  A ttag e l-4 0  m a y  ac co u n t fo r th e  fac t th a t  th ese  d a ta  are  n o t id en tica l. 
A ltern a tive ly , th e  d isc rep an cy  m ay  be th e  resu lt of rep re sen tin g  a d is tr ib u tio n  of re lax a
tion processes b y  tw o d isc re te  processes. A sim ilar s tu d y  on  th e  sam e resin  filled w ith  
2 0 %  sy n th e tic  m ica  w ith  p la te lik e  m orphology, averag ing  200 A th ic k  and  2 X 101 A in 
d iam ete r and  free of Fe»Os, revealed  9 0 %  of th e  p o ly m er to  be in d is tin gu ish ab le  from 
p u re  polym er. T h e  d a ta  for th e  rem aining  10% suggested  th e  resu lts  q u o ted  here.

I t  can be seen th a t  for all th ree  curves show n in  F ig u re  1, th e  m in im u m  associated  
w ith  CH :,-group reo rien ta tio n  is unsh ifted , in d ica tin g  li t t le  effect on  th is  m o tio n  from  th e  
filler. T h e  h ig h  te m p e ra tu re  m in im um  in  (T i)av is s lig h tly  sh ifted  to  h igher te m p era 
tu re s  in d ica tin g  th a t  chain  reo rien ta tio n  in  th e  su rface phase is re s tra in e d , possib ly  by  
in te rac tio n s w ith  th e  filler su rface. T h is  m in im u m  m a y  also be s ligh tly  b ro ad er th a n  
th e  tw o above it ;  i t  is c learly  shallow er in re la tio n  to  th e  C H 3-group  m in im u m  th a n  th e  
o th ers . Since (2 ’i)av is th e  w eigh ted  com bination  of 2% an d  th e  sh o rte r  T lb, th e  ind ica
tio n  is th a t  th e  m in im um  in th e  sh o rte r  T x is m u ch  m ore d isp laced  to  h igher tem p era tu re s , 
b u t  n o t enough  to  p roduce tw o d is tin c t m in im a in (T i)av.17
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A n oth er com posite w as p rep ared  by  using th e  sam e resin  an d  4 0 %  soda  lim e glass 
beads of m ean  d iam ete r 29 y , g iv ing a  ca lcu la ted  specific su rface a rea  of 0 .07 m 2/g . 
O n ly  one sp in - la tt ice  re lax a tio n  was d e tec ted , iden tica l to  th a t  of th e  p u re  po lym er. 
C learly  m uch  less of th e  p o lym er is a lte re d  b y  th e  sm all su rface area . T h e  g lass beads 
affect th e  long-range m o b ility  of th e  p o ly m er chains (ca. 50 m onom er u n its  a re  in 
vo lved), as is in d ic a ted  by  b o th  th e rm o d y n am ic  an d  v iscoelastic  m easu rem en ts .8 T h e  
N M R  m easu rem en t is affected  b y  th e  m o b ility  of sm aller segm en ts of th e  p o ly m er chain 
(ca. 1 m onom er u n it) .

T h is w ork  was sponsored  b y  th e  A dvanced  R esearch  P ro jec ts  A gency, D e p a r tm e n t of 
D efense, u n d e r  Office of N av a l R esearch , C ontract, N o. N00014-67-C-0128.

T h is  w ork  rep re sen ts  p a r t  of a  thesis b y  D . H . D ., accep ted  b y  th e  Sever In s t i tu te  of 
W ash in g to n  U n iv e rs ity  in  p a r tia l  fu lfillm ent of th e  req u irem en ts  of th e  degree of D o c to r 
of Science.
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IN F O R M A T IO N  F O R  C O N T R IB U T O R S
This J o u r n a l Docs Not Carry a Page Charge for Contributions

1. M a n u sc rip ts  shou ld  be su b m itte d  to  H . M a rk , P o ly tech n ic  I n s t i tu te  of B rooklyn , 
333 J a y  S tre e t, B ro o k ly n , N ew  Y o rk  11201, or for P a r t  A -l (P o lym er C h em istry ) 
to  C . G. O verberger, D e p a r tm e n t of C h em istry , U n iv ers ity  of M ichigan , A nn 
A rbor, M ich igan  48104, o r for P a r t  A-2 (P o lym er P hysics) to  T . G. Fox, M ellon 
In s t i tu te ,  P i ttsb u rg h , P e n n sy lv an ia  15213. A ddress all o th e r  correspondence 
to  P eriod ica ls  D iv ision , In te rsc ience  P u b lish ers , Jo h n  W iley  & Sons, Inc ., 605 T h ird  
A venue, N ew  Y ork , N ew  Y o rk  10016.

2. I t  is th e  p reference of th e  E d ito rs  t h a t  p ap e rs  be p u b lish ed  in  th e  E n g lish  language. 
H ow ever, if th e  a u th o r  desires t h a t  his p a p e r  be pu b lish ed  in F ren c h  or G erm an , i t  is 
necessary  t h a t  a  p a r tic u la r ly  com ple te  an d  com prehensive E n g lish  synopsis bo 
fu rn ish ed .

3 . M an u sc rip ts  should  be su b m itte d  in tr ip lic a te  (one o r ig in a l , tw o carbon  copies), 
ty p e d  double  spa ce  th ro u g h o u t and  on one side of each  sh ee t only, on a  h ea vy  g rad e  
of p ap e r w ith  m arg ins of at. le a s t one inch  on all sides.

4- A sh o rt synopsis (m ax im um  len g th  200 w ords) is req u ired  for p ap e rs  in P a r t s  
A -l and  A-2. N o  synopsis is p ub lished  for P a r t  B or for “ N o te s” in P a r t s  A. T h is  
synopsis should  b e  carefu lly  p rep ared , for i t  is au to m a tic a lly  th e  source of m o st 
a b s tra c ts . T h e  S ynopsis should  be a su m m a ry  of th e  en tire  p a p e r; n o t th e  conclu
sions alone.

6 . T h e  p ap e r should  be reaso n ab ly  su b d iv id ed  in to  sections and, if necessary , subsec
tions. P lease  refer to  any  issue of th is  J o u r n a l  for exam ples.

6. T h e  references should  be n u m b ered  consecu tive ly  in  th e  o rder of th e ir  ap p e a ran ce  and  
should  be com plete, including  a u th o rs ’ in itia ls  an d — for u n p u b lish ed  lec tu res  or 
sy m posia— th e  ti t le  of th e  p aper, th e  d a te , an d  th e  nam e of th e  sponsoring  society . 
P lease  com pile references on a  se p a ra te  sh ee t a t  th e  end of th e  m an u sc rip t. A b
b re v ia tio n s  of jo u rn a l title s  should  conform  to  th e  p rac tices of C h e m ic a l A b s tra c ts .

7. P lease  su p p ly  n u m b ers  and  title s  for all tab les. All ta b le  colum ns should  h av e  an  
ex p la n a to ry  head ing .

8. I t  is p a r tic u la r ly  im p o r ta n t th a t  all figures be su b m itte d  in a form  su ita b le  for rep ro 
duction . G ood glossy p h o to g rap h s are  req u ired  for h a lfto n e  rep ro d u c tio n s. F o r  
line d raw ings (graphs, e tc .), th e  figures m u s t be d raw n  clearly  w ith  In d ia  ink  on 
h eav y  w 'hite pap er, B risto l board , d raw ing  linen, or coo rd in a te  p ap e r w ith  a  v ery  
lig h t b lue b ack g ro u n d . T h e  In d ia  ink  le tte r in g  of g rap h s m u s t be large, clear, and  

“ o p en ”  so t h a t  le tte rs  an d  n u m b ers  do n o t fill in  w hen reduced  for p u b lica tio n . I t  
is th e  usual p ra c tice  to  su b m it d raw ings th a t  are  tw ice th e  size of th e  final engrav ings; 
th e  m ax im u m  final size of figures for th is  J o u r n a l  is 4 l/ j  X 7Vs inches.
I t  is th e  a u th o r ’s resp o n sib ility  to  o b ta in  w ritte n  perm ission  to  rep ro d u ce  m a te r ia l 
w hich h as  ap p eared  in an o th e r  p u b lica tio n .
I f  in  d o u b t a b o u t th e  p re p a ra tio n  of illu s tra tio n s  su ita b le  for rep ro d u c tio n , p lease 
co n su lt th e  p u b lish er a t  th e  ad d ress g iven ab o v e  in p a ra g ra p h  1 an d  ask  for a  sam ple 
d raw ing.

0 . P lease  su p p ly  legends for all figures and  com pile th ese  on a  se p a ra te  sheet.
10. A u th o rs  a re  cau tio n ed  to  ty p e — w herever possib le— all m a th em a tica l and  chem ical 

sym bols, eq u a tio n s, an d  form ulas. If  th ese  m u s t be h an d w ritte n , p lease p r in t  
c learly  an d  leave am ple  space ab o v e  and  below for p r in te r ’s m ark s ; p lease use only 
ink . All G reek or u n u su a l sym bols should  be iden tified  in  th e  m arg in  th e  f irs t tim e 
th e y  are  used. P lease  d is ting u ish  in  th e  m arg in s  of th e  m an u sc rip t b etw een  cap ita l 
a n d  sm all le tte rs  of th e  a lp h a b e t w herever confusion m a y  arise  (e.g., k, Iv, k). 
P lease  u n d erlin e  w ith  a. w avy line all v ec to r q u a n tit ie s . U se frac tio n a l ex p o n en ts  to  
avo id  ro o t signs.
T h e  n o m en c la tu re  sponsored  b y  th e  In te rn a tio n a l  U nion of C h e m is try  is req u ested  
for chem ical com pounds. A b b rev ia tio n s should  follow th e  A m erican  C hem ical 
S ociety  H a n d b o o k  fo r  A u th o r s .  C hem ical bonds should  be co rrectly  p laced , and



JOURNAL OF POLYMER SCIENCE

double  bonds clearly  in d ica ted . V alence is to  be in d ica ted  b y  su p ersc rip t p lus and  
m in u s signs.

11. A u th o rs  w ill receive 50 rep rin ts  of th e ir  a rtic les w ith o u t charge. A d d itio n al rep rin ts  
can  be o rdered  an d  purch ased  b y  filling o u t th e  form  a tta c h e d  to th e  galley proof. 
P a g e  proofs will n o t be supplied .

12. N o m an u sc rip t will be  re tu rn e d  following p u b lica tio n  unless a req u es t for re tu rn  is 
m ad e w hen th e  m a n u sc rip t is orig inally  su b m itted .

Manuscripts and illustrations not conforming to the style of the Jo u rn a l 
will be returned to the author for reworking, thus delaying their appearance.



T h e  Journal of Polymer Science p u b lish es resu lts o f fu n d am en ta l research in  a ll 
areas of h ig h  p o ly m er  ch em istry  an d  p h ysics . T h e  Journal is  se lec tiv e  in  accep tin g  
co n tr ib u tion s o n  th e  b asis of m erit and  or ig in a lity . I t  is n o t in ten d ed  as a rep ository  
for u n ev a lu a ted  d a ta . P reference is  g iv e n  to  co n tr ib u tion s th a t  offer n ew  or m ore  
co m p reh en siv e co n cep ts, in terp reta tion s, ex p erim en ta l approaches, an d  resu lts. 
P a rt A - l  Polymer Chemistry is  d ev o ted  to  s tu d ies  in  genera l p o ly m er ch em istry  and  
p h y sica l organic ch em istry . C o n tr ib u tion s in  p h y sics  an d  p h y sica l ch em istry  
app ear in  P a rt A -2  Polymer Physics. C o n tr ib u tion s m a y  b e su b m itted  as fu ll-  
len g th  papers or as “N o te s .” N o te s  are ord in arily  to  b e  considered  as com p lete  
p u b lica tion s o f lim ited  scope.

T h ree  cop ies o f ev ery  m an u scrip t are required . T h e y  m a y  b e  su b m itted  d irectly  
to  th e  ed itor: F o r  P a r t A - l ,  to  C. G. O verberger, D e p a rtm en t of C h em istry , U n i
v e r s ity  of M ich igan , A n n  A rbor, M ich ig a n  48104; an d  for P a r t A -2, to  T . G  F ox , 
M ello n  In st itu te , P ittsb u rg h , P en n sy lv a n ia  15213. T h ree  cop ies of a sh ort b u t  
com p reh en sive sy n o p sis  are required  w ith  ev ery  paper; no syn op sis  is  n eed ed  for  
n otes . B o o k s for rev iew  m a y  a lso  b e  sen t to  th e  ap p rop ria te ed itor. A ltern a tiv e ly , 
m an u scrip ts m a y  b e su b m itte d  th rou gh  th e  E d ito r ia l Office, c /o  H . M ark , P o ly 
tech n ic  In st itu te  o f B rook lyn , 333 J a y  S treet, B rook lyn , N e w  Y o rk  11201. A ll 
oth er correspon dence is  to  b e  ad d ressed  to  P eriod ica ls D iv is io n , In tersc ien ce  P u b 
lishers, a D iv is io n  of Jo h n  W ile y  & Sons, In c ., 605 T h ird  A v en u e, N e w  Y ork , N e w  
Y ork  10016.

D e ta ile d  in stru ction s on  prep aration  of m an u scrip ts are g iv en  freq u en tly  in  P arts  
A - l  and  A -2  an d  m a y  also  b e  ob ta in ed  from  th e  publisher.



New Titles in the Polymer Sciences 
from Wiiey-lnterscience

ENCYCLOPEDIA OF POLYMER 
SCIENCE AND TECHNOLOGY
Plastics, Resins, Rubbers, Fibers

Volume 13: Step-Reaction Polymerization to Thermo
forming

Executive Editor: NORBERT M. BIKALES, Consultant 
Editorial Board: HERMAN F. MARK, {Chairman), 
Polytechnic Institute of Brooklyn
NORMAN G. GAYLORD, Gaylord Associates, Incorporated

In recent years, the polymer concept has fused 
plastics, resins, rubber, fibers, and biomolecules into 
one body of knowledge. The Encyclopedia of 
Polymer Science and Technology presents the 
developments, both academic and industrial, that are 
a result of this fusion.

This latest volume, like the previous, is a collection 
of authoritative and original articles that were written 
and reviewed by specialists from all over the world.
It comprehensively treats all monomers and polymers, 
their properties, methods, and processes, as well as 
theoretical fundamentals.

1970 843 pages (est.) Subscription: $40.00
Single copy: $50.00

VINYL AND DIENE MONOMERS
Parts One, Two, and Three

Edited by EDWARD C. LEONARD, Kraftco Corporation,
Glenview, Illinois
Volume 24 of High Polymers, edited by H. Mark, C. S.
Marvel, H. W. Melville, and P. J. Flory

Vinyl and Diene Monomers provides a comprehen
sive, systematic, and uniform treatment of vinyl and
diene monomers.

•  Part One describes the manufacture, chemical and 
physical properties, purification and polymerization 
behavior of some of the commercially important 
vinyl monomers. These include acrylonitrile, 
acrylamides, methacrylic acid and the related 
esters, vinyl acetate and the higher vinyl esters, 
and vinyl ethers.

•  Part Two parallels the format of Part One, dis
cussing styrene, ethylene, isobutylene, butadiene, 
isoprene, and chloroprene.

•  Part Three similarly treats vinyl and vinylidene 
chloride, the fluorocarbon monomers, and certain 
miscellaneous monomers such as N-vinyl com
pounds, vinyl sulfur compounds, vinylfuran, and 
certain substituted styrenes.

Part One: 1970 477 pages $19.95
Part Two: 1971 704 pages $37.50
Part Three: 1971 432 pages $24.95

MOLECULAR WEIGHT DISTRIBUTION 
IN POLYMERS
by LEIGHTON H. PEEBLES, JR., Chemstrand 
Research Center, Inc., Durham, North Carolina
Volume 18 of Polymer Reviews, edited by H. F. Mark 
and E. H. Immergut

Molecular Weight Distribution in Polymers deals with 
the question, “ How do changes in the manufacturing 
process affect the molecular weight distribution of 
the polymers?”  Special features include—

•  distribution functions that are presented mainly 
without derivation and with a minimum of 
commentary on the assumptions used

• standardization of the nomenclature for equations 
which are illustrated with many examples based 
on computer calculations

•  distributions, derived for polymers with a number- 
average molecular weight of 100, which may be 
compared with any other degree of polymerization 
to a good approximation

• references to the original literature that enable 
the reader to examine the derivation

1971 352 pages $17.50

PHYSICAL CHEMISTRY OF ADHESION
By DAVID H. KAELBLE, Science Center, North American 
Rockwell Corporation

This comprehensive treatment of adhesion 
phenomena covers thermodynamics, surface chem
istry, polymer physics and rheology, as well as 
specialized topics in the mechanics of fracture.

Physical Chemistry of Adhesion is divided into three 
major sections. The first section, on surface chem
istry, emphasizes the analysis of contact angle 
experiments. The second section, on rheology, 
presents the significance of thermal expansivity and 
compressibility measurements in defining the poly
mer physical state. The third section, on fracture 
mechanics, analyzes six basic rheological operations, 
and deals directly with the phenomenological and 
engineering aspects of adhesion and cohesion 
phenomena.

1971 528 pages $27.50

WILEY-INTERSCIENCE
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605 Third Avenue, New York, New York 10016

In Canada:
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