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Optical Anisotropy o f Polymer Chains and M arkov 
Processes. I. Polyethylene

BERNARD LEMAIRE and GEORGES FOURCHE, Centre de 
Recherches Paul Pascal, Domaine Universitaire, 38 Talence, France

Synopsis
A study of the average molecular optical anisotropy (y 2) of tetrahedral lattice poly

ethylene chains of any length has been carried out by using M arkov processes. The 
results of this treatm ent include simplified models of polymer chains, as well as more 
elaborate models, which are in current use.

INTRODUCTION
The anisotropy of the molecular polarizability (optical anisotropy) 

y2 can be defined1 by the expression
72 = !/ 2!(a.Y.v — <*y y Y  +  (<*rr ~  azzY +  («zz — <*xxY]

+  3 (axY2 +  «rz2 +  0!ZX-) (1)
where the quantities aXx, uYY, etc. are the components of the molecular 
polarizability tensor a with respect to cartesian molecular fixed axes X, 
Y, Z. It is known that the molecular optical anisotropy is a quantity which 
is very sensitive to conformations of polymers in solution. Thus, a sta
tistical calculation of the average molecular optical anisotropy (y2) of 
polymer chains has been undertaken. Calculations of (y2) for linear 
chains were recently carried out by direct enumeration of all molecular 
conformations1,2 and by matrix methods.3-6 The relation between Markov 
processes and the conformational statistics of chains has been developed7 
previously for simple cases, in connection with studies of average dimen
sions and dipole moments. Therefore, in the present work (as outlined 
in a previous note8) a method of evaluation of (y2) by using Markov pro
cesses is presented first for a simple chain, polyethylene (BE), and then for a 
somewhat more complex chain, polyoxyethylene (POE). In order to give 
an overall view of the method used in this work, a comparative study of 
molecular optical anisotropy of these chains is carried out for various 
models. Three models of molecular chains will be considered successively, 
corresponding to: (1) equally probable internal rotations (first-order
Markov chain), (2) independent internal rotations (second-order Markov 
chain), (3) interdependent internal rotations (third-order Markov process). 
The treatment in this paper will be limited to the special but important
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case of tetrahedral lattice chains. However, a possibility of extension of 
the results, for nonlattice chains, will be indicated. Finally, it will be 
pointed out that certain conditional probabilities derived here could be 
useful in the simulation of lattice chains.

A general, Markov process of order r can be characterized by the rela
tion (2) :

lh'(A„ = dn/ X „ - i  =  . . ., A”i = 6])

=  Pr(A„ = dn/ X n- i  =  6 n- 1 , . . ., X n- T = 0„-r)

= f(en, . .., (2)
in which X„ is the state of the system at time n, 9„ is a possible outcome of 
X n, and the slant bar (/) stands for “knowing that.” When r = 1, the 
process is called a simple Markov process. If the probabilities in eq. (2) 
are independent of n, one is dealing with a finite Markov chain of order r; 
when r = 1, this chain is a simple finite Markov chain.

It is important to note that in a discrete Markov process the changes of 
state, or “transitions,” occur at successive moments, whereas in a real 
polymer chain the states of all the elements, i.e., the various conformations 
of all the monomer units, exist simultaneously. Consequently, the con
formations of all real chains in solution do not have a Markov character.7'9 
However, it will be shown in this study that it is always possible to define, 
on the basis of the real statistics of the molecule, a probabilistic model of 
the chain to which can be applied the results of the general theory of Markov 
processes.

PHYSICAL MODEL AND BASIC EQUATIONS
In the present treatment the usual assumption of additivity of bond 

polarizabilities will be made. The validity of this assumption has been 
discussed at length. However, from numerous results obtained in this 
laboratory1,2'10̂ 13 it appears that it is a good approximation for molecules 
in dilute solution.

Consider a polyethylene chain H—(CH2)^riH in which the carbon skele
ton comprises n C—C bonds. Such a chain is composed only of C—C and 
C—H single bonds, which, from the optical point of view, have essentially 
axial symmetry. In order to simplify the optical problem it will be as
sumed that in these molecules all valence angles are tetrahedral. It can 
be shown14’15 that under these conditions the chain is equivalent to a mole
cule containing only C—C bonds, each one possessing an optical anisotropy 
equal to T = ycc — 2y<'ir, where ycc = «oo — ace and 7011 = afn — 
«cm are, respectively, the optical anisotropies of the C—C and C— II 
bonds. «O C > “ C H , acc, and «¿11 arc the principal optical polarizabilities par
allel and perpendicular to the bonds considered. Finally, the molecular dev 
formations will be described by using the theory of rotational isomers,16 in 
which each conformation of the molecule is characterized by a scries of rota
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tion angles, <p3, <py, . . . ,  <p„, associated with successive bonds in the chain. 
The angle <p} is the dihedral angle between the planes defined by the pairs of 
bonds ( j  — 2, j —  1) and ( j  — 1 , j ) .  It is known that in polyethylene each 
C—C bond can exist in three isomeric states one trans (t) and two gauche 
(g and g'), corresponding to the internal rotation angles 0, +  120°, and 
—120°, with respect to the preceding bond pair.

On the basis of the model just described the molecular optical anisotropy 
y2 of a rigid conformation of the molecule is given by14,15

Y  = -  ( v n-Y +  n32 +  n42) — (n2/  3) (3)
in which ny, . . ., w4 are the numbers of C—C bonds parallel, respectively, to 
each of the four directions belonging to the set U = {1, 2, 3, 4}, of a ref
erence system of the molecule represented by the diagonals of a cube. As 
the average values of nt2 are independent of i, one can write

<7 2) = [(16/3) <V> -  (k.2/3)]P2 (4)
It is necessary to rewrite eq. (4) in terms of probability. The rotation 

at time j  of a given bond of the chain about the previous bond will rep
resent the result of a trial denoted by a number to indicate the direction 
adopted by this bond, i.e., an element of the finite set 0. The state of 
internal rotation of the j-th bond, which is its direction relative to the 
molecular reference system (the cube diagonals), will be designated by 
Y¡. In general, the state at time j  of a set of r successive bonds can be 
represented by the r-uplet

A/ = (Y)_I+l,Y ^ +2, . . . ,  Yj)
Let Aj be a random variable which is equal to unity when the event j Yj = 
1 j is realized and zero otherwise, where I /  j  /  n. Then, we have

ny = i  A,j = i
Uy2 = E  A / +  2 E  a ,A,j j<lc

(>h2) = E  (Aj2) +  2 E  (AjAfc)
i i<k

(ny2) = E  Pr(Yj = 1) +  2 E  Pr(E  = 1 and Yk = 1) (5)
i i<k

EQUALLY PROBABLE INTERNAL ROTATIONS
In this section a very simplified chain model will be presented in order to 

illustrate the calculation of (y2). Suppose that the various positions re
sulting from internal rotations of all of the bonds of the chain are equally 
probable. Then, each bond can assume with probability each of the 
three positions 0, +120°, and —120°. Thus, since the bonds are numbered
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in arbitrary order, each can take with equal probability any one of the three 
directions other than that of the preceding bond. The numbers identifying 
these directions are members of the set Q.

This model is essentially equivalent to that known as the freely rotating 
model.17 However, in the present model the choice of tetrahedral angles 
and of the three internal rotation angles 0, + 120°, and —120° allows the 
chain configuration to be described on the basis of a tetrahedral lattice. 
It will be found that the general molecular configuration can be studied by 
a simple Markov chain (order 1). Thus, the internal rotational state of 
thejth bond is represented by X, = {Y¡).

Let the compound events be defined by
[Xj = «} = {Z, = 1 |

and (6)
{X; = b} = U {X, = a}

where the symbol U has the probabilistic sense of union and the event 
{Xj = b], for example, indicates that the random variable X,- is in the state 
2, 3, or 4, representing the corresponding direction of the j-th bond. These

4states will be described symbolically by a = (1) and b = U (a), respec-a = 2tively.
The various transition probabilities corresponding to states a and b are 

given by
Pr(Xm  = a/Xj =  a) = P aa = 0 Pr(Xm  = b/X, = a) = P a6 = 1 j
Pr(Xm  = a/X, =  b) =  P ia = y ,  Pr(Xj+i = b/X, = b) = P u  = */,)

(7)
and the related matrix, which is of the form

Paa Pa» 0 1

p = = 1 2
Pia 3 3

(8)

characterizes a simple and a regular Markov chain for the states a and b. 
If it is noted that
Pr(Fj- = 1 and Yk = 1) = PrfX, = a and X, = a) = Pr(X3- = a)

Pr(X* = a/X, = a)
Yv(Yj = 1) = Pr(X, = a) = ± Vj
and that

Pr(X* = a/X, = a) = [P*-i]u
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where the subscripts identify the (1, 1) element of the matrix product. 
Theneq. (5) becomes

71 1

M  = 1 + 0 +* 2 1 (9)
where §n is defined by

s „  =  t  i  P * " '  v„ Z 1j=i k=j
and

So =  0
Utilizing specific properties18’19 of regular stochastic matrix one can show 
that

S„ = ~+— +  n[Z -  (P*/2)] +  (Z -  Z2) +  (P"+1Z2 -  P*) (10)

where
P* = lim P'!

and
Z = |I., -  (P -  P* )] -1 

These last matrices have the form

P* =
1 3

and

Z =
13/16
1/16

3/16
15/16

(1 1 )

By developing eq. (9) with the aid of the expression for obtained from 
ecj. (10), one obtains

n2 3n 9(ni) = — +  — +  ---  +  (P'i+1Z2 -  P*)ux ' 16 32 128 v ' (12)
Finally, by substitution of eq. (12) in eq. (4) the average molecular optical 
anisotropy of the chain becomes

M / r 2 = l  +  l  +  (P"+’Z2 -  P*)uZ o o Vn > 1 (13)
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A number of comments can be made concerning the above results: (1)
since

p',+1 ¿ 1  =  p*

the asymptotic behavior of (y2) can be easily obtained for large values of 
n; (2) by diagonalization of P one could obtain in this particular case the 
much simpler form17'20

<72>/r2 n
2

however, t he diagonalization method would lead to less general results than 
eq. (1.3).

INDEPENDENT INTERNAL ROTATION*
It will be assumed here that internal rotations of the various bonds of the 

chain in their valence cones are not Squall}' probable. These rotations are 
hindered by the interactions between different atoms in the molecule. 
Accordingly, a probability which takes into account these interaction forces 
must be attributed to each of the states of internal rotation, 0, + 120°, 
and —120° (t, g, and g').

If it is assumed that each of the internal rotation angles y>3, yn, . .., 
ipn is independent of its neighbor, the total energy, E(<p3, </u, . . ., <p„) of a 
given molecular conformation can be expressed in the form

n
E(<P3, <P4, ■ ■ - , <Pn) = 2  E(<Pj) (14)y=3

This assumption is equivalent to considering, along the chain, successive, 
elementary sequences of three bonds of energy E(<pj). Thus, only inter
actions between groups of nonbonded atoms separated by three bonds of 
the molecular skeleton are considered.

Probabilistic Analysis of the Chain
Statistical Weights. The statistical weight of a given conformation 

of the chain can be defined by a product u3u±. . ,un of statistical weights, 
where

Uj = exp { —E(<pj)/RT}
with R the gas constant and T the absolute temperature. On the basis of 
the proceeding hypotheses these statistical weights are mutually indepen
dent. The trans form of the elementary unit of three bonds will be chosen 
as the reference state and arbitrarily assigned a statistical weight of unity.

* T h e  tre a tm e n t presented  here is so m ew h at d iffe re n t fro m  and  m ore g enera l th an  th a t
of L e m a ire  e t a l.8



OPTICAL ANISOTROPY. I 967

The states g and </ thus have a statistical weight a = exp { — AEC/RT\, 
where AE„ is the difference in energy between a given gauche isomer and 
the trans form. Consequently, the respective probabilities of traus and 
gauche forms along the chain become

Pr(0 =  1/(1 +  2a) =  p

and (In)
Tr (g) = Pr(if') = <r/(l +  2 a) = q

where
V +  2 q = 1

These probabilities are independent of the chain length.
Markov Chain. It has just been shown that the general configuration 

of the molecular chain can be uniquely described by the conformations 
t, g, and g' of the groups of three successive bonds. The characterization 
of any of these elementary conformations for a bond j  relative to the ref
erence system (diagonals of a cube) evidently necessitates the knowledge 
of the direction numbers of the two bonds/ — 2,j — 1 adjacent to it.

From the probabilistic point of view the molecular chain behaves as a 
second-order Markov chain. It will be shown that such a chain can be 
reduced to a simple one.

Let Xj = (Y)-i, Yj) represent the internal rotational state of bonds 
j  — 1 and j. The transition from the state Xj to the state X j+1, if it 
is allowed, defines one of the various conformations t, g, or g' described 
previously. Consider, in schematic notation, the states

4a = U (a.l )a = 2
h = U (a,13)

a,13 =  2 a ¿¿¡3
4

C =  U (l.o ;)  (10)a = 2
where the event j Xj = aj, for example, indicates that the random variable 
Xj is in the state (2, 1), or (3, 1), or (4, 1). A state of the type a, b, or c 
will be designated by E}, that is Ej G | a, b, r}. The theorem on conditional 
probabilities yields the relation
Pr(A,+1 = Ej+i/Xj = Ej, . . Xj  = Ej)

_ Pr(AY = 7X, . . . , X} = Ej, X m  = EJ+i)
IT(.Y, = Ej, . . Xj  = Ej)

2 ^ i ^  j  -  1 (17)
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In passing to the statistical weight of the corresponding conformation 
and designating by «/ any conformation of the set of bonds j  to k, one can 
write the above ratio as

(IS )

(  Y  M sM l- ■ ■ U j \  (  Y  W j + AII /  W d  +1/X >  =  E j . X j + i  = E i+1 )
X C-+»n/j ^ j U j  1-2^j-4-3 - ■ ■ 6  n

+ i7 I ,'+ i = i H l
f  Y  U s U l . . . M A (  Y  U j + i U j + i .  . . U n \

\ i3i / X i = E i......X j  = E j  J  \ ( j+In/ X j = E j  )

Then eq. (17) becomes, for 2 ^ i ^ j  — 1

Y  Mj+1
j+ i1 +1/M  = flj.Xi+i = E j +1____

1 +  2 a
l’i'(-Yj+i = A’̂ / .Y ;  = U j, . . . , x i =  Ah) =

= Pr(X3+i = Ej+i/Xj = A1;)
(19)

It is seen that these probabilities are independent of i and j, and that one 
is concerned with a simple Markov chain.

The matrix of the transition probabilities can be written

(20)

For q X 0 this matrix characterizes a simple and regular Markov chain 
for the two-bond states a, b, and c.

Average Molecular Optical Anisotropy
From symmetry considerations, which are independent of all hypotheses 

concerning intramolecular interactions in the chain, one has

\Paa Pa6 P j 0 0 1
\l\a Pbb P j  = 9 v +  q 0
\ Pea P Cl1 Peel \P 2q o|

Pr (Y, = 1) = Pr(X, = a) = 1

and
PrOVi = 1) = Pr(X, = c) = ]

From eq. (5) one can write V„ ^ 3,
<"r) = ” +  2 Y  Pr(Ft = 1 and Yk = 1)4 1=2

+ 2 Y  Y  Pr(F; = 1 and Yk = 1) (2 1)J = 2 /,=;+!
and, by expressing eq. (2 1) in terms of the matrix P one finds for q X 0
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M  = '' +  [PS^iJu Vn > 1
After further developments one obtains for q ^  0 

n"-

(22)

M  = 16 n  l - 1 -  +  \ { Z -  Z2)„ + l  ( P ^ Z 2 -  P*)n (23)16
with

p* =

2

1
4
1
4
1
4

1
4
1
4
ll
4!

and

Z =

7q + 2

(N1CO 3q + 2
4 2 4

1 7q -  2 3g +  2 3 q -  2
4 2 4

2 -  5g 7 q -  2 7q +  2
4 2 4

(24)

Finally, carrying out the indicated calculations one finds the expression 
2 — 3a 9a2 12a — 4 8<72> /r2 =  —— J  n  +  f -----  +  -  (P^+'Z2 -  P*)„ (2 5 )

6q 2iq- 3
A number of comments can be made concerning the above results:
We have

lim P»+iZ2 =  P*
n —>oo

if one puts p = q = 1/% in eq. (25), one finds results corresponding to 
the first-order case.

For q = 0 the chain is entirely extended, and y2 can be calculated from 
eq. (3). In this case a summation formula can be established which leads 
to an expression in n2. However, the two cases q = 0 and q ^  0 are funda
mentally different and cannot be treated by the same method.

Finally, it should be noted that the form of eq. (25) is particularly con
venient for programming numerical calculations, as this expression involves 
only matrix multiplication.

INTERDEPENDENT INTERNAL ROTATIONS
In a real molecular chain, forces act between all pairs of atoms. Hence, 

all quantities which depend on interatomic forces are interdependent. In 
particular, the potential functions for internal rotations about the various
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bonds should be interdependent. A reasonable approximation is fo 
assume that the potential energy for rotation about a given bond depends 
only on the rotat ional states of nearest-neighboring bonds. Then, the total 
energy E(<p3, <p\, . . ., y„) of a given configuration of the molecule can be 
written in the form

n
E(iPi, <P4, ■ ■ •, <Pn) = E{<p¡-1, <P,) (26)J=3

where it is noted that the first term in the summation is a function of only 
one angle, because of the absence of a preceding bond at the end of the 
chain. This result leads to successive consideration of sequences of four 
bonds along the chain and of energy A'(y;-i, <p,). Thus, interactions among 
groups of atoms separated by three and four bonds of the molecular skeleton 
are included.

070

Probabilistic Analysis of the Chain
Statistical Weights. The statistical weight of a given chain conforma

tion will again be defined as the product u3Ui. . ,un of interdependent sta
tistical weights such that u, = exp { — 7'}. It was noted
above that each sequence of three bonds can adopt three different conforma
tions because of the threefold periodicity of the potential function. Hence, 
in a unit of four bonds it will be necessary to consider nine different con
formations. The completely trans form will be arbitrarily chosen as the 
reference state and assigned a statistical weight of unity. Thus, the fol
lowing statistical weights will be assigned to the conformations of three 
bonds: 1(f) and u(g,g'). For four bonds the corresponding weights are
1 (ff, tg, tg’, gt, g't), £(gg, g’g’) and o>(gg', g'g). The unit statistical weight 
for the conformations t and tt result directly from the choice of the reference 
state. But the assignment of the same unit statistical weight to the con
formations tg, tg', gt, and g't implies that the corresponding energies be
tween atoms separated by four bonds are essentially the same as in the 
conformation tt.

The statistical weights are given by the appropriate Boltzmann factors, 
a = exp { — AEJRT\
f = exp {-AEt/RT} (27)

and co = exp { — AEW/RT\
where A7?„, AE(, and AEa are the energy differences between the various 
conformations and the reference state. The set of the statistical weights 
of the various conformations of a sequence of four bonds of the chain is 
represented by the matrix

U t t U tg 'U'lg' 1 a a
Ugt ^00 U gg ' = 1 <r£ (TO)

U g ' U g 'g U 1 (TO ) (7$

(28)
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For the sequence of the three bonds at the beginning of the chain, the cor
responding statistical weights are given by the first row of the matrix of 
eq. (28).

For j  ^ 3, the states /, g, and </' of the ,/th bond are represented by the 
symbols j Xj = f}, {Xj = g], and ¡A), = g'\, respectively.

By definition let pt3-n, p03’n, and pa'3'n be the statistical weights taken 
over the set of bond conformations in the interval j  to n, such that Xj-i = 
t, Xj—i = g, andXj-i = g ’, respectively. Then one finds that, respectively,

p i,n = E UjUj+i. . .Un,= t
p«'n = E 1 • • • ̂ n.'jn/Xj- 1= 0
p ,/’n = E UjUj-\-i. . . Ut= »'

The properties of the interdependent model allow one to write the follow
ing recursion relation:

(Pt1-n,p0i-n,Po'1'n)T = u (/V+1'B,/V+1'K,/Vi+1''i)r (30)
where the subscript T denotes the transpose. Successive application of 
this recursion relation yields

ip r “.p /-\p ,/ ")t = U"-J+1(l,1 ,1)7. (31)
A quantity which will be of interest later is the ratio

pgi.n/pi,n = Pg,J.n/pii,n = g; ,n
which can be obtained either by direct calculation by using eq. (31) or 
analytically by diagonalizing U. In the latter case

5J-n = --------------------------- 1--------------------------- (32)1 -  X2X3(X3”- ;'+1 -  \-in~i+1)/(\3n~i+- -  X2"-y+2)
where X2,3 = 1/ 2(o_̂ +  aoi +  1 ± {(<r£ + trco — l )2 T Sc} /'2)
are two of the eigenvalues of U. The plus and minus signs distinguish X2 
from X3.

Conditional Probabilities. In order to evaluate the transition matrix 
of the chain it is necessary to calculate the conditional probabilities of the 
type Pr(X,+1 = t/Xj = t), Pr(X3+i = g/X} = t), etc. By \ising relation
(17) and a decomposition analogous to that in eq. (IS) the following rela
tion can be written

Pr(XJ+1 = t/Xj = t) = p r ^ / p / " -  
and aided by eq. (30) one obtains

Pr(A';+I = t/Xj = t) = pj =
1 +  2 aôi+2’’
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In a similar manner it can be shown that
Pr(Xm  = g/X, = 0 = Pr(A'm  = g'/X, = t) = q} = — adi+2’n

2<r5i+2'H
(33b)

]>r(.V,« -  t/X , IMA'« -  t/X , -  ,i) -  „  -  - - -
(33c)

Pr(Ari+1 = g/X, = g) = Pr(.YJ+1 = g'/X, = g')
atfJ+2-n= s, = -? 1 +  a(t +  w)8J+

Pr(Am = g/X) = g') = Pr(Xi+1 = g'/X, = g) I
au8i+2’n

U  (33d)

tj 1 +  <r(t +  w)8i+2-n (33e)
Furthermore

Pr(A', = 0 = % ___ 1 _
1 +  2a8A’n

and (34)
Pr(X3 = g) = Pr(X3 = g') = yt = ~ ^ - n

The transition probabilities of eq. (33), from a given state of bond j  to 
another state of the bond j  +  1 depend not only on the conformation of 
these bonds, but also on the conformat ion of bonds posterior to bond j  +  1 
through the term 8i+2‘n. These probabilities are furthermore, functions 
of the position in the chain of the bond involved, and thus, contrary to the 
case of independent rotations, are not constant.

Markov Processes. The general configuration of the molecular chain 
has been studied by using the set of elementary conformations of four 
bonds, as described by eq. (28). Consequently, in order to know if a 
given bond j  belongs to one of these various conformations it is necessary 
to mark in the reference system the directions of the three bonds j  — 3, 
j  — 2, and j  — 1, which fall adjacent to it. Thus, the system is des
cribed by a third-order Markov process, which, as will be shown, can be re
duced to the simple case.

Pet the triplet X, = (K,-_2, F,_i, Fy) represent the internal rotation state 
of the corresponding bonds. The passage from the triplet Xj to the triplet 
X j+i, if allowed, defines one of the four bond conformations which has just 
been discussed.
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Consider the following states:
4

a  = U  (a,d,l)a,fi = 2 â /3
b = U (1,«,1)a = 2

4
c =  U  (a ,f t ,a )a,& = 2

4
(I = U  (a ,0 ,y )

* ,0 ,7  = 2 
P̂ y7

4
C =  r  (1 , a , l i )*.0 = 2 â /3
J  = U  (a, 1,0)

a ,/3 =  2 a.7*l3
4

h = U  (a ,l,a ) (35)a = 2
Let lij represent a state of type a, or b, . .., or /, or h; thus Ej £  {a,b, 

. .., f,h\. Considering the four-bond interaction model adopted earlier, 
it can be seen that the decomposition of eq. (18) is still valid here, but for 
the states E, that have just been defined. Thus one has for 3 i ^ j  — 1,
1 i’C'E+i = hj+i/Xj — hj, .. ., A, = E0

(  E  f  E  U j + z U j + t . . .  u„\
=  +l/ X j =  E j , X j + i =  g j + 1_____¿ \ ' j +1* / X j + l - E j + l_  J

y  , U ' j + i ' U j + 2  • ■ ■ 
e y + ln /A ’ j  = h  j

— Lr(A"i+1 = hj+i/ \ j  = hj) (56)
It is seen, then, that one is concerned with a simple Markov process. 
Equation (36) allows the calculation of the different transition probabilities 
of this process, viz.,

l’r(A'j+i = f /Xj  = a) = <r(£ +  u)p,>+*-'/p.>+'-*
<r(£ +  co)5J'+2’"

“  1 +  <r(i +  «)«'+*■ "
=  S j  +  l j>

Pr(X,+1 = e/Xj = h) = 2<r1)ej+'i-n/p l1+i’n
2 a 8i+2-n 

1 +  2 a8i+2'n
=  2qj  (37)
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The seventh-order transition matrix P3, from states of bond j  to states of 
bond j  +  1 is written in the form

P aa;jP ab;j..................P ah ;j
PbapPbb ;j..................Pbh;j

Pi =

i!

Vha
0 0 0 0 0 Sj +  tj i'j
0 0 0 0 0 2 qi Pi
(Jj 0 Pi Qi 0 0 0
s.; 0 I'j tj 0 0 0
t. 0 I'j Sj 0 0 0
0 I'j 0 0 Sj +  tj 0 0
0 Pi 0 0 0 0

(38)
It should be noted that this matrix is modified by a translation along the 

chain and is not constant as n varies. Furthermore, it characterizes a 
simple Markov process for the three-bond states a,b, .. ., f , h .

Average Molecular Optical Anisotropy
For //. 4, eq. (5) can be written in the form,
<Hi*> = ; +  2 £  PrOd = 1 and Yk = 1) +  2 £  Pr(F2 = 1 and Yk = 1)4 i; = 2 k = 3

+  2 Z  £  Pr(Yj = 1 and Yk = 1) (39)
3 —  3 k  =  j  + 1

The method of evaluating each summation in eq. (39) can be illustrated 
by considering the last term on the right-hand side. A well known prop
erty of Markov processes allows one to write for./ < /,•

(PjPj-t-i ■ • .P a- iL, =  Pr(.Y„ = b / X ,  =  a )
The a priori probability vector at time j, which can be written

Qj =  [Pr(A'j =  a ) ,  V r ( X j  =  / ) ,  Pr(A', =  /*,)] (40)
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has the property
Q; = Qi iPj-i = Q PiPi . Pj-i = Q.;PP,;P i .. P/—i (41)

where the matrix P2 = I7 is equal to a seventh-order unit matrix. Hence 
Vj,k such that 3 ^ j  < k,

where

and

1 and Y k =  1) — Q3P 2P3P4 • • ■ p j j

1 0 0 • • • 0
0 1 0 ■ • • 0
(J 0 0 • ■ • 0

M =

0 0 0 • • • 0

1
I
0

V =

(43)
are, respectively, a square seventh-order matrix and a seventh-order col
umn vector. Similarly, if one defines

l 3 = [0,Pr(A', =- b), 0, 0, Pr(X, = e), 0, 0]
v  = 10, 0, 0, 0, 0, Pr(A’, = /),Pr(X3 = h)] (44)

one finds that
Pr(Fi = 1 and )'* = 1) = l 3p 2p3p ,...P*-iV

and (45)
Pr(P2 = 1 and Y,t = 1) = I. p p p . p, iV

Thus,
<»i2> = l  + U = :i (L3 +  L3')P2P;!P4 Pr-rV

n - 1
+  Ej = x t/■ •=y+i Q P P P MP P ,V| (40)

It has been shown by a recursion relation that the sums in braces can be
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generated identically in the following manner:

where
Qt =  (2/3/2, '̂3/4 ,X3/2,2/3/2,i/3/2,7/3/2,x3/ 4 ) 
U  = (0)*,/4,0)0,W2,0,0)
W  =  ( O j O j f h O .0 ,7/3/ 2 , .r3/  4 )

O = (0,0,0,0,0,0,0)
P, o 7 I7

= P,M P, 0 7
O- 0 7 It

(-IS)

( 10)

0 7 and 0 T being, respectively, a square null, seventh-order matrix and a 
seventh-order null column vector. The matrices H are thus of order 2 1 . 
Noting that for j  > 3, Q,V = Pr(X3 = a) +  Pr(X> = 6) = Pr(l/- = 1) = 
1/4, one can incorporate the term n/4 of eq. (40) in the matrix product by 
taking

thus, for n ^ 3 the expression for the average molecular optical anisotropy 
becomes

A number of comments can be made concerning the above results. It is 
seen that in this case, unlike those of first and second order, it is not pos
sible to employ a summation formula to reduce the sums appearing in eq. 
(46). In effect, in the third-order case the matrices P3 depend on n. Thus, 
the final result has been expressed in the form of a product of matrices 
H j which can be easily evaluated for numerical calculations.

With £ = co = 1, that is, 5J+2,n = 1 in eq. (f>l), one obtains the results 
corresponding to the second-order case. Furthermore, if, in addition u = 
1 , the results are those of the first-order case.

The results just established essentially relate to the tetrahedral lattice. 
However the conditional probabilities of eq. (33) can be extended to the 
case in which each bond,/ introduces m distinct values <pjw,<pJl2>, . . . ,

W' = 2{ [(La +  La' -  (Q,/2)],Q„[(3Qi/2) -  L3 -  L,']}
V

w  = |or
V

(•)0)

10 r " - 1<7 2>/r2 = --  W' I I  H, W -  (n*/3) 3 L j = 2 J (51)

GENERAL REMARKS
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<pj(m) of the internal rotation angle. The set of the statistical weights cor
responding to the rotation of the jth bond of the molecule will be represented 
by the m-order matrix II,-, of which the element of row r and column s will 
be written

U j . rs =

In an analogous manner to eq. (29) we define the following quantities:
Vr1'n = E  Uj Um . . . U n (52)

1 =  <Pj-l (r)

It cun be shown that
( i V ' W ' V  =  ( U ^ u , .  . . . ,D r  ( 5 5 )

and similarly to eqs. (33), (34) one has
l’rfrm = < P m (s)/<Pi = n) = rq+1;rspP+2,B//V+1,re V ,  £ 3 (54)

m
Pl- ( ^ 3  = <ps(s)) =  P s4'V E  Pr4 n (55)

r  —  1

The set of conditional probabilities of eq. (54) will be represented in a matrix 
G, of order m. These probabilities can be easily obtained with the aid of 
relation (53) in which only statistical weight matrices appear.

At this stage of our development it would be possible to express the aver
age molecular optical anisotropy of a chain in a form sensibly equivalent 
to the matrix method. It is known3,4 that the average molecular optical 
anisotropy (y2) of polymer chains can be written as a sum of two terms; 
the first is easily obtained, and the second can be schematically written as:

E  -ffoi+i) ■ ■ 0)j<k
where each function is a ninth-order matrix. By using the theorem 
on conditional probabilities, the average can be expressed in the form:

( ) =  E  I I  P r ( <pt/ < p i - i ) j ( v t ) (5G)
•P j-1 , <P ,<Pk-l 1 = 3

Let Fj be defined as a pseudodiagonal matrix in which the rth element is 
f(<Piir)). Later, F, will be formally considered as a matrix of order m. 
Let Q; be the a priori probability vector at time,/, such as

Q. = [Pr(<pj = *,/”),Pr (VJ = v /2!).... IT(v; = ^ (w))]
and S the m-column vector (1, 1 , . . ., l)r .
Finally, eq. (56) can be expressed in the form

Q^IG^F^) ( G j F j ) . . . (G*_*Ft_*)S (57)

The summation E  ( ) may be generated identically by taking a matrixj<kproduct as illustrated in eq. (51).
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At last, another remark can be made. It must be noticed that condi
tional probabilities of eq. (33) corresponding to the case of interdepen
dence allow one to simulate on a computer the step by step generation of the 
various conformations of a chain with their corresponding probabilities. 
Such a simulation can be useful to study the excluded volume effect (as-

TABLE I
Values of (•y*)/!’’ Calculated w ith the Aid of M arkov Processes 

for the Various Models of Infernal R otation“'16

97»

<72>/r2
n Equiprobability” Independence1* Interdependence0
i 1 1 1
2 1.3333 1.3333 1.3333
3 1.8888 2.5445 2.5445
4 2.3703 3.3252 3.3863
5 2.8765 4.5202 4.7865
6 3.3744 5.4692 5.8278
7 3.8751 6.6228 7.2429
8 4.3749 7.6427 8.3807
9 4.8750 8.7661 9.7752

10 5.3749 9.8184 10.9640
11 5.8750 10.9239 12.3337
12 6.3749 11.9920 13.5536
13 6.8750 13.0875 14.9025
14 7.3750 14.1635 16.1431
15 7.8750 15.2537 17.4761
16 8.3750 16.3337 18.7311
17 8.8750 17.4211 20.0524
18 9.3750 18.5032 21.3176
19 9.8750 19.5891 22.6304
20 10.3750 20.6723 23.9029

30 15.3750 31.5160 36.8198

40 20.3750 42.3592 49.7311

50 25.3750 53.2025 62.6414
a The number of C -C  bonds is n. Tetrahedral valence angles have been assumed and 

the internal rotation angle is ¡p =  0, ±  120°.
b The matrix method6 gives results in perfect agreement with the values in th is table 

for the same choice of parameters. 
c By eq. ( 13).
11 By eq. (25): a t 25°C, <r = 0.3633, i.e., p =  0.5791 and q =  0.2104. 
e By e<4- (51): a t 25°C, a =  0.3633, era = 0.0147, and £ = 1, [to be substituted in 

eqs. (33) and (34)].
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sumed to be generally weak21 on the molecular optical anisotropy. The 
generation ol the chain in a tetrahedral lattice allows interesting simplifica
tions in the evaluation of (y2) because this computation is equivalent to 
counting of the bonds according to the four directions of the lattice.

NUMERICAL RESULTS AND DISCUSSION
Comparison of experimental and theoretical values of the average molec

ular optical anisotropy of polyethylene chains has been made previously.1’4 
Hence, the numerical results given here will be limited to a few illustrative 
values of (y2) / r 2 calculated for each of the three chain models that has 
been developed. The following energy parameters have been chosen:5 
AE„ = — RT In <j = 600 cal/mole, AEt « 0, &Ea = —RT In « = 1900 cal/ 
mole; for a temperature of 2.r)°C, a = 0.3633; <r£ = a, aw = 0.01471, 
from which can be obtained the various transition probabilities needed to 
calculate (y2) for the two later models considered. The numerical results 
up to n = 50 are summarized in Table I. It has been verified that these 
numerical results are in excellent agreement with those obtained by the 
matrix method5 and the same choice of parameters.

The ratio (y2)/nT2 is plotted in Figure 1 as a function of n for the dif
ferent models of internal rotation studied. It is evident that only curves 
2 and 3, which correspond to models of hindered internal rotation, exhibit 
values of (y"-)/nY'1 which increase with n, in agreement with experiment. 
Hence, the model of curve 1 should be eliminated.

It is known,1,5 however, that the model of curve 3, which takes into ac
count the interdependence of internal rotations, yields the best agreement 
with the ensemble of experimental results. It can also be seen in Figure 1 
that the effect of including correlations between internal rotation angles of 
nearest-neighbor bonds is to increase the values of (y2)/n r2 by about 20% 
(for n »  1) compared with the results for independent internal rotations.

Fig. 1. Curves for (1 ) a chain with tetrahedral valence angles and equally probable 
internal rotations; (2) the model for independent internal rotations and (3) tha t for 
interdependent internal rotations.
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This result can be explained in the following manner. The elimination 
from the chain of all gauche conformations containing the sterically inac
ceptable sequences gg' and g'g [co «  0 in eq. (28)] favors the extended con
formations which are rich in trans bonds, and results in an increase in the 
anisotropy of the chain. By using eq. (.3) it can be shown that the trans 
form of a molecule of given length n is much more anisotropic, other things 
being equal, than any of the corresponding gauche forms.

CONCLUSIONS
By use of Markov processes, the average molecular optical anisotropy 

(y2) of tetrahedral-lattice polyethylene chains has been calculated as an 
explicit funct ion of various parameters which define the statistics of a molec
ular chain of any length. The analysis developed here presents for the 
first time, the treatment of (y2) with the aid of Markov processes, for various 
models, from the simplest to the most sophisticated of those in current 
use. The study of these models emphasizes the importance of the condi
tion of interdependence. It also provides a basis for the comparison of the 
effects obtained under the same conditions for other conformational prop
erties of chains such as end-to-end distance,9“ for example.

In this work all numerical calculations are performed by relatively 
straightforward programming of matrix products. In the case of inter
dependence, the only one of real interest, the matrices considered here are of 
order 21 versus 244 or 333 in the matrix methods. Thus the computational 
difficulties of these different methods are sensibly equivalent for the cases 
considered in this paper. However, since the matrix method appears to be 
of more general utility, the possibility of extension of our results has been 
shown in this paper.

Finally the present study indicates how, the equivalence between the con
formational statistics of chains and the corresponding problem of the 
theory of Markov processes must be understood. In particular, in the case 
of a real chain, for which it is necessary to take into consideration the 
interdependence of the internal rotations, it is found that eqs. (33) allow 
this effect to be represented by mutually dependent consecutive (rather 
than simultaneous) events. This idea may help to explain certain com
ments found in the literature.9b
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Optical Anisotropy o f Polymer Chains and 
M arkov Processes. I I.  Polyoxyethylene
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Synopsis
A comparative study of the average molecular optical anisotropy ( y2) of the polyoxy

ethylene chain, R—O ( CILUILO-} ,.l! where R  =  CH3, H and n is the degree of 
polymerization of the molecule, was carried out for the different internal rotational mod
els considered in P art I of this series. In  particular, the results obtained show th a t the 
condition of interdependence between internal rotational angles of nearest-neighboring 
bonds increases (he average molecular optical anisotropy by about 4%  (n »  1), com
pared with the case of independent rotations. This increase is much weaker than in 
polyethylene chains, for which it is about 20% under analogous conditions.

Introduction
The procedure for calculating the average molecular optical anisotropy 

which was developed in Part I 1 will now be applied to polyoxyethylene 
(POE) chains, having the general formula R—0-f-CH2CH20-)-nR, where 
R = CH3, H and n is the degree of polymerization. The definitions 
and notations, as well as the results, of Part I will be used in this treatment. 
Thus calculations of the same type as in Part I need not be developed. 
Furthermore the same physical model will be employed.

It is generally assumed2’3 that in POE the angle ip which characterizes 
the internal rotation state of a given bond, can have values 0, + 120°, and 
— 120°, corresponding to the trans (t), gauche (¡7), and gauche prime (g') 
positions, respectively. Furthermore, in POE all valence angles are very 
close to the tetrahedral values,2'4 allowing certain simplifications6 to be 
made in the calculation of the molecular optical anisotropy.

From the point of view of optical anisotropy, the POE chain behaves as if 
it were made up solely of C-C, C-O, and O R bonds, each having an op
tical anisotropy equal,6'7 respectively to r  = ycc — 2tch, $co = Tco — 
7CH, and Tor (tcc, 7co, Tor, and tch being the optical anisotropies of 
bonds C-C, C-O, O-R, and C-H). If one considers a chain of polyoxy
ethylene dimethyl ether) (POEM), (R = CH3), one can show6 that tochs =  
Scot and, for poly(oxyethylene glycol) (POEG), (R = H), tor = Ton, 
the optical anisotropy of the O-H bond.

983
©  1971 by John Wiley & Sons, Inc.
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General Equations
The molecular optical anisotropy y2 of a rigid conformation of the POE 

chain is written6'7

Y2 = ’4 n2-(nr +  n 2 +  n32 +  V ) — ~O O
4 4n2
3(pi2 +  P22 +  p32 +  V 2) ~ - j S c o 2

+ 4 4.̂ 0'i2 +  )’o2 T r32 +  ?’42) — -

+

+

Yor

4n2(nrpi + n2p2 +  n3p2 +  n4p4) —O O
8 A n- ( j i i i ' i  + n 2r 2 + n tf's  + n4r4) — —- o o _

IYS'r

ryoi
"8. 8n-(PiJ’i +  p2?2 +  Pars +  p4r4 --- -o o <8coYor (1)

in which ni, n2, n3, and n4 are the numbers of C-C bonds parallel to direc
tions 1, 2, 3, and 4, respectively, of a molecular reference system represented 
by the diagonals of a cube, and pi, p2, p3, p4 and rh r2, r3, r4 are the corre
sponding numbers relative to C-0 and O-R bonds. As the average values 
(ni2), (pi2), etc., are independent of the direction i, one can write:

(y2) =

+

" 1 6 ,  , n 2 r 1 6 ,  v 4 n 21 r  t o  4 i
y ( « i 2) !

| co 
1 r2 +

L ? «  -  t J*Sco2 +

------1
1 CO11 CO 

____1 Yor'
32 , N 4n2
I  M  ~  T V S ico 32 , v 4n"

j  M  ~  J rYoR + 32 , s 8n  
L 3 (P‘r‘}-  3 .

X »ScoYoR (2)
In the reference system of the molecule the state of the ¿¿th bond of the skele
ton, i.e., the number representing the direction adopted by this bond, will 
be designated by FM. If A,, is a random variable equal to unity when the 
event {FM = 1 } is realized and zero in the other cases, for 1 ^ m ^ 3n +  
2, one has

ni X  Ay3 = 1
n  n + 1

P l  —  X  A 3 i_ !  +  A 3/,:_2 
3 = 1  * = 2

(3)

(4)
(5)ri — A i +  A 3h+2
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Then, for the average values.
(nr) = Y  (A3/} +  Y  (AvAzj) (6)

3 j r ^ j '

(Pi2) = Y  (Asj-i2) +  Y  (Azk—r) +  Y  (Asj-iAw-i)k j^j'
+  E  (^3*-2A3t'_2) +  2 E  (A*_i-iA u-z) (7)k 7*~ k ' j J;

(n2) = (Ai2) +  (A3„+22) +  2 (AiA3„+2) (S)
(«iPl) = E  (AyAsy-iï +  E  (AzjAU-o)j,}' j.k' (9)

(win) — E  ((AiA3j) +  (A3JA3b+2)) (10)
(pii’i) — Y  ((AiAtj-x) +  {Axj-iA-in+?))

j

+  Y  ((A\Azk-i) +  (A3it_2A3„+2)) (1 1 )k
and, by introducing the corresponding probabilities, we have

<V> = Y  Pr(F„ = 1) +  E  Pr(F3y = 1 and Y„, = 1) (O')
j  jVT

<Pi2> = E  Pr(5V, = 1) +  E  Pr(F.i_2 = 1) +  E  Pr(FSi_i = 1k j*]’
and Yzj'-\ = 1) +  E  Pr(F3i._2 = 1 and F3,t'_2 = 1)k^k’

+  2 E  PrOV -1 = 1 and F3*_2 = 1) (7')j.k
<n2> = Pr(Fi = 1) +  Pr(Fs„+2 = D

+  2 Pr(F, = 1 and F3„+2 = 1) (S')
fyhPÙ = E  Pr(F3J = 1 and Yv. = 1) +  E  Pr(F3J = 1 and F3*_2 = 1) (90j.j' j.k
M  = E  [Pr(Fi = 1 and Yv = 1)

j

+  Pr(F„ = 1 and F3n+2 = 1)] (10') 
(Pin) = E  [Pr(Fi = 1 and F3,_i = 1) +  Pr(Fw_i = 1 and F3„+2 = 1)]3
+  E  [Pr(Fi = 1 and F3,_2 = 1) +  Pr(F3t_2 = 1 and F3„+2 = 1)] (11')I:

Equally Probable Internal Rotations

One can see that VM,„, such that 1 ^ n, v ^ 3n +  2, Pr(FM = 1 and 
Yy = 1) = Pr(X„ = a and A'„ = a) = Pr(A^ = a) -Pr(AF = a/X„ = a) 
and, by symmetry, Pr(FM = 1) = Pr(XM = a) = */* V„-

It is also evident that in the case in which there is equal probability of 
the three internal rotational positions 0, +  120°, and —120° for all the
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bonds of the molecule, only one matrix of transition probabilities is neces
sary to characterizie the chain, viz.,

px aa P ul> 0 1

]>1 ba Pbb 1/3 2/3
It is known that Pr (Ar„ = a/X^ = a) = [P''-M]u, where the subscripts 
identify the 1,1 element of the matrix product. Under these conditions, 
and by putting P3 = R the evaluation of the different sums according to 
similar calculations developed in Part I leads to:
<72} = (13 n 27 S 

V li +  392 +  3 |R"+1Z2 r2

+ j 1̂ ' + ^  + 3 [(P + R)(IS + P2)(R"Z2 -  R*)],i|5co* 
+ | ‘I’ + jj [P(R* -  R*)]ii|yoR2 

+ { -  J  -  ^  + y  [P(P + R)(R"Z2 -  R*)lu}r,Soo
+  -  y  [P2(R"Z -  R*)]i^rT0R

+  { -  y  -  Y [(P +  R)(R'Z -  R*)]n^co7oR Vn?i (13)
where I. is the second-order unit matrix, R* = lim It", and Z = [I2 —

71—► co

(R — R*)]~l, these last matrices having the following forms:

and

1/4 3/4
1/4 3/4

109 3
112 112

1 111
112 112

It is found that as n tends towards infinity, R"Z, R"Z2, Rn+1Z2, and R" all 
approach R*. Thus, the asymptotic behavior of (y2) for large values of n, 
is easily obtained.

Independent Internal Rotations

Because of the different kinds of atoms that constitute the molecular 
skeleton of POE, the interactions between the atoms in the chain will also
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he different. Later it will he necessary to distinguish several types of in
ternal rotations relating to the different bonds in the chain. For further 
convenience we have chosen to “read” the molecule from left to right as 
given above and have adopted the plane of its first two bonds as the origin 
for the angles of internal rotation.

First, consider the case of POEM for which R = CH3. Two types of 
internal rotations will be investigated,6 those of O-C or C-C bonds which 
are equivalent and those of C-0 bonds. The statistical weight a will be 
assigned to the conformations g and g' obtained by the rotation of bonds 
O-C or C-C in the three-bond units CH2—CH2—0—CH2 or CH2—O— 
CH2—CH2. This statistical weight takes into consideration the interac
tions between two CH2 groups separated by three bonds of the molecular 
skeleton. Likewise, the statistical weight a' will be associated with the 
conformations g and g' obtained by the rotations of the C-0 bonds in the 
three-bond unit 0—CH2—CH2—0. This statistical weight takes into 
account the interactions between two oxygen atoms separated by three 
bonds of the molecular skeleton. These weights can be expressed with the 
help of the Boltzmann factors

a = ex p { —A EJRT}
a' = exp S -  AE../RT)

(15)

where AE„ and AEa> are the internal-rotation energy differences between 
the gauche isomers and the Irons form, which is chosen as a reference state; 
R is the gas constant, and T is the absolute temperature. In the case of 
POEG, for which R = H, one must consider a supplementary internal 
rotation. It will be that of the C-C bond of the H—O—CH2—CH2 
unit from the beginning of the chain or, what is equivalent, that of the 
0-H bond of the final CH2—CLL—0—H unit. It will be supposed that 
the interactions due to the terminal hydrogens are weak3 and, conse
quently, equal statistical weights of unity will be assigned to each of the 
three internal rotation states of the C-C and 0-H bonds in the units de
scribed above.

For a POEM chain the probabilities of having a trans state and then a
gauche (or gauche prime) state for the O-C or C-C bonds in the chain are, 
respectively,

Pr(f) = 1/(1 +  2cr) = p
and (16)

Pr(gO = Pr(fif') = a/(1 + 2a) = q
Similarly, the probabilities of having a trans state and then a gauche (or 
gauche prime) state for the C-0 bond in the chain are given by

Pr(0 = 1/(1 +  2a') = p'
and

Pr(ff) = Pr(r/') = o-'/(l +  2a') = q'
07)
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la the case of a POEG chain it is necessary to consider the effect of the 
terminal hydrogen atoms on the internal rotations of certain bonds. An 
equal probability of l/ 3 is assigned (consistent with the choice of unit sta
tistical weights) to each of the internal-rotation states of the first C-C 
bond in the chain and to that of the last O-H bond. For a chain of type 
R—0 —(CH2—CH2—0)„—R, it is necessary to define three transition 
probabilities matrices: P(C—0 —*■ 0—C or 0 —C —►  C—C), P'(C—C —►  
C—0), and P"(2 —►  3 or 3n +  1 —*■ 3n +  2), where for each of these ma
trices the types of bonds between which the transition must be effected have 
been indicated in parentheses. Thus, the notation C—0 —►  0—C, for 
example, means passage from the C—0 bond states to those of the 0—C 
bond. In the case of a POEM chain these matrices have the forms

0 0 1
q v +  q 0
V 29 0

0 0 1
9' p' +  a' 0
p' 2 q' 0

P" = p

(18)

(19)

and, for POEG molecules, only the P" matrix changes; thus,

P"
0 0 1

1/3 2/3 0 
1/3 2/3 0

(20)

Now, consider the various average values defined by eqs. (6')—(11'). By 
noticing that for 2 ^  ̂ ^ 3n +  2

Pr(F„ = 1) = Pr(A% = a) = 1/4
and

Pr (F,-! = 1) = Pr(Z, = c) = 1/4
and by putting P 'P2 = R (this last matrix is regular if both q and q' are 
non-null), one obtains after further developments, the average molecular 
optical anisotropy in the form:
(t2) = Z -  I33 3

8 8 n +  -  [Z -  Z2] +  7 [Rn+1 Z2 -  R* 1 V. p2 
11

+ (I3 +  P)ZP'(I3 +  P) -  -  I3 I n
4

+ Y i3 -  ® (P'PZP P +  p '(i, +  P)Z2P'(i3 +  P) -  p 'z p ')

+ : [(P'P +  P'RKR" - 1 Z2 -  R*)(RP' +  P 'P)]„/ Sco-
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10 I 3 +   ̂ P 'P " ( R " - 1 -  R * )P 'P 'O O T o r "

+  [P'(I3 +  P)Z +  ZP'(I3 +  P) -  I,]n

+ '41, 8
3 +  3 (P'Z +  ZP' -  P'(I, +  P)Z2 -  Z2P'(I3 +  P))

+  - [(P'R +  P'P)(R'lZ2 -  R*) +  (R"Z2 -  R*)(RP' +  P'P)]J> rScc

(I [p'P 'P 'Z  +Z P 'P '' -  -  2
- [P'P"(R''Z -  R*) +  (R»Z -  R*)P'P"]f P 7 0 R

+ P'P"ZP'(I3 +  P) +  P'(I3 +  P)ZP'P'' -  I,
-  £ [(P'P +  P'R)(R"-‘Z -  R*)P'P"o

+  P'P"(RB- ‘Z-R *)(R P ' +  P'P)]1 Scotch 7 . ^ 1  (21); ii
where I3 is a third-order unit matrix,

R* = lim R"
Z = [I3 -  (R -  R*)]-1

The matrix R* having the following form
1/4 1/2 1/4

R* = 1/4 1/2 1/4
1/4 1/2 1/4

(22)

The matrix Z is not given here because its form is not simple. However it 
can be easily calculated.

As n tends towards infinity, the limits of RK~'Z, RB~'Z2, etc., all equal 
R*.

Interdependent Internal Rotations
Now consider the case of POEM, for which R = CH3. It is necessary 

to distinguish three types3’7 of internal rotations in the chain: those of 
bonds O-C, C-C, and C-O. The corresponding statistical weight matrices 
have been defined and can be written, respectively as

Uoc
1 a a
1 <j £ aw
1 (J(0 o-£

(23)
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1 < 7 a
(2 4 )

1 <j' a'
Uco = 1 (Rw1 <j'(j) a’1;

(25)

where each statistical weight a, £, «, u', and «' is represented by a Boltz
mann factor.

The total statistical weights for each of the nine possible conformations 
(see Part I 1) for the four-bond unit 0—CH2—CH2—0—CH2 are given by 
eq. (23). Furthermore, the statistical weights of the conformations cor
responding to the units CH2—CPI2—0—CH2—CH2 and CH2—0—CH2— 
CH2—0 have been represent ed by eqs. (24) and (25).

In the case of POEG, for which R = H, one must distinguish two addi
tional internal rotations: that of the C-0 bond in the unit H—0—CH2— 
CH2—0 at the beginning of the chain and that of the terminal O-H 
bond in the final unit, 0—CH2—CH2—0—11. If one assumes that all 
interactions due to the terminal hydrogen are weak,3 the corresponding- 
statistical weights matrices have the forms

In general, for the POE chain these matrices will be designated U4 and U3„+2. 
Thus, if R = CH3, U4 = Uco, and U3re+2 = Uoc- The significance of the 
statistical weights a and a' has already been specified in the preceding- 
paragraph; it is now necessary to define £, co, £', and a/. In the elementary 
sequences 0—CH2—CH2—O—CH2, as well as in CH2—0—CH2—CH2—0, 
the statistical weight £ is associated with the conformations gg and g'g' 
which involve interactions between a CH2 group and an oxygen atom sep
arated by four skeletal bonds. In these same sequences the factor oj takes 
into account the interaction between a CH2 group and an oxygen atom 
in the molecular conformations gg' and g'g. Finally, in the CH2—CH2— 
0—CH2—GIF unit the weight £' is attributed to conformations gg and 
g'g', and the weight «' to conformations gg' and g'g. These factors rep
resent interactions between two CH2 groups separated by four skeletal 
bonds of the molecule and in the corresponding conformations. As in 
Part I,1 the statistical weights p/*•**+*, p/>w+4, pt/ ' 3n+2 can now be de
fined. In an analogous manner it is shown that

1 a' <j
U'co = 1 a' <7

1 a’ a
(26)

1 1 1 
U'oH = 1 1 1  

1 1 1
(27)
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[p«4'M+*, VoiM+-, V«'iM+2h  = U4(UocUccUco)n- 1 IW[1,1,.1]T
[ p W  +  l , 3 « + 2 ) p i M + 1 . 3 » + 2 ) p ((, M  +  l 18 » + 2 ] T  =  U c o ( U o c U o c U c o ) ’, - J U 3 » + 2 [ l  , 1 , 1  ] T

For 2 ^ j  ^ n
[p«3' +2'3"+2, P,32+2'3B+2, Pi,«+2.»+*]T = (UocUccUco)"^ U*«+2[1,1,1]T

For 1 ^ j  ^ n
^37' -j- 3 , 3 w -J-2 ^  3 J  ~{-3, 3 n  ~\-2 r^j / 37 -J-3 , 3 w - |- 2 J ^

= UccUcoiUooUccUco)"^-1 U3H+2 [1,1,1 Jr
For 1 ^ j  ^ n — 1 (28)

I11 these expressions the subscript T indicates the transpose. In order to 
evaluate the conditional probabilities for the POE chain it is necessary 
to define the ratio 5".3n+2 = p / '3"+2/p (" 3”+2, which can be calculated 
analytically. However, the results are not simple; thus, it is preferable 
to obtain 5''’3"+2 directly by using eq. (28). The transition probabilities 
have the following form

li(A^+i -  t/X„ — 0 — j 2m6'*+2'3b+2 _
uSr+tM +2iMAVn = a/Am = t) = Pr(A'M+i = <//.A, = i) = j- — ■— ~  

Pr(X^+i = l/X \ = y) = IT(A'm+i = t/Xp = </')

Pr(A'„+i = (j/ = <j) = Pr(A'„+i

Pr(AM+1 = (//A„ = i/') = Pr(A'M+i

with for

I
1 +  u(v + ,c)iM+2,3"+2 ~~

i/'AV, = </')
^+2,3»+2

1 +  u(v +  tc)S'i+2'3B+2 _ ^  
f/'/A'M = i/)

3»+2= ----- —  — = L (29)1 +  n(r +  «0 5"+2’3,1+2

!U =  a'
v = {
» ’ =  COiu = a' 

if It = ll\v  = 1
[u> = 1
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\U =  <J
m = 3j; (2 ^ j  ^  n) <y = £

\'W =  CO

i l l  =  a

H = Sj +  1; (1 ^ j  ^  n -  l)<jy = £
W =  CO

iu = a
V = £' 
W =  Oj'

1u = <7
c h 3 ]̂V =

1[w = CO
lu = 1

H = 1= 1 (3 0 )
Finally, one finds that

Pr(X3 t) = 1
•i'3

Pr(X3 = g) = Pr(X3 = g1) =
1 +  2w54 ' 3 n + 2

Mg4,3»+2
1 +  2m64'3"+2 =  2/3 (31)

with u — a for R = CH3 and u = 1 for R = H.
If one denotes by PM the matrix of transition probabilities from the states 
of bond ju to those of bond m +  1, F„ such that 3 ^ g 5$ 3n +  1, one has:

P, =

0 0 0 0 0 SM +  ¿M }V

0 0 0 0 0 P m

% 0 P m % 0 0 0

sM 0 ,-m ' m 0 0 0

K 0 »’m SM 0 0 0

0 0 0 0 0 0

0 P m 0 0 0 0

(3 2 )

In order to evaluate the average values corresponding to eqs. (6,) - ( l l ,)> 
it is necessary to express these equations as a function of states a, b, . . . ,  
h of the Markov process. With the transition matrices P̂ , the average 
molecular optical anisotropy of the POE chain can be written:
<72) = f W/ II (Hd/VW + W./ II (H2)/W2 + W3' II (H3),W3J=1 3=1 3=1

(/i.F +  2nSco +  27or)2
3

V n  >  1 (3 3 )
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in which
w /  = [ —rQs +  2iS'co(L3/ — 2Q3M) +  27orL3,2Q3,

( 2 7 0 R 2 +  r 2 +  45c o r ) Q : i  — 2 r 7 , , R L 3 ]

W / = [2<Sco(L:/ — Q3M) +  27011L3, 2Q3, 2(iSico2Q3 — Sco7orL3)] 
W / = [2Nco(L3/ ~  Qa) +  ‘27orL3> 2Q3, 2(Nco2Q:i — <Sco7orL3)] (34)

Irvl 
Wx = Ot 

V

Wo =

W3 =

¿'coV
OrV
T o r V

Ot
V (35)

with
Q> = [i/s/2, ,t3/4, z3/2, W2, 2/3/ 2, 2/3/ 2, .r3/4]
Ls = [0, 2:3/ 4, 0, 0, 2/3/ 2, 0, 0]
L3' =  [0, 0 , 0 , 0 , 0 , 2/ 3 / 2 , .7 :3 / 4  ] (3(5)

the matrix M and vector V being defined by eq. (43) of Part I.1 
finally:

( H , ) ,

( H - ) ,  =

( H , ) ,  =

P  33- 3P .'IJ-2P 3 2-1 0 7 n 7

r  P :ij -3P32- 2P3/-lM 
+  /ScoP 3 j— 3^IP 32—2P 3/—1
+  (S'coP 3j-sP 3i-2MP 3j_l P 82-3? 3 2-2? 32-1 o ,

0 7 0 7 i 7

P 32-2? .'O'— IP 3 j
r P 3i_ 2 P 3j_ 1M P 3y

0 7 h'eoly
+  ScoP.iJViP.y.xP« 
+  »SC0P32- 2P37- 1P32M

P 3  j— 2 P 3  j— 1 ?32 o 7

o 7 0 , I 7

P  6j— lP 3 jP  3 2+1 o 7 ri’col?
( P.'o i M P 3jP3j+i
+  (ScoP 32-1? 3;MP 32+1
+  tScoP.3 j ' - l P  3 jP  3 i+ lM

P  32-lP 3./P 32+1 0 7

0 , o 7 I 7

Then

(37)

(39)

In the matrix products in eq. (33) (he seventh-order unit matrices P0 = 
Pj = P2 = I7 occur. They have been introduced here for convenience.
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.Matrices H are of order 21. The matrix O7 and the vector Or which are 
used in the expressions above, are, respectively, a seventh-order, null, 
square matrix and a seventh-order, null, column vector.

Numerical Results and Discussion
The values F = 0.87 A3 and Sco = 1-00 A3 have been chosen in agree

ment with previous determinations.6-8 Thus, taking into consideration 
the anisotropy9 7 ch = 0.22 A3 of the C-H bond, it is seen that the optical 
anisotropies of the C C and C-0 bonds are, respectively, equal to 1.31 
A3 and 1.22 A3. Consequently, from the point of view of optical polariza
bility, the C-C and C-0 bonds appear to be similar. In this case the ap
proximation you = yen would seem to be reasonable, because of the weak
ness of the optical anisotropy of these bonds. In the course of recent 
work,6-7 the conformations in solution of several oligomers of ethylene oxide 
have been studied and the following internal-rotation energies have been 
chosen: A/+ = 1100 cal/mole, AE„' = — 250 cal/mole, Alia = +250 
cal/mole, A£+ =  +  «>, and AE( = AE$> = 0; or, at 25°C, a = 0.1562, 
<j ' = 1.5249, 01 = 0.6557, co' = 0, and £ = £' = 1. Therefore, a com
parison between theory and experiment will not be made here. However, 
some numerical values of (y2) will be given in order to illustrate our results 
and to provide a basis for consideration of the validity of the chain models 
considered.

With the help of the above data values of (y2) have been calculated up 
to n = 50 for both the independent and the interdependent internal-rota
tion models [eqs. (21) and (33) ]. In the case in which there is an equal

F ig . 1. P lo ts  of <y‘>/n v s . n fo r P O E M : (1) e q u ip ro b a b ility ; {2) ind ependence ; ( J )
in te rd ependence .
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TABLE I
Values of (7a) for POEM (R = CH3) Calculated with the Aid 

of Markov Processes for the Various Models of Internal Rotation's13

(t2), A6
n Equiprobability0 Independence11 Interdependence"
1 2.7489 4.7041 4.80242 4.1335 6.8733 6.9906
3 5.5193 9.2634 9.5044
4 6.9050 11.6498 11.9725
5 8.2906 14.0255 14.4375
6 9.6763 16.4046 16.9067
7 11.0620 18.7833 19.3745
s 12.4477 21.1620 21.8425
9 f?00 23.5406 24.3106

10 15.2191 25.9193 26.7786
11 16.6048 28.2980 29.2266
12 17.9905 30.6766 31.7147
13 19.3762 33.0553 34.1827
14 20.7619 35.4340 36.6507
15 22.1476 37.8127 39.1188
16 23.5333 40.1913 41.5868
17 24.9190 42.5700 44.0548
18 26.3047 44.9487 46.5229
19 27.6904 47.3273 48.9909
20 29.0760 49.7060 51.4589

30 42.9330 73.4927 76.1393

40 56.7899 97.2794 100.8196

50 70.6468 121.0661 125.4997
a The degree of polymerization of the chain is n . Tetrahedral valence angles are as

sumed, the internal rotation angle is <p =  0, ±  120°; r  and Sco are equal to 0.87 A3 
and 1.00 A3, respectively.

b The matrix method7 gives results in perfect agreement with the values in this table 
for the same choice of parameters.

c By eq. (13).
d B y eq. (21) at 25°C, <r = 0.1562 and a '  =  1.5249, i.e., p  = 0.7619, q =  0.1190, p '  =

0.2469, and q '  = 0.3765. Matrix P" is given by eq. (18).
' By eq. (33) at25°C , <r = 0.1562, o '  =  1.5249, co =  0.6557, » ' =  0, and £ = {' = 1 

[to be substituted in relations (29), (30), and (31)]. In relations (28), Ui and U3„+2 
are equal to Uco and Uoc, respectively.

probability of internal rotations, eq. (13) allows direct calculation, for each 
value of n, of the average molecular optical anisotropy of the chain.

These results are assembled in Tables I and II. It has been verified that
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TABLE II
Values <72) for POEG (R = H) Calculated with the Aid 

of Markov Processes for the Various Models of Internal Rotation11

n
<72), A6

Equiprobabilityb Independence' Interdependence'1
1 1.6762 1.4783 1.4783
2 3.0535 3.6423 3.7020
• > 4.4395 6.1404 6.3189
4 5.8252 8.4938 8.7435
5 7.2109 10.8739 11.2191
6 8.5960 13.2534 13.6869
7 9.9823 15.6318 16.1545
8 11.3680 18.0105 18.6227
9 12.7537 20.3892 21.0907

10 14.1394 22.7678 23.5588
11 15.5251 25.1465 26.0268
12 16.9108 27.5252 28.4948
13 18.2964 29.9038 30.9629
14 19.6821 32.2825 33.4309
15 21.0678 34.6612 35.8989
16 22.4535 37.0398 38.3670
17 23.8392 39.4185 40.8350
18 25.2249 41.7972 43.3030
19 26.6106 44.1759 45.7711
20 27.9963 46.5545 48.2391

30 41.8532 70.3412 72.9194

40 55.7102 94.1279 97.5998

50 69.5671 117.9146 122.2801
a The degree of polymerization is n .  Tetrahedral valence angles have been assumed, the 

internal rotation angle is <p =  0, ±  120°; P, S Co , and 7011 are 0.87 A3, 1.00 A3, and 0.22 
A 3, respectively. 

b B yeq. (13).
c By eq. (21) at 25°0, a- —  0.1562, and a '  =  1.5249, i.e., p  =  0.7619, q  =  0.1 190, p '  =  

0.2469, and q '  — 0.3765. Matrix P " is given by eq. (20).
d B yeq . (33) at25°C, <r =  0.1562, « '  =  1.5249, «  =  0.6557,«' =  0, and ( =  =  1

[to be substituted in eqs. (29), (30), and (31)]. In eqs. (28), U„ and U3„+2 are equal to 
U'co and U 'oh, respectively.
these numerical values are in excellent agreement with those obtained by 
using the matrix method7 for similar values of the parameters. The ratio 
(y2}/n is plotted in Figures 1 and 2 as a function of n. In the case of 
POEM (Fig. 1), curves 1, 2, 3 show the same decrease as function of n. 
While the decrease in curve 1 is tied to the very nature of the model chosen
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Fig. 2. Plots of < 7*>/n  vs. n for POEG: (1 )  equiprobabilit.y; ( 2 )  independence; (3 )
interdependence.

(this decrease can be found in particular for POEG and PE), in the case 
of curves 2 and 3, it is due to the presence of terminal CH3 groups. These 
groups have a strong stabilizing effect for the trans form (AE„ = 1100 
cal/mole) of the terminal CH3—0—CH2—CH2 and CH2—CH2—0—CH3 
units of the molecule. A strong molecular optical anisotropy must, there
fore, be anticipated for the monomer molecule such that at the time of the 
addition of a new repeat unit to the chain, the corresponding increase of the 
optical anisotropy will be inferior to that of the monomer molecule, etc.

In the case of POEG (Fig. 2), on the contrary, curves 2 and 3 present an 
increase with n, and for the corresponding chain models, tend, respectively, 
to the same limits as in POEM. It is apparent that the presence of ter
minal hydrogen, i.e., O-H bonds of small optical anisotropy and their ability 
to turn freely around the adjacent bonds, results in a much weaker molec
ular optical anisotropy (see Tables I and II), all other things being equal.

It is essential to note that the general form of the curves for (y2)/n as 
functions of n arises from the nature of the ends of the chain. However, 
the dependence of (y2)/n on n is due to the internal correlations between 
the orientations of neighboring bonds in the molecule. It is well known 
that for a molecule in which the bonds are freely joined to one another with
out correlation between their directions, one has (y2)/n = constant for all n .  
It is known11-14 that, among the chain models that have been considered, 
only the hindered internal-rotation models corresponding to curves 2 and 3 
of Figures 1 and 2 can lead to results in agreement with experiment. The 
model first studied, which corresponds to curve 1 of Figures 1 and 2, must 
be eliminated as unrealistic. The best agreement with the experimental 
results7 is obtained with the help of the model which explicitly takes into 
account the interdependence of the internal rotations (curve 3 of Figs. 1 
and 2). The introduction of this condition of interdependence has the ef
fect of augmenting the average molecular optical anisotropy of the chain 
by about 4% relative to the case of independence for large values of n. 
The difference is perceptible and must be taken into consideration. Mean
while, it is clearly less important than that calculated under the same con
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ditions for polyethylene chains and which is of the order of 20% (see Part 
I1)- Because of the effect of interdependence, the internal rotations of each 
bond of a PE chain can lead to gauche conformations gg1 and g'g which are 
sterically impossible (such gg' and g'g conformations are characterized by a 
very small molecular optical anisotropy). Consequently, a large number 
of molecular conformations containing such sequences are eliminated 
(co « 0 in eq. (28) of Part I], thus largely favoring the conformations with 
the largest molecular optical anisotropy.

In the case of polyoxyethylene chains the condition of interdependence, 
on the contrary, only leads to the elimination of the gauche conformations 
of the gg' and g'g type for one internal rotation out of three, that of the 
C-C bonds [a/ = Oineq. (24)].

The physical explication of this result can be found in the much smaller 
van der Waals radius of the oxygen atom (1.40 A) compared to that of the 
methyl group (2.10 A). Therefore because only a small number of molec
ular conformations is forbidden, the forms having the greatest molecular 
optical anisotropy are slightly favored. It. is interesting to note here that 
the introduction of correlations between internal rotation angles of nearest- 
neighbor bonds in certain chain structures has a relatively small effect on
(t2)-Finally, it should be noted that in a general way the ratio {y2)/n has 
already reached more than 90% of its limiting value for n greater than ~ 20. 
This observation shows that the part of the curve of (7 -)/n as a function of 
n which is the most interesting to study is that corresponding to the region 
where the molecular optical anisotropy per repeat unit varies most rapidly 
with n.

Helpful discussion with Professors P. Bothorel and G. Tun-ell are gratefully acknowl
edged.
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ESR Study of Radiation Damage in TPX 
Polymer (Poly-4-methylpentene-l)

D. T. GOODHEAD,* Physics Department, St. Bartholomew's Hospital 
Medical College, University of London, London, England

Synopsis
Electron spin resonance spectroscopy has been used to study the effects of 15 MeV 

electrons, x-rays, and ultraviolet radiation on poly-4-methylpentene-l (TPX) both at 
77 °K and at room temperature. At least seven identifiably different paramagnetic 
species are observable in nnstabilized oxygen-free TPX  after irradiation, and additional 
species exist in the stabilized grades. The species which predominates under most con
ditions is interpreted as being due to the loss of hydrogen from a main-chain tertiary 
carbon atom; interpretations of most of the other species are also given. Oxygen is 
found to diffuse rapidly into the polymer and to react with the free radicals to form per- 
oxy species. In the absence of oxygen the radiation damage is expected to lead ulti
mately to crosslinking or double-bond formation, or with oxygen to degradation. The 
general nature of the free radicals produced by electron or x-ray irradiation is the same, 
but there are significant differences for ultraviolet irradiation. The observed spectra 
for irradiated TPX  and their interpretations are in good agreement with the spectra 
and later interpretations for irradiated polypropylene, but are in less satisfactory agree
ment with the published papers on polybutene-1 and poly-3-methylbutene-l.

INTRODUCTION
Poly-4-methylpentene-l is now commercially available as a clear or 

opaque polymer under the trade name of TPX (Imperial Chemical In
dustries, Ltd.). It has a combination of properties of commerical signifi
cance, including high optical transparency, high crystalline melting point 
and therefore good physical properties at high temperatures, very low 
density, and good electrical properties.1

The radiation chemistry of related polymers has produced a considerable 
literature, much of it being the results of investigations by electron spin 
resonance spectrometry. Although many of the results and theories are 
contradictory and inconclusive, often because of minor differences in the 
samples used, controlled studies have now established many of the main 
features of the radiation chemistry of a number of well-known polymers such 
as polyethylene,2-4 poly (vinyl chloride),45 PTFE,4'6'7 and polyacrylates 
and polymethacrylates.4'8 Among the polymers more closely related to 
TPX are polypropylene,9-17 polybutene-1,18-21 and poly-3-methylbutene-

* Present address: Physics Department, University of Natal, Durban, South Africa,

@ 1971 by John Wiley & Sons, Inc,
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l;22 of these, polypropylene has been the most fully studied. There is 
apparently at present no ESR literature on the radiation chemistry of TPX, 
and the understanding of the related polymers is not sufficiently precise to 
allow for a convincing extrapolation in the absence of experimental evidence. 
It will be seen that the results presented in this paper do, in general, re
inforce the later interpretations of the predominant room-temperature ESR 
spectrum of polypropylene, for example as developed by Fischer and 
Hellwege,10 reinterpreted by Ayscough and Munari,16 and confirmed by 
Loy13 and Iwasaki et al.17 Our interpretations do not, however, agree with 
t hose published for polybutene-118-21 or poly-3-methylbutene-l.22

It has been suggested23 that TPX may be suited for use as a convenient 
radiation dosimeter in the dose range > 10 krad due to the radiation- 
induced changes in its optical density at selected ultraviolet wavelengths. 
Clear Perspex is now widely used in a similar manner24-27 but is only suitable 
for doses >500 krads. However, as with other polymers, this optical- 
density change in TPX undergoes “fading,” in that the effect is a function 
of time and conditions of storage. In order to investigate this phenomenon 
further and to optimize the stabilizers and other contaminants in TPX, it 
is desirable to have an understanding of the radiation chemistry of TPX.

A knowledge of the pattern of damage due to ionizing radiation in TPX is 
also of commercial relevance to the mechanisms of degradation of this and 
other polymers, particularly in view of the potential use of TPX for radia
tion-sterilized products.

EXPERIMENTAL METHOD
TPX was supplied in 3 mm-thick sheets in three stabilized grades (coded 

R, M and Iv at the time of supply) and as the unstabilized polymer. The 
results which follow were obtained from samples of the unstabilized polymers, 
except where otherwise stated. For orientation studies some samples were 
warmed, stretched to approximately six times their original length, and 
cooled under tension.

Electron irradiations were carried out with a Mullard 15-MeV electron 
linear accelerator at an average dose rate of approximately 300 krad/min.* 
For irradiation with x-rays a Raymax 250 kV set was used at a dose-rate of 
about 500 rad/min. The ultraviolet irradiation used a focussed beam from 
a Phillips CS 1000-W super-high-pressure mercury lamp, with or without 
an ultraviolet filter (Schott UG 11) to remove wavelengths less than 2700 
A.f

For irradiation at 77 °K the samples were pre-evacuated at room tempera
ture overnight and then immersed directly into liquid nitrogen without a

* This is the dose averaged over the total irradiation time. Since the accelerator 
produced 1.3 Msec pulses of electrons at 400/sec, the average dose rate within the pulses 
is 5.8 X 106krad/min.

t The peak transmission for a UG 11 filter is at 3300 A and falls off to about 0.01% 
on either side at 3800 A and 2700 A, respectively. Transmission of the mercury line 
at_2536 A is < 1 0 -6.
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sample tube; this avoided background ESR spectra from irradiated sample 
tubes. Samples irradiated in vacuum at room temperature were irradiated 
in one end of an L-shaped sample tube and transferred to the other 
(shielded) end for ESR reading.

The electron spin resonance spectra were obtained on an X-band Hilger 
and Watts Microspin spectrometer operating at a microwave frequency of 
9400 MHz and a magnetic field modulation frequency of 100 kHz. The 
first derivatives of the absorption spectra were recorded. The maximum 
microwave power in the cavity was not determined accurately but it was 
estimated to be of the order of 5 mW; nevertheless, this was sufficient to 
produce some power saturation in a number of the paramagnetic species 
observed. The most suitable general conditions for recording the spectra 
were found to be: microwave power level of —8 db, peak-to-peak modula
tion field amplitude of 3 oersted, total field sweep of 200 oersted in 10 min 
with a detector time constant of 0.15 sec. Most of the spectra illustrated 
in this paper were taken under these conditions. The magnetic field was 
calibrated against a proton resonance, and the number of paramagnetic un
paired spins in the samples was calculated by calibration against a freshly 
prepared solution of DPPH,

RESULTS
Electron or X-Ray Irradiation of TPX at 77°K

Irradiation of air-free unstretched TPX at 77 °K and maintaining the 
sample at 77 °K throughout produces a spectrum as shown in Figure 1, 
which we shall assume is due to a species radical I. (The particular sample 
shown had received an electron dose of 2 Mrad. The vertical arrow on this 
and subsequent figures shows the magnetic field position corresponding to a 
DPPH standard. The magnetic field increases from left to right.) It 
consists of eight approximately equidistant lines with a hyperfine splitting 
of a = 23 ± 1 oersted, each line having a peak to peak width (on the first 
derivative trace) of approximately 1(1 oersted. The measured heights of 
the lines are in the approximate ratio 1.0 ± 0.2:6.1 ± 0.8:23 ± 2:33. 
The same spectrum is obtained from stretched irradiated TPX, and it shows 
no observable change with rotation of the magnetic field. The yield of 
unpaired spins produced by 15 MeV electrons is approximately 1.9/100 eV 
of deposited energy.

This paramagnetic species is stable against decay while stored in liquid 
nitrogen for an extended period of weeks. On warming the sample from 
77 °K to room temperature in vacuo the spectrum changes irreversibly to 
that of radical II described below. Maintaining the sample at room tem
perature for 4 min reduces the number of spins by no more than 50%, which 
eliminates the possibility that radical I has decayed away entirely to reveal 
a low-intensity radical II which had been there from the start.
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Fig. 1. Radical I. ESR spectrum (first derivative) of irradiated air-free TPX at 77°K.

Electron or X-Ray Irradiation of Unstretched TPX 
at Room Temperature in Vacuo

Irradiation of air-free samples at room temperature produces the spec
trum shown in Figure 2, assigned to radical II. (It is shown later that this 
spectrum probably contains an equilibrium concentration of radical X with 
II.) The same spectrum is produced irreversibly on warming radical I to 
room temperature, and it therefore seems probable that I is the primary 
species even for irradiation at room temperature. The spectrum shown in 
Figure 2 consists of at least 17 lines with a complex intensity pattern and an 
overall width of 167 oersted between the centers of the outermost lines. 
It commences saturating strongly at a microwave power level of about 
— 4 db.

Radical II decays slowly in vacuum at room temperature by approxi
mately second-order kinetics with a half-life of about 5 hr when the concen
tration is ca. 1016 spins/g (corresponding to 1 day’s decay after an initial 
radiation dose of 1 Mrad of electrons).

Attempts were made to separate the spectrum of Figure 2 into two or 
more identifiably different species, but all the experimental evidence 
pointed to its being due to one species only, or to two species with similar 
saturation properties over the range of microwave powers here available, 
identical relative production rates over a wide range of irradiation doses, 
identical decay rates in vacuum over extended periods of time, and similar 
reaction rates with oxygen. The most probable explanation including two 
or more species is that they are in thermal equilibrium (see Interpretation).

On cooling radical II to 77°K, the spectrum of Figure 3 (radical Ila) is 
obtained and is stable against decay at this temperature. This temperature 
change in the spectrum is reversible and shows quantitative equivalence in 
integrated intensities (after normalizing for spectrometer parameters in
cluding temperature). Therefore the spectra are probably due to the same
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Fig. 2. Radical II in air-free TPX at room temperature (I Mrad dose). The outer
most. extremes (shown in broken line) correspond to an increase in spectrometer gain by 
a factor 10.

Fig. 3. Radical TIa. Spectrum obtained when a sample containing radical II is cooled
to 77°K.

paramagnetic species, apart from any shift in the equilbrium on the above 
two-species hypothesis.

The spectrum of radical Ila is similar to that of radical I (Fig. 1), but 
line widths are smaller and more structure is visible. These differences are 
apparently independent of radical concentration or the nature of the 
incident ionizing radiation over the ranges studied; this does not, however, 
necessarily exclude the possibility that radical I is simply due to a dipole- 
dipole broadening of radical Ila, as will be discussed later. There is no no
ticeable difference in microwave power saturation properties of I and Ila 
over the limited power range available. The height ratios of the main 
lines of the spectrum of Figure 3 are 1.0 ± 0.2:9.5 ± 0.8:25 ± 2:37.

Residual Spectra
After radical II has been allowed to decay at room temperature in vacuum 

for a sufficient time, other small residual spectra become visible. At least 
three such spectra are observed in unstabilized TPX, and additional ones 
are present in the various stabilized grades. These residual spectra are 
now described, although no attempt is made to interpret those character
istic of the stabilized grades.
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Fig. 4. Combinations of the high-dose residual radicals III (broad singlet) and I l ia  
(narrow singlet). These particular two spectra are from samples which were electron- 
irradiated at 77°K to 8 Mrad, raised to room temperature, and then (a )  stored for 115 
hr at room temperature, or (b) the sample tube inserted into boiling water for 30 min 
and the spectrum obtained at room temperature (the samples being i n  v a c u o  throughout).

At low doses (< 500 krad of electrons) unstabilized TPX shows little or 
no residual signal above the noise level of the spectrometer. However, at 
higher doses the spectrum shown in Figures 4a and 45 is observed (radicals 
III and Ilia). At doses of about 2 Mrad followed by room temperature 
decay in vacuum for 4 days, the integrated intensity of this spectrum is 
approximately one tenth of the initial integrated intensity of radical II. 
The relative intensity of the structure visible at the center of Figures 4a and 
45 varies with dose, decay temperature, and microwave power level, and is 
therefore considered to be a separate species (termed radical Ilia). Radical 
III itself is therefore seen to consist of a broad singlet with no clearly re
solved structure and a peak-to-peak width of 37 ± 2 oersted. It does not 
saturate significantly at full microwave power at room temperature. This 
species decays very slowly at room temperature in vacuum with a half-life 
of the order of weeks at the concentration studied.

Radical Ilia has been observed only in combination with other species, 
most notably the more slowly decaying radical III, and gives a narrow 
singlet of peak-to-peak width 9.5 ± 0.5 oersted. At power levels greater 
than about —12 db it shows strong saturation at room temperature.

A further interesting species was observed at high doses in unstabilized 
TPX which had 2 weeks previously received a dose of 2 Mrad and there
after been stored in air. After giving a second irradiation of the same dose, 
and allowing radical II to decay in vacuum for 6 days, Figure 5 was obtained. 
The spectrum (radical IV) shows five well-resolved lines at a splitting of
10.4 ± 0.3 oersted; the smaller side lines are likely to be the remains of 
radical II, and there may well be some contribution due to radicals III and 
Ilia. The spectrum observed at 77°Iv is very similar, except that it power 
saturates heavily above about —10 db whereas at room temperature a slow
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I

Fig. 5. Radical IV. Residual spectrum after split dose.

saturation commences only at about —4 db. Radical IV decays very 
slowly at room temperature with a half-life of the order of at least weeks 
at the above concentrations.

In stabilized K, M, and R grades of TPX three additional species 
(radicals V, VI, and VII) are formed even at low doses; and these may be 
initially dominant under certain conditions of low dose. Two of them 
may also dominate as more stable residuals after decay in air. The proper
ties of these three species were studied in further detail, but they will not be 
discussed in this paper since the chemical natures of the stabilizers are not 
known to us. The radiation “scavenging” role of at least one of these 
stabilizers is clearly evident.

Electron or X-Ray Irradiation of Stretched TPX
It is found that the room temperature spectrum of radical II produced 

in irradiated stretched TPX is dependent on the angle 9 between the ex
ternal magnetic field and the axis of stretch of the sample, as shown in 
Figure 6. When 0 = 0, the spectrum shows less structure than does that of 
an unstretched sample (Fig. 2), and consists of 17 lines, eight of which are 
predominant. As the external magnetic field is rotated the spectrum 
changes progressively. This can be explained in terms of the inner six of 
the original main lines each splitting into two components with a maximum 
splitting of about 6 oersted for 9 = 90°, at which stage the outermost lines 
have moved in slightly by about 2 oersted. The vertical lines drawn be
low spectra a and c show the positions of the individual hyperfine lines as 
calculated from the parameters deduced elsewhere in this paper.
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broken lines in (a) and (c) show the outermost lines with the spectrometer gain increased 
by a factor 6. Increases in gain by a factor 60 gave no indication of additional lines at 
higher or lower fields.

The corresponding 77°K spectrum of lia does not show any significant 
dependence on the orientation of the sample and is in all cases as already 
shown in Figure 3.

Similarly the spectrum of the primary radical I, as in Figure 1, is inde
pendent of orientation.

Irradiation with Ultraviolet Light
Irradiation of TPX at 77°K with unfiltered ultraviolet light from the 

super-high-pressure mercury lamp, gives the spectra shown in Figure 7 
which are assigned to radicals VIII and IX; the former is the very sharp 
quartet of approximately binomial intensity, hyperfine splitting constant 
a = 22.6 ± 0.2 oersted and line width about 3.5 oersted, while IX is the 
less well resolved quartet just outside each of the lines of VIII. We make 
the assignment of two separate radical species on the basis of the following- 
changes in the spectrum: (1) during the growth of the spectrum (the 
irradiation extending over a few hours with t he sample in the cavi ty through
out), there are slight changes in the relative intensities of the peaks; (2) 
when the irradiation is terminated the peaks of VIII decay with a half-life 
of ca. 2 hr at these concentrations, while IX decays considerably more 
slowly ; (3) the peaks of IX appear to saturate slightly at power levels above 
about —4 db while those of VIII are unaffected.
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Fig. 7. Radicals VIII and IX from irradiation at 77°K with unfiltered ultraviolet 
radiation: (a )  after 5 hr continuous irradiation, and (b ) the same sample 100 min after 
the irradiation had ceased.

If dissolved air is present in TPX, irradiation at 77°K first produces an 
oxygen-dependent spectrum like XI, but this is soon surpassed by the 
growing spectra of VIII and IX. Irradiation at room temperature in air 
produces only the oxygen-dependent spectrum, while similar irradiation in 
vacuum produces no observable spectrum for the ultraviolet intensities 
available.

In K and M grades of TPX the additional spectra characteristic of these 
grades (V and VI) are produced at room temperature, or before the appear
ance of VIII and IX at 77°K. Spectra attributable to radicals V and VI 
are not observed in samples which have no access to oxygen during or after 
irradiation.

If the ultraviolet light is passed through a Schott UGll filter to remove 
wavelengths of < 2700 A, then irradiation of TPX gives no significant ESR 
spectrum at the doses used for the production of Figure 7.* It is there
fore possible to use this filtered source to investigate the effect of soft ultra-

* S m a ll e ffects are  ob ta in ed , b u t o ve r a m u ch  longer tim e  sca le  th a n  w as used in  the
u lt ra v io le t  con ve rsion  e xp e rim e n ts .
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Fip;. 8. Conversion of l ia  into X  at 77°K: (a )  shows H a as before, while (6) and (r) 
show the changed spectrum after irradiation with filtered ultraviolet for 15 min and a 
further 70 min, respectively.

violet light on the paramagnetic species produced by ionizing radiation. 
These results now follow.

Ultraviolet irradiation of radical Ila at 77°Iv converts the spectrum of 
Figure 3 progressively and quantitatively into a four-line spectrum (radical 
X) as shown in Figure 8. The two central lines are considerably narrower 
than the outer lines, and the latter do not appear to be exactly symmetric 
in shape about the center of the spectrum. The hyperfine splitting con
stant is approximately a = 22 oersted. The species begins to saturate 
slowly at a power level of about —8 db.

Warming the sample to room temperature reconverts radical X back to 
radical II (or Ila if recooled). The process

uv

takes place without any detectable loss of radicals in either direction.
Ultraviolet irradiation of the primary radical I at 77°K converts it into 

a spectrum identical to that of Figure 8. On warming the sample, radical 
II (or Ila) is again produced.

Effects of Oxygen during or after Irradiation
When TPX is irradiated with electrons, x-rays, or ultraviolet light at 

room temperature in air, the asymmetric spectra shown in Figures 9a and
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l  1

1 00 oe rsted |

(a) (b) u
Fig. 9. The oxygen-dependent radical NI showing typical spectra at (a )  300°K and 

(b ) 77°K, these particular spectra having been obtained after 100 krad electron irradia
tion in air at room temperature followed by (a )  5 min. storage or (b ) immediate immer
sion in liquid nitrogen. [A slight background due to unoxidized II is visible in (a)].

% are obtained (radical XI). Similar oxygen-dependent spectra have been 
obtained on irradiation of many other polymers12'20 and other substances28 
and have been ascribed to oxy or peroxy radicals. Assuming that the 
spectra of Figure 9 are due to axially symmetric g tensors, we obtain the 
approximate values of

This species does not saturate noticeably at full microwave power in either 
case. It shows no decay at 77°K and decays only slowly even at tempera
tures as high as 250° K. At room temperature, however, it decays rapidly 
in vacuum or in air with an approximately first-order decay and a half-life of 
about 17 min.

Irradiation in air al room temperature produces XI in conjunction with 
radical II (see Fig. 10), the relative proportions of the two species depend
ing on the dose received and the thickness of the TPX sample. Admission 
of air to an evacuated sample containing II only, causes the almost immedi
ate appearance of XI and the decay of II is now greatly accelerated, de
pending on the thickness of the TPX sample. Thus the reaction rate of 
species II with oxygen is seen to be controlled primarily by the rate of 
diffusion of oxygen into the polymer (see Discussion).

g± = 2.014
g; = 2.034 
gx = 2.00S
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Fig. 10. Radicals II and XI in combination i n  v a cu o  at room temperature immediately 
after 1 Mrad electron irradiation in air, this dose being sufficiently high for all the dis
solved oxygen to be exhausted.

The presence of the air normally dissolved in TPX is sufficient to produce 
XI even on irradiation in liquid nitrogen. It was therefore necessary to 
pre-evacuate all TPX samples before irradiation when the other species 
were to be studied alone.

Admission of air to radical III causes it to decay rapidly with the appear
ance of a spectrum of appearance similar to Figure 9; a similar effect is

____' i u  i u  i u m  i u  i u- l-i—
Fig. 11. Summary of experimentally observed paramagnetic species and their sub

sequent interpretations.
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found with radical IV. The decay of the stabilizer-characteristic radicals 
V, VI, and VII does not appear to be affected by the presence of oxygen.

Summary of Experimental Observations
A summary of the modes of production of the various paramagnetic spe

cies observed in irradiated TPX is given in Figure 11.
INTERPRERATION OF SPECTRA

Dominant Species at Room Temperature 
(Radicals II and Ila)

Of the observed spectra, the one of most interest which is open to detailed 
interpretation is that of radical II due to its detailed structure and orienta
tion dependence (Figs. 2, 6).

A similar spectrum of a few more lines has been observed in irradiated 
polypropylene by many workers.10"14'16'17'29’30 The complexity of the room- 
temperature spectrum in polypropylene has led to various interpretations, 
sucli as A

CH3 c h 3
-G —C—C—C—C—I I I I IH H CIL H H(2) (1) (0) (1) (2)

A
by Fischer and Hellwege10 and other workers29’30, and later 13,

(2) (2)H HI . I —c—c—c—I I I
I I  GIT, H(1) (0) (1)

R
by Ayscough and Munari16 and others.1317 The analysis of Fischer and 
Hellwege10 showed that the spectrum could be explained in terms of three 
equivalent protons with a hyperfine coupling constant au = 21 gauss, two 
equivalent protons with eq = 9 gauss, and two equivalent protons with a2 = 
43 gauss. In addition, the one pair of protons have an asymmetric 
coupling component bi = 0.75 gauss which explains the orientation de
pendence of the spectrum. They assigned these protons to the allylic 
radcal A shown above.

However Ayscough and Munari16 showed that these parameters are more 
consistant with an alkyl radical such as B. The main-chain /3 protons are 
not all equivalent due to an unsymmetric configuration about the C-CH3 
bond, as is observed with other alkyl hydrocarbon radicals in rigid matrices.31 
Detailed reanalysis of the spectrum also gave an asymmetric component



1012 D . T .  G O O D H E A D

62 = —1.0 ± 0.3 gauss. This alkylic interpretation is supported by the 
spectra of deuterated polyethylene of Loy13 and the ultraviolet photolysis 
work of Iwasaki et al.17

It is proposed that the predominant component of radical II observed 
in TPX in the present study has the identity C:

(2) (2)H HI I- c - c —c—! ! Ii i c h 2 h  (1) I (1) CH(CH3)c
The main difference from the polypropylene radical B above is that there 
are now only two side-chain /3-protons, but their splittings will still be 
equivalent provided there is free rotation about this bond. The approxi
mate resonance conditions for the individual hyperfine lines are10'32

tfres = {hv/gH) -  +  6,(3 cos2 6 -  1 )]IHi (1)
where h is Planck’s constant; ¿¿0 is the Bohr Magneton; g is the g value of 
the electron; v is the microwave frequency; 1 Hi the magnetic spin quantum 
number of the zth proton (± l/ 2); and a and b are the isotropic and aniso
tropic components, respectively, of the hyperfine splitting constants. A 
good fit is obtained with the observed TPX spectra on the assumption that 
there are three pairs of equivalent protons with the following parameters:

do = 24.6 oersted
&o = 0
ai = 10.2 oersted (2)
bi = 0.74 oersted 
a2 = 48.1 oersted 
62 = —0.19 oersted

These parameters are consistent with the above identity of radical II. The 
anisotropic components of the hyperfine splitting (bi and 62) cause the 
spectrum of stretched TPX to alter as the magnetic field is rotated. O11 
Figure 6a and 6c are shown the corresponding positions of the hyperfine lines 
as calculated by using the parameters (2). The fact that the magnified 
outer lines of Figure 6c are also slightly split is considered to be due to all 
the relevant molecules not being perfectly aligned, even in stretched TPX.

It is clear from the intensities of the observed spectra (Figs. 2 and 6) that 
a computed spectrum derived with the above parameters would not give 
good agreement in the intensities of some of the inner lines, even if the 
orientation dependence of the splitting parameters were taken fully into 
account. In particular the observed peaks marked “X” on Figure 6a are 
abnormally high. This is probably due to an underlying species consistent 
with the experimental spectrum of radical X (Fig. 8) which is later identified
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as an alkylic radical with the unpaired electron on a secondary carbon, 
most probably:

— CH—CH—CH—I Ic h 2 c h 2I ICH CHI I(CH3)2 (CH3)2
D

Since no difference could be observed in the relative intensities of II and 
X in the room temperature spectrum, irrespective of the dose of ionizing 
radiation or conditions or duration of decay, it seems that there exists a 
thermal equilibrium between these two species at room temperature. The 
implied mobility of the free electron along the main chain is relevant to the 
rate of decay of the radicals in vacuum, which is presumed to be by cross- 
linking or the formation of double bonds. At 77°K the equilibrium no 
longer exists, since radical II can be converted entirely into X by ultra
violet photolysis.

On cooling the irradiated TPX sample to 77 °K much of the structure 
of the room temperature spectrum is lost (radical Ha as in Fig. 3) and there 
is no noticeable orientation dependence in the stretched sample. It seems 
reasonable that this eight-line spectrum can be computed by an adjustment 
of the parameters of eq. (2) and a slight broadening of the individual lines. 
However, minor adjustments are not in fact able to achieve this, and the 
observed spectrum does not contain sufficient detail to allow for a unique 
interpretation of the parameters. A good fit would probably require not 
only a nonequivalence of the two side-chain ¡3 protons, but also a major ad
justment in the splittings of the main-chain 13 protons.

A similar low-temperature nine-line spectrum (but showing rather more 
structure) has been observed in polypropylene,10'13,14'17'29'30 and this has 
been attributed to the same species as the room-temperature spectrum,10,13'17 
i.e. the radical B, above. The corresponding spectrum in deuterated poly
propylene13 has four lines and is consistent with

—CD— C—CI)2—Ic h 3
E

Detailed fits of the splitting parameters to the low-temperature poly
propylene spectrum have not been achieved, but the change in the spectrum 
on cooling has been attributed to a restriction in the rotation of the side- 
chain ¡3 protons and a slightly distorted conformation from the original 
helical structure.17

One of the possible adjustments to the room temperature hyperfine 
parameters which would give the observed number of lines for both TPX 
and polypropylene at 77°K is ai —►  0, one of the side-chain ¡3 protons having 
a0 -*■  a2, and the other one (or two, for polypropylene) having a3' -*■  Oj/2.
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In view of the reversibility of the change of Ha to II with temperature, 
the overall similarity of the room-tempeature and 77°K spectra apart from 
detailed structure, and the number of lines (8) as compared to that (9) for 
the low-temperature spectrum in polypropylene, it is concluded that 
radicals Ha and II are the same chemical species, viz.

—ch2—c—CHj— 
cii2
CH(OIT3>2
F

(if X is in equilibrium with Ha at room temperature, it may still be present 
to some extent after cooling to 77°K.)

The G value for the production of II by electron-irradiation of TPX at 
77°K and then warming to room temperature in the absence of oxygen is 
>0.8/100 eV. This is of the same order as the alkylic free radicals pro
duced in polyethylene2 and in polypropylene10 by x-irradiation. It should 
also be noted that the stability of II in vacuum at room temperature is 
similar to that of the alkyl radicals in polypropylene16 and polyethylene 
which have half-lives of the order of days. These comparisons support our 
identification of II and Ha as alkyl radicals.

The observed second-order decay of II at room temperature in vaccum 
suggests that it decays by the formation of double bonds or by crosslinking 
due to the mobility of the unpaired electron along the main chain.

Primary Spectrum at 77°K (I)
The identification of radical I is now considered. The only two sites for 

the unpaired electron on the polymer molecule which could give a suffi
ciently large number of hyperfine lines of the observed splittings are the 
tertiary carbon atoms on the main or the side chains. The latter would be 
expected to give a nine-line spectrum for free rotation of all the appropriate 
C-C bonds, or probably more if the rotations are restricted; it is therefore 
difficult to reconcile such a species with the observed eight-line spectrum of 
I. The alternative suggestion is that I consists predominantly of radicals 
of the main-chain tertiary carbon which we have already identified above 
(radical Ha). The broader lines of I could be due to either underlaying 
broad species or a poorly resolved low-intensity spectrum with an odd num
ber of lines (e.g., perhaps 9).

On the other hand, this broadening of II may be caused by a dipole- 
dipole effect due to the close proximity of the radicals. A sufficiently large 
dipole-dipole interaction to allow a AM = 2 transition (at g ~ 4) has been 
observed in a number of irradiated polymers (including polypropylene) by 
Iwasaki and Ichikawa,33 and they have attributed some of the primary 
broad species at g ca. 2 in polypropylene to such an interaction.17 Here in 
TPX, unpaired electrons on adjacent main-chain tertiary carbon atoms 
<3 X 10-8 cm apart would have their AM — 1 lines broadened by > 300
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oersted (in the absence of any exchange narrowing). The dipole field re
mains sufficient to cause significant broadening of the lines of radical Ha 
provided that the distances between the unpaired spins is < 10 X10~8 cm. 
A uniform distribution of unpaired electrons 10 X 10~8 cm apart would re
quire ca. 10n spins/cm8, whereas at a typical dose of 2 Mrad of electron 
irradiation the observed spectrum corresponds to less than 1019 spins/cm3. 
Furthermore, the same broad-line spectrum of I is produced even at very 
much lower doses, including 5 krad of x-rays. The high concentrations re
quired to produce the observed broadening must therefore be due to a very 
nonuniform distribution of free radicals, such as one would expect along 
the paths of charged particles of high linear energy transfer, such as slow 
electrons. This is consistent with the fact that most of the energy trans
ferred from the incident radiation (be it high energy electrons, x-rays or 
y-rays) to the polymer is ultimately via slow secondary electrons.

We therefore conclude that radical I is predominantly identical to Ha 
but with sufficient local concentration to cause dipolar broadening of the 
spectrum.* The change to the spectrum of Ha on warming and recooling 
the sample corresponds to the combination of those unpaired electrons 
which were close enough to one another to cause dipolar broadening.

Ultraviolet Photolysis of lia and I to X
Photolysis of lia at 77°K with filtered ultraviolet radiation converts it 

progressively and quantitatively into the four-line spectrum of X as 
described above (Fig. 8). Since the filtered ultraviolet radiation in use had 
been shown to be incapable of producing a significant proportion of para
magnetic species directly from TPX, Radical X is assumed to be a photol
ysis product of Ha. Assuming the correct identification of Ha above 
(which does not involve a rupture of the C-C main or side chains), there are 
only three possible species which could produce a four-line spectrum such 
as X, viz :

—CH—CII—CII—I ICH, CH,

G

—CH—CH,—I•CH!CH(CH3),
II

—CH—CH ,-Ic h 2ICH(CHs)
•CH,

The spectra of G and H would be almost identical if there were no rotation 
about the appropriate side chain bonds. It is therefore not possible to make 
a definite choice between these two. Inspection of the observed spectrum 
favors a species with one «-hydrogen rather than two «-hydrogens. In 
particular, for one «-hydrogen there should be an asymmetry between the 
lowest and the highest field lines while for two «-hydrogens these two lines 
should have a characteristic doublet structure.34 The former is observed

* Nevertheless, the existence of other additional underlying resonances in the primary 
spectrum cannot be ruled out.
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on the spectrum of X while the latter is not; however, the spectral lines are 
broad and the overall resolution is low, so that these conclusions remain 
tentative.

The most probable assignment of radical X is therefore considered to be 
G or H (or both).

It was shown above that I is most likely Ha at sufficiently high concentra
tions to cause dipolar broadening of the spectral lines. The ultraviolet 
photolysis of I is consistent with this conclusion, since it too converts into 
radical X.

On warming X to room temperature, it reverts immediately to the spec
trum of II, although it was suggested that Figure 2 is in fact a thermal 
equilibrium of II and X. With the assumption of the above assignment G, 
this implies a high mobility of the unpaired electron along the main chain 
and hence a second-order decay with the formation of double bonds or 
cross links.

Residual Spectra (III-VII)
Radical IV (Fig. 5) has an overall line width and hvperfine splitting (ca.

10.4 oersted) comparable with allylic radicals in irradiated nonterminal 
olefins,35 allylic alcohols,35 liquid hydrocarbons,86 and polyethylene.2 
Irradiated unsymmetric olefins show that in general the hydrogen is lost 
from the /3-carbon atom in the longer chain.35 Since radical IV was best 
produced after a split dose with a time interval of ca. 2 weeks between 
irradiations it seems that the appropriate double bonds were formed by the 
first irradiation. A likely assignment for IV is therefore

— CH—CH— C—CH—CH— — CII—C H = C —CH—O il—

where the two «-protons and the two /3-protons all have a similar hyperfine 
splitting of 10.4 ± 0.3 oersted. These values are consistent with theory37'38 
and with the allylic radicals observed in other systems, as is the fact that the 
interaction with the protons on the side chain is unobservably small.35 
(Other assignments are possible if one includes crosslinking and chain 
ruptures due to the initial radiation.)

On the above model it would seem that IV may be observable after a 
single irradiation if this were undertaken at room temperature at a much 
lower dose rate (cf. 300 krad/min used here). A similar species has been 
observed in polypropylene under conditions of higher dose (ca. 20 ¡Nlrad), 
higher temperature, and unspecified (but presumably lower) dose rate.16 
The lifetime of species IV, having a half-value of weeks at least, is similar 
to that of allylic radicals observed in irradiated polyethylene2 and irradiated 
polypropylene.16

It is presumed that these allyl radicals ultimately decay by the formation 
of double bonds or crosslinks but they are clearly less mobile than the
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alkyl radicals of II. A similar low mobility and long half-life should apply 
to the polyenyl radicals (III and Ilia) described below.

Radicals III and Ilia (Figs. 4) appear at high doses of irradiation and the 
spectrum of the former is of similar width to the allylic radical IV but with 
poorly resolved hyperfine structure. Similar spectra have been seen39 after 
large dose irradiations (>10s rads) in polypropylene, polyethylene,2,40 
poly(vinyl chloride),8 poly(metliyl methacrylate), and poly(vinyl alcohol), 
and have been attributed to polyenyl radicals, being characteristic of elec
trons trapped in highly conjugated systems.39 Consequently III and Ilia 
are attributed to polyenyl radicals of the type

— f-— C H = C ------------ V— CH—
| U J
\  CH(CH3)2 /  nK

The fact that these polyenyl radicals are observed at much lower doses in 
TPX (ca. 106 rads) than has been reported in other systems may be due to 
the high dose-rates used in the present study and to the fact that these 
radicals are detectable above the other species (notably the alkyl radical II) 
only after many days of decay in vacuum.

Radicals V, VI, and VII are associated with the stabilizers in the various 
grades of commercial TPX; their observed spectra were all identifiably 
different (in shape, stability etc.) from any of the species found in un
stabilized TPX. No attempt has been made to identify these species.

Unfiltered Ultraviolet Spectra (VIII and IX)
Hard ultraviolet irradiation of oxygen-free TPX at 77°K produces the 

spectrum shown in Figure 7. As stated, this spectrum is almost definitely 
due to two different species. The sharp quartet of narrow lines (radical 
VIII) is characteristic of the methyl free radical as has been observed in 
many different media.4'28,41 This methyl radical is observed to be suffi
ciently mobile in TPX at 77°K to decay by combination with identical 
or other species.

The quartet of broader lines (radical IX) is produced simultaneously wit h 
the methyl free radicals and in similar concentration; therefore it is prob
ably the compelementary species or a ultraviolet photolyzed derivative 
thereof. In this case the only site for the unpaired electron to produce a 
four-line spectrum (excluding chain breaks) is on the binary carbon of the 
main chain. This means that IX is the same as the most probable identi
fication of X, which seems reasonable since they are both stable products 
of ultraviolet photolyzed rearrangements. Thus we have

u n f i l t e r e d  .T P X ----------> CFL +uv

CH—CH.ICH.
■ CHIon.

uv
—CH—CH-ICH.Ic h 2Ic h 3
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This assignment of IX could be checked by warming an ultraviolet- 
irradiated sample to room temperature in vacuum when II should be ob
tained. However, the concentrations of free radicals produced by the 
ultraviolet source available were not sufficient to allow this test to be made 
with reliability.

Oxygen-Dependent Species (Radicals XI)
When oxygen is present during or after irradiation with ionizing radiation, 

the radicals XI are observed in TPX (Fig. 9). This spectrum with an 
axially symmetric (/-tensor is typical of oxy or peroxy radicals, the latter 
being the more probable assignment, especially when molecular oxygen is 
admitted after irradiation. Similar peroxy species have been observed in 
a wide variety of substances including irradiated polymers like poly
propylene,12 PTFE,42 polyethylene;43 in general, only polymers with ex
tensive hydrogen bonding are resistant to reaction with oxygen during or 
after irradiation.41

In the present study it was found that the alkyl radicals (II), the allyl 
(IV) and the polyenyl (III and Ilia) all reacted with oxygen at 77°K (if 
oxygen was present within the polymer) and at room temperature, to give 
the corresponding peroxy radicals (ROO). The spectra from the different 
species are not detectably different, since the unpaired electron is isolated 
from the protons of the carbon chain.

These peroxy radicals were found to decay by approximately first-order 
kinetics, which suggests either a unimolecular rearrangement to a non- 
paramagnetic form or a chain mechanism of the type suggested by Fischer 
et al.12 for the decay of the peroxy radicals in polypropylene. In either 
case, the peroxy radicals are thought to lead ultimately to the degradation 
of the polymer.

The rate of formation of peroxy radicals from the primary radicals is 
governed primarily by the diffusion rate of oxygen into the polymer (or fol
low doses by the concentration of dissolved oxygen). Owing to the rapid 
diffusion of oxygen into TPX at room temperature it is expected that most 
of the radiation damage in unstabilized TPX under normal conditions (room 
temperature, in air) will follow the path of peroxy radicals to oxidative 
degradation.

At the lower doses, the stabilized grade behaved significantly differently 
when irradiated in air by forming their characteristic spectra without the 
additional peroxy spectra. However, this was not studied in detail.

Summary
The above interpretations of the experimental evidence are summarized 

in Figure 11.
DISCUSSION

The observable radiation damage is apparently highly selective (even at 
77°K, at which temperature the stability of the ultraviolet-photolyzed
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radical X shows that the unpaired electron is not able to migrate freely). 
The predominant species at 77°K or at room temperature is due to loss of 
hydrogen from the main chain tertiary carbon (radicals I, II and Ha). It is 
somehwat surprising that no corresponding species is observed for the side- 
chain tertiary carbon, although it remains possible that this does in fact 
make some small contribution to the observed spectra of Figures 1, 2 and 3; 
alternatively it may be unstable even at 77°Iv.

The nature of the radiation damage in evacuated TPX is approximately 
independent of the nature of the ionizing radiation (electrons or x-rays), 
the dose (in unstabilized TPX from less than 10 krad up to more than 20 
Mrad), the dose rate (from less than 300 rad/min with x-rays to more than 
300 krad/min with electrons*), and the temperature of irradiation (77°K or 
room temperature) once the sample has attained room temperature. In all 
cases the overwhelmingly predominant free-radical species is that due to 
radical II (I,IIa). The initial yield of this species at 77°K is of the 
order of 1.5/100 eV. The additives in the three stabilized grades studied 
significantly alter the nature of the damage for the lower doses only (< 50 
krad for Y and YI, and ca. 300 krad for VII). It may be expected that 
differences of dose rate, linear energy transfer, and perhaps dose, would have 
a significant effect on the production rates of the allyl and polyenyl radicals 
(IV, III, and Ilia), but this was not investigated in detail.

A significantly different pattern of damage was found for irradiation with 
hard ultraviolet radiation in that the methyl free radical (VIII) was formed. 
Even under similar conditions of low dose-rate, and taking into account the 
decay of VIII at 77°K, no evidence was found of its production with 250 
kV X-rays or with 15 MeV electrons. However, the complementary species 
produced by the hard ultraviolet radiation (IX) could well be identical to 
that produced by soft ultraviolet after ionizing radiation (X), and this is 
known to convert to radical II at room temperature. Hence the ultimate 
damage to the TPX main chain by ultraviolet radiation may well be the 
same as for ionizing radiation, although a methyl group will have been lost 
from the side chain.

The presence of oxygen during or after irradiation has a highly significant 
effect on the ultimate fate of the primary damage. In the absence of 
oxygen there is a relatively slow second-order decay of the primary species 
presumably by the formation of double bonds or crosslinks. Oxygen alters 
this by the rapid formation of peroxy radicals whose decay is highly tem
perature dependent and is supposedly followed by oxidative degradation. 
At low doses (< 100 krads) there is sufficient oxygen dissolved within the 
unevacuated polymer for most of the primary radicals to be immediately 
oxidized even at 77°Iv. At higher doses, the oxidation is limited by the 
oxygen diffusion rate in TPX which is greater than in most plastics. The 
data on the decay of radical II in air at room temperature show for example

* A s  s ta te d  befo re  th is  is  a c tu a lly  a tru e  dose ra te  of 6 X  10° k ra d /m in  w ith in  the
p u lse s .
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Time t ( mi n s )
Fig. 12. Rate of oxygen diffusion into TPX at 300°K, showing experimental points and 

calculated curve for k  =  6.G X 10- 3 cm /sech

that oxygen has diffused completely throughout a 3 mm-thick sample within 
500 min (see Fig. 12). If the diffusion data are fitted to an expression of the 
type

d, = fcf'/!
where d is the depth to which the oxygen has diffused from the surface after 
time t, the value of k at atmospheric pressure and about 300°Iv is obtained 
as 6.6 X 10~3 cm/sec‘/2.* Figure 12 shows this to be a remarkably ac
curate method of determining the diffusion rate of oxygen into such poly
mers.

It has been established that in general polymers with quaternary carbon 
atoms undergo radiation-induced degradation while those with secondary 
carbons undergo only crosslinking,45 and those with tertiary carbons are 
expected to be intermediate in behavior (e.g., polypropylene46). Conse
quently one. might expect TPX to be intermediate in its behavior. The 
present study shows that the relative probability of degradation to cross- 
linking in TPX should be highly dependent on the access of oxygen to the 
sample. If it is irradiated and stored in vacuum a preponderance of cross- 
linking and unsaturation would be expected; but if it is in air during or 
shortly after irradiation, the damage should be largely by degradation. 
Even the thicker samples should undergo more degradation than poly
propylene owing to the higher diffusion rate of oxygen in TPX. The dose 
rate would seem to play a part here, since at high dose rates there will be

* In Figure 12, V  is the total volume of the TPX sample used and V u is that proportion 
which is still unoxygenated at time t. The experimental points are ratios of the height 
of a high-field peak of radical II (well clear of the peroxy spectrum) to its original 
height. Since the oxidation rate is much greater than the diffusion rate, this proportion 
of unoxidized II is considered to be an accurate measure of the unoxygenated volume. 
The calculated curve assumes diffusion from all sides of the sample of dimensions (2.0 X
0.30 X 0.35) cm3.
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rapid cross linking and double-bond formation coupled with a temporary 
depletion of oxygen. Thus relatively low dose rates from natural radia
tion or smaller 60Co 7-sources would be expected to give less crosslinking 
than the high dose-rate electron irradiations used in the present study.

It is seen from this paper that ESR irradiation studies of commercially 
supplied poly-4-methylpentene-l may be expected to yield a variety of 
different results depending on the nature of the stabilizers and other addi
tives, the ESR microwave power levels used (since many of the spectra 
saturate at relatively low power), and the presence of oxygen in even very 
low concentration. Differences in crystalline structure may also affect 
the spectra as has been observed in other polymers.18-20’21

The general pattern of radiation damage in TPX as deduced from the 
present results is in good agreement with the observations and later inter
pretations of the damage in irradiated polypropylene,10'13'16'17 particularly 
in respect of the dominant room-temperature and 77°K spectra. Rather 
different interpretations have been put on the results of irradiated poly
butene-1 by Hukuda, Ivusumoto, Kawano and Takayanagi,18-20 but as 
with most ESR data, their results are open to other interpretations, which 
may make them consistent with what one would expect from the poly
propylene and TPX theories. Their results and those of Rubin and Huber21 
do show conclusively, however, that the observed ESR spectra in poly- 
butene-1 are dependent on the different crystalline modifications of the 
polymer, at least in respect of the decay rates of the different free radical 
species.

Also published are the results of one study of irradiation damage in poly- 
3-methylbutene-l.22 By infrared spectroscopy it was concluded that the 
probable effects of irradiation with 1 A le Y electrons are as shown in eq. (3).

-CH2—CH—ch2- ICHI(CH3)2

-CH2—C—CH2-I!ch2
2CII3

-> — CH2—CH—CH2— + CH3—CH—CHj (3)
These effects are dissimilar to those seen in TPX. However, direct com
parison of ESR data with those of infrared spectroscopy are difficult, since 
a large variety of different irradiation products are undoubtedly formed, as 
is seen below.

TPX samples tested by infrared were (1) unirradiated, (2) irradiated with 
15-MeV electrons to about 2 Mrad in air at room temperature, (3) irradiated 
with 15-MeV electrons to about 2 Mrad in air at 77°K and then stored in air 
at room temperature, (4) an air-free sample irradiated at 77°K in vacuo and 
stored in vacuo at room temperature for two weeks. Infrared analysis 
showed that sample 1 contained some C=C bonds as detected by the ab
sorption band near 6.1 ju; the number of these appears to be reduced by 
irradiation and they are not detectable in samples 2-4. (There are no 
corresponding ESR observations since it was assumed that the initial
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proportion of unsaturation in the polymer was negligible. The infrared 
data were not sufficiently sensitve to detect the small concentrations of 
radiation-induced C=C bonds which the TPX data suggest should be 
present in sample 4.) Small amounts of hydroperoxide groups (bands at 
2.81 n) were seen in samples 2 and 3 but not in sample 4, which is con
sistent with the treatment of the samples. No carbonyl groups were de
tected. In addition, the volatiles produced by irradiation of TPX in an 
evacuated sealed tube were tested by mass spectrometry. The spectrum 
was not scanned low enough for hydrogen but it showed a mixture of low 
molecular weight hydrocarbons, including methane, ethane, propane, 
butanes, butenes, and longer chain hydrocarbons (up to at least C7Hi6). 
Although this run was not quantitative, there appeared to be present more 
methane and ethane than propane, and these three each outweighed the 
other hydrocarbons by more than an order of magnitude.

As mentioned before, TPX has been investigated with a view to its 
possible application in plastics dosimetry23 in a dose range extending below 
that covered by clear Perspex dosimetry.24-27 However, as with most other 
plastics, the radiation-induced optical density change varies with time of 
storage after irradiation, and to have to take all readings at a fixed time 
partially defeats the simplicity and convenience of plastic dosimetry. 
This “fading” is relatively slight in Perspex,25 hence the Perspex dosimetry 
is widely used in the range >5 X 105 rads. Some of the grades of TPX 
studied23 showed promise for extending this technique to lower doses (down 
to about 10 krad), apart from the problems due to fading. The present 
ESR study elucidates some of the transient phenomena in irradiated TPX, 
and it is seen that the kinetics of the decay of the free radicals can be 
partially correlated with some of the fading phenomena, particularly over 
the first few hours. This could be extended by studying the ultraviolet 
absorption by the free radicals (including conversions such as II —*- X) as 
a function of wavelength. It also highlights the strong dependence of 
fading on such factors as the presence of oxygen and thickness of sample, 
temperature of storage, and nature and concentration of stabilizers used. 
The dosimetry work23 has shown that unstabilized TPX is a less sensitive 
dosimeter than some of the stabilized grades and also fades more than most; 
the optimum grade contains a mixture of stabilizers. If the nature of the 
stabilizers is available, then an extension of the ESR studies to include 
these grades should assist in a better understanding of the dosimetry system 
and perhaps allow for more control of the sensitivity and fading. By com
parison an optimum formulation of clear Perspex for dosimetry has been 
established,26’27 but mainly from the point of view of empirical studies of 
optical density.

The author wishes to thank Imperial Chemical Industries, and Dr. D. G. M. Wood in 
particular, for supplying the various grades of TPX, for helpful discussions, and for ob
taining the infrared and mass spectrometry data. Thanks are also due to Dr. K. A. 
Hasan for his cooperation in the preliminary stages of this work.
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Molecular Morphology of Cellulose
R. ST. JOHN MANLEY, Department of Chemistry and Pulp and Paper 

Research Institute, McGill University, Montreal, Canada

Synopsis
Nat ive celluloses of various biological origins, as well as regenerated celluloses were ex

amined by electron microscopy after suitable dispersion. In all cases the specimens were 
found to be composed of a common filamentary unit which is rectangular in cross section 
and has the approximate dimensions 3.5 X 20 A. It is suggested that these are the basic 
morphological units of cellulose; they are therefore called protofibrils. For protofibrils 
of regenerated cellulose it is shown that: (1) the molecular contour length greatly ex
ceeds the protofibril length, (2) the mass of the protofibril corresponds to that of a single 
molecule, and (3) the protofibril length increases with molecular weight. Additionally, 
high resolution electron micrographs of native and regenerated protofibrils show an ap
parent axial texture with a periodicity of about 40 A. From these observations and the 
knowledge that the molecular chain axis is aligned parallel to the protofibril axis, a model 
of the protofibril is deduced. The model consists of a ribbon which is pleated on itself 
so as to form a planar zigzag structure of rectangular cross section. This supersedes a 
previously proposed model of circular cross section. The structure is composed of a sin
gle folded chain, arranged so that the short extended segments between the folds are 
parallel to the protofibril axis. The protofibril is thus regarded as the morphological ex
pression of the cellulose molecule. Microfibrils and protofibrils often exhibit kinks, the 
angle between the kinked portions being 120°. This phenomenon is satisfactorily ex
plained by the protofibril model and in fact provides good support for it. Finally, var
ious properties of cellulose are considered in relation to the model. By contrast with the 
earlier crystalline-amorphous concepts of cellulose fine structure, it is suggested that pro
tofibrils are completely crystalline structures, and that the properties of cellulose may be 
understood by considering processes that occur at the level of the protofibril as a unit.

INTRODUCTION
The elucidation of the line structure of cellulose is a complex problem 

which has received much attention but remains unresolved. This paper 
gives a comprehensive account of an investigation which has been carried 
out in this laboratory over a period of years. As a general frame of refer
ence it may be well to begin with a recapitulation of the origins of the work.

Cellulose is a linear polymer composed of anhydroglucose units joined by 
1-4 /3-glycosidic bonds. It forms the principal constituent of plant cell 
walls where it occurs as thin threads of indefinite length called microfibrils. 
In width, microfibrils vary from 70 to 300 A, depending upon the source of 
the cellulose.1-3 Cellulose can also be obtained in a regenerated form which 
in some cases has also been found to be fibrillar in structure.4-6 In the case 
of native cellulose the degree of polymerization is not known with certainty,
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but. recent research7 suggests that it may be at least as high as 15,000. For 
regenerated celluloses, the degree of polymerization is of the order of 500.

The existence of an ordered structure in celluloses is shown conclusively 
by x-ray and electron diffraction studies. The diffraction patterns exhibit 
many reasonably well-defined reflections which have been accounted for in 
terms of three spatial coordinates. There are four recognized crystalline 
modifications. Here we shall be concerned with two, namely, cellulose I 
and II, which occur normally in native and regenerated celluloses, respec
tively.

Although a considerable amount of work has been done on the crystal 
structure of cellulose, there is still no completely satisfactory answer. For 
cellulose I, the most favored structure is that proposed by Meyer and 
Misch.8 It is based upon a monoclinic unit cell with the dimensions a = 
8.35 A, b = 10.3 A (fiber axis), c = 7.9 A, /3 = 84°. The unit cell of cel-

o olulose II is similar, with the dimensions a = 7.92 A, b = 10.3 A (fiber axis),oc = 9.08 A, $ = 63°.9 For both modifications the unit cell contains two 
cellobiose residues which belong to chain molecules passing through the 
center and corners of each cell; these chains are generally believed to be in 
an antiparallel arrangement.

In addition to the relatively sharp maxima, the diffraction patterns of 
cellulose also display more diffuse scattering. The latter has been inter
preted to mean that the ordering process does not extend throughout the 
sample. In effect, therefore, the material is considered to be only partially 
crystalline, and the relative amounts of the total crystalline and amorphous 
regions determines the degree of crystallinity. There are several methods 
for the measurement of percentage crystallinity in cellulose. By the x-ray 
method as proposed by Hermans10’11 it has been found that native celluloses 
of different biological origin, vary in crystallinity over wide limits from 
40% bacterial cellulose to 70% in Valonia cellulose. Regenerated celluloses 
have crystallinities in the region of 40%.

From the above, as well as other observations, the fine structure of cellu
lose came to be interpreted in terms of a two-phase crystalline-amorphous 
or “fringed micelle” model.12 According to this concept cellulose micro
fibrils are regarded as assemblies of crystalline and amorphous regions, with 
each chain molecule extending through several crystalline and amorphous 
domains. This picture in various guises13-16 has dominated all discussions 
of the small-scale structure of cellulose and its relation to phsyicochemical 
properties. However, during the last decade, the study of polymer mor
phology has led to the realization that the fringed-micellar model is funda
mentally incorrect for synthetic polymers. It is now recognized that the 
basic mode of polymer crystallization is the development of lamellar struc
tures comprised of folded chain molecules.17'18 We were accordingly led 
to question the validity of the fringed-micellar model for cellulose, and the 
attempt to obtain further information followed two paths. On the one 
hand, a study was made of the growth and morphology of single crystals of 
cellulose derivatives and other carbohydrate polymers.19'20 The immediate
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aim of this work was to ascertain whether chain folding, similar to that in 
crystals of the synthetic polymers, would occur, in spite of the generally 
supposed stiffness of the cellulose molecules. The crystals, obtained by 
precipitation from dilute solution, were found to have properties entirely 
analogous to those of the synthetic polymers. In particular, they are 
lamellar in structure and are composed of molecules folded perpendicular 
to the lamellae. While this observation did not necessarily imply that the 
cellulose molecule must also be folded in native cellulose, it did suggest a 
new possibility to be considered.

The second line of investigation was more direct and forms the subject 
matter of the present paper. The fine structure of a wide range of native 
and regenerated celluloses was investigated by high-resolution electron 
microscopy. These studies provide evidence that there is a fundamental 
morphological unit of structure common to all celluloses. We then examine 
the possible disposition of the cellulose molecules within this structural unit 
and arrive at a new proposal for the fine structure of cellulose. Preliminary 
accounts of this work have previously been published.21'22

EXPERIMENTAL
Materials

The samples used are listed below.
Native Celluloses

Valonia ventricosa cellulose. This is a unicellular alga, the vesicles of 
which may reach a volume as large as 30 cc. The vesicles were obtained 
preserved in formalin solution from the General Biological Supply House, 
Chicago. Before use the cell walls were prepared as follows. Calcareous 
deposits were removed by soaking overnight in 0.1 N HC1 at room tem
perature. Noncellulosic amorphous material commonly present in the cell 
wall was removed by treatment with hot 0.5.A ammonium oxalate and 6% 
NaOH.

Tunicate Cellulose. The specimen was supplied by Rayonier Inc., Shel
ton, Washington. It was obtained from a colonial tunicate of the genus 
Botryllus. The cellulose was isolated as follows. The specimens were 
homogenized, extracted with acetone, washed with water, and treated with 
solutions of chlorine dioxide at pH 7 and at room temperature. After five 
treatments with C102 and one extraction with 4% sodium hydroxide solu
tion at room temperature, the solids were further dispersed in an Osterizer 
for 45 sec. After two more treatments with C102, the brei was thoroughly 
washed with water and freeze-dried. Nitrogen content was found to be 
0.25%; the nitrate degree of polymerization was 3100, and paper chro
matography of its hydrolyzate showed only traces of sugars other than 
glucose.

Bacterial Cellulose. This material was supplied by Dr. J. R. Colvin of 
the National Research Council, Ottawa. The cellulose was produced by
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the bacterial species Acelobader xylinum as thick pellicles on the surface 
of the culture medium. The pellicles were homogenized in a Waring 
Blendor and the cellulose was purified by boiling under nitrogen for 4 hr with 
IN  NaOH. The cellulose was then washed repeatedly in distilled water.

Ramie Celluloses (Bohemia nivea). The fibers were subjected to an 
extraction first with hot ethanol and then with boiling water. The sample 
was then treated with hot 1% sodium hydroxide, and, after a thorough 
washing with distilled water, it was bleached with glacial acetic acid and 
sodium chlorite. The bleached material was then washed with water.

Cotton Linters. An acetate grade material supplied by the Hercules 
Powder Company. It was kier boiled and dewaxed by alcohol-benzene 
extraction.

Wood Cellulose. Softwood, acetate grade wood pulp, was used.
Regenerated Celluloses

Fortisan. This is a highly stretched commercial cellulose yarn supplied 
by the Celanese Corporation of America; it is prepared by steam-stretching 
cellulose acetate yarn and then saponifying with caustic soda and sodium 
acetate.

Cellulose Regenerated from Dilute Viscose Solution. Ripe viscose con
taining 7% cellulose and 6% sodium hydroxide was diluted to 1/10 of this 
concentration with water and stirred until the solution became homoge
neous. Then 1% hydrochloric acid was added slowly with stirring until the 
deep orange color of the viscose impurities changed to yellow. The gelat
inous precipitate which formed slowly was separated by centrifugation 
and washed with several changes of distilled water.

Cellulose Regenerated from Solution. The cellulose was dissolved in 
cadmium ethylenediamine as described by Henley,23 the resulting solution 
was diluted with water and then dialyzed against water until all the cellulose 
had precipitated.

Films. Cellulose triacetate films were cast from chloroform solution 
(6%). The solution was spread on a mercury surface and the solvent was 
evaporated at a controlled rate. The films were saponified in 2% potassium 
hydroxide solution in aqueous methanol at room temperature. The result
ing cellulose films were about 100 ¡x thick and were shown to be isotropic by 
x-ray measurements.

Methods
Swelling

Swelling treatments were carried out in 23N sulfuric acid at room tem
perature for 0.5-1 min. Specimens were then thoroughly washed with 
distilled water and prepared for electron microscopy.

Ultrasonics
Ultrasonic disintegration of the cellulose specimens was carried out under 

distilled water by using an MSE ultrasonic apparatus operating at 20 kcps
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with an output of 60 W. The suspensions so formed were diluted with 
water in order to obtain a suitable distribution of material on the specimen 
grids.

Specimen Preparation
Shadow Casting. In most cases the specimens were shadowed with plat

inum at, an angle of 30°. A few preparations were, however, shadowed with 
plat inum/carbon at an angle of 75°. The high angle of deposition was used 
to minimize the effects of background structure.24 The procedure described 
by Bradley24 was followed closely with the use of platinum/carbon pellets 
obtained from Ladd Industries Inc., Burlington, Vermont.

A drop of an aqueous suspension of the cellulose sample was placed on 
carbon-covered specimen grids and allowed to dry down. The grids were 
then shadowed at the appropriate angle.

Negative Staining. The bulk of the investigation was carried out with 
the aid of the negative contrast technique.25-27 The basic method was to 
apply a drop of the aqueous suspension under examination to carbon-coated 
specimen grids and allow this to dry down. A drop of staining agent was 
then applied to the grid, left for about 15 sec, and finally the excess liquid 
was removed by touching the grid with a piece of filter paper so that a thin 
film remained which dried at room temperature in a very short time.

The chief difficulty with these preparations arose from background 
“noise” due to surface structure in the supporting carbon film. In addi
tion, the supporting film caused an appreciable decrease in the clarity and 
contrast of the specimen image. As Huxley and Zubay27 pointed out, these 
difficulties can be obviated by viewing the stained specimen in the absence 
of the supporting carbon film This is accomplished by using carbon films 
with holes. The staining material dries across the holes as a thin film in 
which the specimen is embedded.

Holey carbon films were prepared by a method due to Harris.28 A 
Formvar film was cast on a glass slide from an emulsion containing 0.25% 
Formvar in dichloroethylene and glycerol in the ratio 32:1. The emulsion 
was formed just prior to use by sonication for about 5 min. After drying 
for about 10 min the slide was exposed to a jet of steam for 2 min. The 
film was then stripped on a trough of water and mounted on the supporting 
specimen grids. After drying, the grids were covered with a layer of 
evaporated carbon about 200 A in thickness and the Formvar substrate was 
dissolved in dichloroethylene.

The preparation of the specimens with the holey carbon films was as 
follows: 1 cc of 1% staining agent was mixed with 2 cc of specimen suspen
sion. A droplet of this mixture was applied to the grid and the excess 
blotted away to leave a thin film of liquid which dried rapidly by evapora
tion in the air.Surface Replication. Fiber surfaces and the cell wall of Valonia ventri- 
cosa were replicated by a method described by Norberg.29 The specimen 
supported on a glass slide, was shadowed with platinum at an angle of 30°,
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and then coated with carbon evaporated at normal incidence. The coated 
specimen surface was then brought into contact with a sheet of polystyrene 
softened by heating to 150°C. On cooling, the polystyrene hardened and 
formed a protective backing on the replica. After removal of the cellulose 
by dissolution in copper ethylenediamine, the replica was mounted on 
specimen grids and the polystyrene was dissolved with toluene.

Electron Microscopy
Preparations were examined in a JEM 6A electron microscope by use of 

double condenser illumination, an accelerating voltage of 80 kV, a 800 n 
condenser aperture, and a 50 u objective aperture. Photographs were 
taken at instrumental magnifications of 20,000-80,000 X.

The magnification was calibrated by directly imaging the lattice of in- 
danthrene olive crystals in the microscope. Suitable thin crystals were 
obtained by cooling from solution in quinoline. The crystals are lathlike 
in habit and at high magnifications show a system of fringes running parallel 
to their length. The lattice translation corresponding to these fringes is

o24.9 A as determined by x-ray diffraction.30
Molecular Weights

For some of the specimens it was necessary to know the contour length of 
the constituent cellulose molecules. This was generally calculated from 
the intrinsic viscosity in cadmium ethylenediamine (Cadoxen) at 25°C. 
Degrees of polymerization were approximated from the. intrinsic viscosities 
by using the relation,23

M  =  1.7 x  1 0

Zm denoting the weight average degree of polymerization. In a few cases 
the samples were converted into cellulose trinitrate by using a mixture of 
nitric acid and acetic anhydride;31 intrinsic viscosities were then measured 
in acetone at 25°C and degrees of polymerization were calculated from the 
equation,32

M = 5.0 X 10~3ZW
The viscosity measurements were made in an Ubbelohde dilution viscomet er 
having a negligible kinetic energy correction, and the intrinsic viscosities 
were determined in the usual manner by plotting reduced viscosity against 
concentration and extrapolat ing linearly to zero concentration.

X-Ray Diffraction
The x-ray diffraction studies were made with a Seifert unit and the use of 

nickel-filtered CuKa radiation. Wide-angle patterns were obtained in a 
flat plate camera, while low-angle observations were made with a Kiessig 
vacuum camera33 with a collimating system which permitted a resolution 
of about 300 A.
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OBSERVATIONS 
Electron Microscopy

Native Celluloses: Identification of Fundamental Morphological Units
Preparations of Valonia cellulose obtained by ultrasonic dispersion of 

whole vesicles and examined by the negative staining method showed 
basically two types of structures. As illustrated in Figure 1 these comprise 
microfibrils (200-400 A wide) which sometimes contain oval-shaped areas 
disposed along their length, and filaments about 35 A in diameter.

Microfibrils showing the above mentioned oval-shaped areas are also 
seen in shadowed preparations at high magnification (Fig. 2). The oval-

Fig. 1. Typical preparation of separated filaments from V a lo n ia  v e n tr ic o sa  negatively 
stained with uranyl acetate. The preparation was obtained by ultrasonic dispersion of 
purified specimens. Most of the larger filaments show oval-shaped areas disposed along 
their length; as indicated in the text these are believed to be artifacts. Electron micro
graph, magnification 218,000 X.
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Fig. 2. Microfibrils of V a lo n ia  v e n tr ic o sa  as seen at high magnification by the shadow- 
casting technique. Notice the oval-shaped discontinuities similar to those found in 
negatively stained preparations. Electron micrograph shadowed with platinum-carbon, 
magnification 110,000 X .
shaped areas are then very clearly delineated. To our knowledge, such 
structures have not hitherto been observed in Valonia preparations. At 
first sight they give the impression of being holes in the microfibrils, but 
it is a little difficult to see how such an interpretation could be correct, 
especially since they occupy so large a proportion of the microfibril. The 
clue to what may be the correct interpretation, and what is in any case a 
plausible one, was found when negatively stained preparations were exam
ined in the absence of a supporting carbon film (Fig. 3). The microfibrils 
were then embedded in a thin film of staining agent suspended over holes in 
the carbon film as described earlier. It was then found that the micro- 
fibrils no longer exhibited the oval-shaped areas. It therefore seems 
reasonable to suppose that the oval-shaped areas are not related to the struc-
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Fig. 3. Preparation of V a lo n ia  v e n tr ic o sa  as visualized by the negative staining tech
nique in the absence of a supporting carbon film. The specimen is supported in a thin 
film of uranyl acetate suspended over a hole in a carbon film. Electron micrograph, 
magnification 1.37,OOOX.

ture of the microfibril, but arise from the fact that the microfibril is not in 
contact with the substrate over its entire length. As a result the staining 
agent is able to creep between the fibril and the substrate in some areas, but 
is excluded from others. A similar effect would arise in shadowed speci
mens because back-scattered metal is only accessible to some portions of 
the microfibril-substrate interface.

In many cases the micro fibrils were devoid of the oval-shaped areas, and 
it may be presumed, in accordance with the foregoing remarks, that in such 
cases the microfibrils are in contact with the substrate over their entire 
length (Fig. 1). On close inspection these microfibrils appeared to show a 
fine structure consisting of bands or threads, 30-40 A wide, running parallel 
to the long axis. Further evidence for the presence of a fine structure in 
the microfibrils was found in cases where mechanical rupture had occurred, 
presumably during specimen preparation. Thin threads 30-40 A wide were 
then seen extending between the fracture surfaces (Fig. 4). As already 
mentioned above, long isolated filaments of a similar width were fre
quently observed in all preparations (e.g., Fig. 1). The natural interpreta
tion of these observations is that Valonia microfibrils are composed of finer 
structure elements consisting of filaments about 35 A wide running parallel
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Fig. 4. Microfibrils of V a lo n ia  v e n tr ic o sa  fractured, presumably during specimen prep
aration. Thin filaments are pulled out between the fracture surfaces. Electron micro
graph negatively stained with many] acetate; magnification (a )  180,000X, (6)232,000X

Oto the length of the fibril. The isolated 35 A filaments, to which attention 
has already been drawn, originate from the microfibrils from which they 
are torn during ultrasonic dispersion. In an attempt to verify this hy
pothesis the following experiment was performed. A Valonia vesicle was 
swollen in 23N sulfuric acid at room temperature for a few minutes. The 
vesicle was then neutralized in sodium hydroxide solution and washed 
thoroughly with water. When a piece of the vesicle was subjected to ultra
sonic dispersion under water, it disintegrated completely and went into 
suspension. This is in contrast to the case of untreated material which is 
only partially dispersed by sonication. When a drop of the suspension was 
dried down and examined in the electron microscope with the negative 
staining method, only one structure element was found; i.e., filaments of 
varying length but having a uniform thickness of about 35 A (Fig. 5). 
From this result it may be concluded that the 35 A filaments are the struc
tural constituents of Valonia microfibrils.

We now describe what appears to be a rather singular effect, observed 
principally in microfibrils of Valonia cellulose, but seen, though less fre
quently, in other kinds of cellulose. Figure 6 shows an example of a
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Fig- 5. Filamentary structure elements of V a lo n ia  m ic r o f ib r ils  isolated by swelling and 
subsequent sonication. Negatively stained with uranyl acetate, magnification 240,000 X .

Valonia microfibril which is bent in a more or less regular geometrical 
manner. The kinking appears to occur without buckling and while the 
kink angles generally lie in the range of 100-150°, the most frequently 
observed value is 120°. In some preparations similar kinking was observed 
in the 35 A constituent structure elements of the Valonia microfibrils. An 
example is shown in Figure 6. Here also the angle between the kinked 
portions is about 120°. It thus appears that the kinking occurs at the 
level of the individual 35 A filaments. The frequency of occurrence 
of these deformed fibrils and the remarkable constancy of the kink angle 
suggest that the phenomenon is not a chance occurrence. We believe that 
these observations are intriguing enough on any count, but preeminently 
so in relation to the fine structure of the filamentary structure elements. 
This will be considered later.

Results with bacterial and tunicate cellulose were similar to those on 
Valonia. The microfibrils have dimensions of (300-700 A) X (60-80 A) 
and (140-160 A) X (120-140 A), respectively. On application of the swell
ing and sonication procedure described earlier, the microfibrils liberate 
regular filamentary units 35 A in diameter, similar to those seen in Valonia. 
It may be concluded therefore that the microfibrils of these celluloses are,



1036 R . ST . JO HN  M A N LE Y

Fig. 6. A microfibril of V a lo n ia  v e n lr im s a  showing regular kinks. The kink angle is 
about 120°. The axially disposed oval shaped areas are an artifact (see text). Electron 
micrograph negatively stained with uranyl acetate, magnification 218,000X. ( I n s e t )  
A 35 Â filament isolated from V a lo n ia  v e n tr ic o sa . The filament shows regular kinks 
similar to those observed in microfibrils. Electron micrograph negatively stained with 
uranyl acetate, magnification 230,000 X .

like Valonia, composed of smaller filamentary structure elements which are 
aligned parallel to the microfibril axis.

It may be noted that in the celluloses considered so far, the microfibrils 
occur as coherent units of more or less uniform width and thickness. To 
judge from the electron micrographs it would appear that these micro
fibrils are ribbonlike structures, of rectangular cross section. Superficially, 
the main difference between them appears to be one of size. If the con
stituent filamentary structure elements are packed in the microfibrils in an 
ordered array, variations in microfibril size, from one species to another, 
can be accounted for in a simple manner as related to the total number 
of structure elements contained in the microfibril. By way of illustration, 
Figure 7 shows how microfibrils of Valonia and bacterial cellulose might be 
built up by close packing of the 35 A filaments.

To continue with our observations and deductions, we now consider some 
celluloses from higher plants. Preparations from ramie, cotton, and wood 
celluloses were examined. In all cases the specimens are found to consist 
of aggregates or bundles of filaments all having approximately the same
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Fig. 7. Schematic drawing showing how cellulose microfibrils might be built up from 
protofibrils in close-packed arrays: (above) bacterial cellulose microfibril; (below) 
V a lo n ia  cellulose microfibril. The drawings have been made to scale taking into con
sideration the dimensions of the microfibrils and protofibrils as derived from electron 
micrographs. The protofibrils have been drawn with a rectangular cross section as sug
gested by experimental evidence to be presented later.

diameter and of indefinite length. The filaments are more loosely packed 
than in Valonia, tunicate, and bacterial cellulose and it is not necessary to 
resort to the acid swelling and sonication procedure to reveal their presence.

In the foregoing we have described observations on a variety of native 
celluloses. Invariably they have been found to consist of discrete filaments, 
about 35 A wide and indistinguishable in appearance regardless of their 
biological source. The wide diversity of the specimens chosen, suggests 
that this finding is valid for all naturally occurring celluloses. We consider 
this to be a significant observation, and as no smaller structure elements 
were found, it seems justifiable to regard these filaments as the ultimate 
unit filaments or fundamental morphological units of natural celluloses in 
general. In accordance with accepted biological terminology we propose to 
designate them as cellulose protofibrils. For the same units Muhlethaler34,35 
has used the term elementary fibril. As will be indicated later, these 
protofibrils are composed of cellulose molecules and accordingly are the 
carriers of the essential chemical and configurational characteristics of 
cellulose.

Regenerated Celluloses
When an oriented regenerated cellulose is disintegrated ultrasonically 

under water, pronounced fibrillation readily occurs. When the fragments
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Fig. 8. Electron micrograph showing a fragment of a Fortisan fiber and its constituent 
protofibrillar structure elements. The specimen is supported in a thin film of uranyl 
acetate suspended over a hole in a carbon film, magnification 270,000 X .

are examined by the negative-staining technique, they are observed to be 
composed of discrete structure elements. For the case of Fortisan this 
is illustrated in Figure 8. The structure elements are seen to be line parallel 
filaments about 30 A in width.

By swelling the Fortisan in sulfuric acid and then disintegrating by ultra
sonic irradiation, if could be almost completely dispersed into the thread
like particles. In dimensions and appearance these particles are identical 
to the filaments in the unswollen preparations. Similar results were ob
tained with other types of oriented regenerated cellulose.

It was of interest to know whether the filaments observed in the oriented 
specimens originated in the molecular orientation process during fiber forma
tion. Experiments similar to those described above were therefore carried 
out on unoriented films, and on specimens regenerated from dilute viscose 
(cellulose xanthate) and cadmium othylenediamine (Cadoxen) solutions as 
described in the experimental section. For the films it was not found possi
ble to achieve adequate dispersion purely by sonication in the water swollen
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Fig. 9. Electron micrograph showing protofibrils of cellulose precipitated from cad
mium ethylenediamine solution. Negatively stained with uranyl acetate, magnification 
385,000 X.

state. However, by swelling the film in sulfuric acid and then sonicating, 
excellent results were achieved. The visualization of all these preparations 
by the negative staining technique in the electron microscope (Fig. 9) again 
revealed the presence of filaments identical to those found in the oriented 
specimens.

The inference which then seems to emerge from these observations is that 
all regenerated celluloses are composed of filaments which are closely related 
to those found in native celluloses. This adds considerable weight to the 
earlier conclusion that the protofibrils are the basic morphological units of 
cellulose and, as will be shown later, suggests the synthesis of a model which 
unifies the morphology of native and regenerated celluloses at the molecular 
level.

Morphology of the Protofibrils
The examination of negatively stained preparations at high resolution 

reveals that the protofibrils appear to have a beaded texture along their 
length, the diameter of the beads being about 30 A. The clarity with which
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Fig. 10. Electron micrograph showing a bundle of protofibrils from ramie cellulose. 
The sample is suspended over a hole in a carbon film. Negatively stained with uranyl 
acetate; magnification 400,000X.

this structure is visible is somewhat variable, but the overall impression is 
unmistakable (Figs. 10 and 11). On close inspection one sometimes gets the 
impression that the beads are not structural singularities but are the ex
pression of some kind of helical structure. The distance between theocenters of successive beads is estimated to be about 40 A.

In order to interpret the beaded appearance it is necessary to ascertain 
whether the beads are related to the morphology of the protofibrils, or are 
an artifact arising from the granularity of the substrate by a superposition 
effect. Artifacts of this kind can be produced by phase contrast when the 
objective lens is not perfectly focussed. Therefore, unless it is certain 
that the image is sufficiently free of astigmatism and appropriately focussed,
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Fig. 11. Electron micrograph showing protofibrils in a microtomed section of V a lo n ia  
v e n tr ic o sa . Negatively stained with uranyl acetate; magnification 250,000X-

one must be reserved in deducing true specimen structure from the finest 
details that can be seen at high magnification.

At this point it should be emphasized that the beaded structure of the 
protofibrils is observed even in the absence of a carbon substrate, a condi
tion which obtained when specimens were prepared by the “holey-film’' 
method (see Experimental Section). The phenomenon is therefore not 
analogous to the oval-shaped areas in Valonia micro fibrils to which reference 
has already been made, and which were concluded to be artifacts. It is also 
interesting to note that a similar beaded structure has recently been ob
served by Heyn36 in protofibrils of cotton and ramie cellulose. His experi
ments carried out on thin sections which were stained in situ and mounted 
on bare grids.

The beaded appearance of the protofibrils is also apparent in replicas of 
cellulose fiber surfaces (Fig. 12). Paradoxically, the clarity of the effect is 
then somewhat greater than in the negatively stained preparations. The
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Fig. 12. Electron micrograph (negative print) showing the surface of a spruce wood 
fiber. The finest filaments show an axial texture similar to that observed in negatively 
stained preparations. The fibers were freeze-dried and replicated as described by 
Norberg.29 Platinum shadowed at 30°, magnification 60,000X.

observation of this texture with two totally different methods of specimen 
speaks for its authenticity. Nevertheless, it is very difficult to arrive at a 
decisive conclusion on this issue purely from electron microscopy, and at this 
stage the phenomenon must be regarded as suggestive but not conclusive. 
Later, however, the beaded texture will be used in conjunction with other 
observations in the derivation of a protofibril model.

To complete the picture of the morphology of the protofibril, it is neces
sary to make an estimate of its shape in cross section. Films of cellulose 
diffract x-rays in a manner which suggests that they have a uniplanar 
orientation. Thus when a piece of Valonia wall is irradiated at normal in-

. ocidence, the 6.1 A (101) reflection is missing from the x-ray diffraction pat



M O LEC U LA R  MOLUMIOLOCY O L C E LL U LO S E 1043

tern; it is observed, however, when the surface of the wall is arranged 
parallel to the x-ray beam.37 Similar observations have been made on films 
of regenerated cellulose.38 This indicates that the protofibrils cannot be 
circular in cross section; they must be anisotropic either with respect to 
transverse shape or structure. Ohad and Danon have measured the width 
of protofibrils in negatively stained preparations of corn and bacterial 
celluloses.39 They obtained a distribution curve showing two peaks corre
sponding to widths of 30 and 20 A, the 30 A peak being dominant. Similar 
results have been obtained in this laboratory with preparations of ramie 
cellulose protofibrils. These observations suggest that the protofibrils are 
rectangular in cross section and lie for the most part on their broader faces.

X-Ray Diffraction
Wide-angle and low-angle x-ray diffraction studies were carried out on 

Valonia and ramie celluloses in an effort to obtain information on the texture 
of the protofibrils. The specimen of Valonia was a piece of cell wall, the 
plane of which was oriented parallel to the x-ray beam; in the experiments 
with ramie the beam was oriented perpendicular to the fiber direction. 
Examination of the diffraction patterns revealed the presence of equatorial 
maxima at spacings corresponding to 36, 20,13, 10 and 6.7 A in Valonia and 
20, 13 and 10.5 A in ramie. It may be noted that the reflections are in the 
ratio 1:a/3 : a/ 4 : a/ 7 characteristic of a hexagonal lattice. Additionally, 
in ramie a meridional reflection corresponding to a spacing of 8.4 A was 
observed. All of these reflections are in addition to those corresponding to 
the simple unit cell structure.

Burge40 has shown that for a system of cylindrical units packed in a 
hexagonal array of limited extent, the separation r between the centers of 
adjacent cylinders can be determined from the obsei'ved spacings d by 
plotting the line

d  27Ti [j i ,2w]

where j i:iw represents the positions of the maxima of the zero-order Bessel 
function. When the extra equatorial reflections of cellulose are plotted 
against [jt,2w]_1, a straight line with zero intercept is obtained (Fig. 13). 
The value of r calculated from the slope of this line is 40 A. The size of the 
protofibrils indicated by this analysis appears to be consistent with that 
determined from electron microscopy. It is then tempting to interpret the 
extra equatorial reflections as being related to the packing of the protofibrils. 
However, little reliance can be placed in such an interpretation, lor as 
Sisson has shown, the reflections can also be explained as due to silver and 
bromine absorption edges on the x-ray negative, produced by diffracted 
general radiation from the (002) and (101) planes.41 In like manner, our 
calculations show that the 8.4 A meridional reflection probably originates 
from absorption edges corresponding to the (020) and (040) reflections. The 
x-ray diffraction thus provides no information on the texture of the proto
fibrils.
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Fig. 13. Correlation of the extra equatorial x-ray spaeings <1 with the maxima of the
zero-order Bessel function.

Molecular Constitution of the Protofibrils
Evidence for Molecular Folding

The question now arises as to how the cellulose chains are disposed within 
the protofibrils. The discovery that regenerated celluloses consist of 
protofibrils provided a means of obtaining information on this point. 
Celluloses of various molecular weights were precipitated from solution in 
cadmium ethylenediamine. The molecular weight of the precipitated 
material was estimated from viscosity measurements, while the average 
protofibril length was determined from measurements on about 100 fila
ments on electron photomicrographs. From the molecular weights the 
molecular contour lengths could be calculated, the weight and length of 
each glucose residue being known. Molecular contour lengths Lm and 
protofibril lengths Lp were then compared. This compai'ison is most 
meaningful when the two quantities represent similar averages. The 
values of Lm closely approximate to a weight average since they are derived 
from viscosity measurements. Consequently, the values of Lv were also 
calculated as weight averages by using the expression Lp = ZNiL^/ZNiLi, 
where Ni is the number of protofibrils of length Li.

From x-ray diffraction studies it is known that the b axis, that is the 
molecular chain direction, is coincident with the protofibril axis. It then
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follows that if the molecules are fully extended, Lm and Lp should be equal, 
while if the molecule is compacted or folded Lm should exceed L„.

The results of these experiments are given in Table I. The first point of 
interest is that the length of the protofibrils increases with the molecular 
weight of the dissolved cellulose. From this it becomes attractive to sug
gest the hypothesis that the protofibril may be the morphological expression 
of a single cellulose molecule. Bittiger has made a similar suggestion 
for the amylose-iodine complex which crystallizes in the form of fibrils with 
a uniform diameter of 40 A.42 If this idea has merit, then the cellulose 
protofibril is essentially a monomolecular crystal. Evidence bearing on 
this point will be presented later.

TABLE I
Comparison of Protofibril Length and Molecular Contour Length“

Specimen1’ DP Z/p, A Lm, A Lm/Lp
a (470) 270 (2420) (9.0)

12.') u 640 2 .4
b (710) 380 03660) (9.6)

400 11 2060 5.4
(i 1080 60.') •V)00 9.1
a 16:30 880 8300 8 .5
e 2400 1100 12500 10.9

“ Data in parentheses are derived from viscosity measurements on acetone solutions of 
nitrate samples. The other D P values were obtained from viscosity measurements on 
cadoxene solutions.

b Samples: a, obtained by saponifying a fraction of cellulose triacetate; b, Fortisan; 
c, sulfite pulp; d, bleached ramie; e, cotton.

For the higher molecular weight celluloses, Lm is about ten times Lp. The 
values of Lm/L p are so far in excess of unity that the possibility of their 
being totally in error can be discounted. These results thus provide good 
evidence for molecular folding, for it is obvious that the molecules cannot 
be fully extended along the protofibril axis, and simultaneously exceed the 
protofibril in length by an order of magnitude. There is, however, an 
apparent enigma in the data to which attention is now directed. In the 
lower molecular weight range, the ratio Lm/L p decreases in a systematic 
manner (Fig. 14). The lateral dimensions of the protofibrils are not affected 
by changes in molecular weight, and the x-ray diffraction pattern of the 
precipitated material shows no change over the range of molecular weights 
studied. Accordingly it would be expected that the molecular packing of 
the protofibril, and therefore Lm/L v, would be independent of molecular 
weight. The means of reconciling the apparent inconsistency in the data 
probably lies in the molecular weight determinations. It is known that in 
cadmium ethylenediamine the cellulose molecule undergoes a change in 
configuration at lower molecular weights.43-46 Thus a single viscosity- 
molecular weight relation would not be applicable over the entire molecular 
weight range. The validity of this explanation was checked by nitrating
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Fig. 14. Plot of the ratio of molecular contour length L m to protofibril length l . p 
against, 1he degree of polymerization: ( • )  data derived from viscosity measurements on 
nitrated samples; (O) data derived from viscosity measurements on cadoxen solutions.

the two samples of lowest molecular weight and measuring their intrinsic 
viscosities in acetone. For cellulose nitrate in acetone the viscosity-mo
lecular weight relation is known to be valid over the range of molecular 
weights investigated here.32 Values of Lm/L p based on these measurements 
are found to be in agreement with those of the higher molecular weight 
samples (see Table I).

Although the above results strongly suggest that molecular folding occurs 
in cellulose, it must be emphasized that, strictly speaking, they apply only 
to protofibrils of regenerated cellulose on which the measurements were 
actually made. Similar measurements have not been made on native 
celluloses because of the difficulty of obtaining protofibrils of a convenient 
length. However, the protofibrils of native and regenerated cellulose dis
play an identical axial texture, suggesting that the chains are arranged in 
the same way in both cases. It thus seems reasonable to assume that these 
results are valid not only for protofibrils of regenerated cellulose but also for 
those of native cellulose.

We have considered the stereochemical feasibility of folding by studying a 
Stuart-Briegleb space-filling atomic model. It was found that the chain 
could be made to fold sharply on itself, provided that the glucose units are 
allowed to rotate around the glycosidic bonds. Furthermore, surprisingly 
enough, only two glucose units were required to negotiate the bend. There 
thus appear to be no inherent stereochemical restrictions in the molecule 
which would forbid folding.
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Derivation of a Protofibril Model
The observations described in the preceding sections suggest that the 

cellulose protofibril is a structure of rectangular cross section, and that 
within this structure the chain molecules are folded in such a manner that 
the chain axis coincides with the axial direction of the protofibril. A way 
in which these basic conditions can be met is suggested by the apparent 
axial texture of the protofibrils as described earlier. This texture can be 
accounted for by postulating that the protofibril consists of a flat, ribbon 
pleated on itself so as to form a planar zigzag structure which can best be 
likened to a helically wound ribbon distorted through total flattening (Fig. 
15A). It then follows as a natural consequence of the planar zig-zag 
morphology that, there is only one way in which the molecules can be arranged 
so as to be parallel to the protofibril axis. As illustrated in Figure 1513, 
the molecules form flat ribbons by folding regularly on themselves, in such a

», /v, 30 A° 11

Fig. 15. Schematic drawing illustrating the proposed morphology of the cellulose 
protofibril; (d ) the structure as a ribbon pleated on itself in a planar zigzag fashion; 
(B) the molecular disposition in the ribbon; (C) the molecular disposition in the pleated 
ribbon.
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Fig. 16. Schematic, drawing showing how kinking could occur in a protofibril through a 
partial “unwinding” of the planar zigzag structure.

manner that the short extended segments between the folds lie across the 
ribbon. With the ribbon wound in a planar zigzag manner, the extended 
chain segments become parallel to the protofibril axis (Figure 15C).

It is interesting to consider the previously described phenomenon of 
kinking (see Fig. 6) in the light of the above model. Assume that the 
angle between the direction of the pleat and the axis of the protofibril is 
60°. If one or more turns of the planar zigzag structure are pulled out by 
unwinding, then a kink would be formed with an angle of 120°. The 
resultant structure, shown in Figure 16, bears a striking resemblance to the 
kinked fibrils shown in Figure 6. When we come to consider the mechanism 
of kinking, there is no difficulty in visualizing that in a single protofibril an 
unwinding could be induced by stresses developed by sonication during 
specimen preparation. However, such a mechanism seems highly improb
able for a microfibril which, as suggested earlier, is a close-packed array of 
protofibrils. It thus seems more reasonable to suppose that the effect is 
not due to the unwinding of a preformed structure, but that the kinks 
develop directly during the formation of the protofibrils. Support for the 
correctness of this deduction is provided by the observation of kinked micro, 
fibrils in Valonia cell walls (Fig. 17). On this basis one is led to suppos- 
that the kinking effect must ultimately be crystallographic in origine 
The relation between the unit cell and the protofibril will be discussed later. 
Here, however, it may be noted that in the unit cell of cellulose I (Meyer- 
Misch) the (120) planes lie at an angle of 58° to the b axis or chain direction 
(see Fig. 18). Let us assume then that the ab plane of the unit cell lies 
parallel to the broad face to the protofibril. Then if the folds are located 
in the (120) planes, and the protofibril is a regularly pleated structure as 
proposed, it can readily be seen that a protofibril segment in the unpleated 
state must make an angle of about 120° with a pleated segment.

On the face of it then, the phenomenon of kinking seems to provide good 
support for the folded chain planar zigzag protofibril model. Last, it is 
apparent that, kinking in microfibrils implies that the constituent proto
fibrils must be packed in crystallographic registry. For all essential pur
poses such microfibrils can thus be regarded as single crystals. The mecha-
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Fig. 17. Electron micrograph of the wall of V a lo n ia  v e n tr ic o sa . Notice the bundles of 
kinked microfibrils. Shadowed with Pt at 30°, magnification 56,000X (negative print).

Fig. 18. Schematic representation of the unit cell of cellulose I showing the disposition
of the (120) plane.

nism by which this astonishing effect is achieved is part of the unsolved 
problem of cellulose biosynthesis.

It is now of interest to estimate the mass of a protofibril in order to deter
mine the number of cellulose chains contained in the structure. This will 
test the validity of the supposition made earlier, that a protofibril may be a 
monomolecular crystal. For purposes of calculation it is convenient to 
idealize the planar zigzag structure as a rod of rectangular cross section 
with dimensions 30 X 16 A. Geometrically this approximates sufficiently 
closely to the proposed model that one should not depart too far from



TOSO R. ST. JOHN MANLEY

reasonable conclusions. The molecular weight Mp of the protofibril can 
then he estimated from the relation

MP = L„ANp
where Lp is the length of the protofibril, A is the cross-sectional area, p is 
the density of cellulose, and N  is Avogadro’s number.

From experiments described earlier, in which cellulose was precipitated 
from solution as protofibrils, we know Lp the length of a protofibril corre
sponding to cellulose of a given molecular weight Mv. With the density of 
cellulose as derived from x-ray data (1.59 g/cm3), values of Mp can readily 
he calculated for comparison with M„. The results are given in Table II.

TABLE II
Comparison of Protofibril Mass and Molecular Weight8

DP /.„ (A) M v  X IO"1 M p X IO“3 M p / M r

125 270 20 125 6. 1
(470) (76) (1.6)
400 380 65 170 2 .7

(710) (116) (1.5)
1080 005 175 ' l l ! 1.6
1630 880 265 400 1.5
2400 1150 390 526 1.3

8 Values in parentheses correspond to molecular weights derived from viscosity mea
surements on nitrated samples. All other molecular weights were obtained from vis
cosity measurements on cadoxen solutions (see Experimental section).

In assessing the data it should be noted that values of Mp as calculated 
here are somewhat overestimated, since they correspond to a solid rod which 
would obviously have a higher mass per unit length than the envisaged 
planar zigzag structure of corresponding dimensions. This probably ac
counts for the fact that the values of Mp are systematically greater than 
those of Mv. Bearing this overestimation in mind we may now compare the 
values of Mp and Mv. When M is obtained from viscosity measurements 
on cadoxen solutions, the ratio Mp/M v approximates to unity for the higher 
molecular weight samples but shows a tendency to increase at degrees of 
polymerization lower than 500. On the other hand, the ratio also approxi
mates to unity for the lower molecular weight samples when M„ is derived 
from viscosity measurements on nitrated material. As was pointed out 
earlier, the abnormal behavior of the lower molecular weight samples in 
cadoxen solution is probably related to a deviation from random coiling.

From these results it appears that there is essentially a one-to-one corre
spondence between protofibril mass and molecular weight. It is thus 
difficult to escape the conclusion that the protofibril contains a single folded 
cellulose molecule. We may now proceed to consider in greater detail how 
the molecule is packed in the protofibril. For this purpose the relation 
between the unit cell and the protofibril must be known. It is first neces
sary to establish the crystallographic directions in the protofibril. Figure
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Fig. 19. Drawing showing a portion of the protofibril “unwound” as a flat ribbon. 
The drawing illustrates the relation between the cellulose molecule (heavy lines), the 
protofibril and the unit cell. There are three lattice translations along the b axis, one 
along the c axis, and an indefinite number along the a  axis.

19 shows a section of a protofibril unwound as a flat ribbon. We already 
know that the extended chain segments (i.e., the b axis) must lie across 
the ribbon. The c axis must coincide with the thickness of the ribbon in 
order to place the (120) plane in the appropriate orientation to account for 
the phenomenon of kinking; the a axis will then lie in the plane of the 
ribbon and perpendicular to the b axis. To satisfy the geometrical require
ments of the proposed planar zigzag structure we would expect about three 
unit cell translations along the b axis, one translation along c and an in
definite number along a. Granted that the molecule is folded within the 
ribbon, and subject to the condition that it must be disposed within the 
structure in such a way as to satisfy the Meyer-Misch relations between 
the straight chain segments, three basic schemes of packing can be en
visaged. These are illustrated in Figure 20, which shows the projection 
of the ribbon along the chain direction onto the (120) fold plane. The 
chain axis is normal to the plane of the figure, and its direction is indicated 
by plus and minus signs corresponding respectively to movement into and 
out of the plane. The folds are not all identical since their width (i.e., 
the distance between segments joined by the fold) depends upon the plane 
in which it is located. In the (101) plane the width is 6.1 A, while in the 
(101) plane it is 5.4 A.

In the first scheme (A), the folds lie alternately in the (101) and (101) 
planes in each cell, and lattice sites on the front surface of the ribbon are 
vacant. In the second scheme (B), the folds lie in the (101) and lOl) planes 
in successive cells. Alternate lattice sites on the front and rear surfaces of 
the ribbon are thus vacant. The third scheme (C) is a combination of the 
others. The folds are located in the same planes as before, but their dis
position is random throughout the structure and there is consequently no 
regularity in the positions of the vacant lattice sites. In relation to the 
unpleated ribbon which has been considered here, none of the proposed 
schemes of chain packing covdd account for the basic translations of the 
structure as defined by the Meyer-Misch model. Scheme A does not pro
vide for the 7.9 A translation, while B implies a c axis repeat of 16.6 A and
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Fig. 20. Projection of the cellulose lattice along the b axis onto the (120) plane, to 
illustrate various schemes of chain packing in the protofibril. Each of the smaller 
parallelograms represents one unit cell. The small hatched rectangles represent the 
straight chain segments which are normal to the plane of the figure; the plus and minus 
signs denote directions into and out of the plane of the paper. The solid and dotted 
lines represent folds in the cellulose chain. A, B, and C show the packing in the proto
fibril “unwound” as a ribbon. D and E show chain packing similar to A and B, re
spectively, in the pleated ribbon.

Oforbids the 8.3 A translation. The third scheme (C) is characterized by 
order deficiency in the stacking of the straight chain segments. However, 
when the pleated morphology of the protofibril is taken into consideration it 
becomes clear that lattice registry must exist between the turns of the 
planar zigzag structure. As indicated in Figure 6 (D and E) for a pleated 
structure, alternatives A and B would appear to be equally likely since they 
would both account for the density of cellulose and the basic lattice trans
lations. The third alternative (scheme C) is considered to be unlikely be
cause of its inherent deficiency in order.

Present knowledge of hydrogen bonding in the cellulose I lattice suggests 
that within the protofibril the straight chain segments are linked by hydro
gen bonds in the (101), (101) and (002) planes. Thus the proposed pleated 
structure would be securely “locked together” by the hydrogen bonds and 
would be expected to display considerable rigidity in the axial direction.

In order to build up the type of micelle envisaged here there must be a 
staggering of the folds, so that each extended-chain segment is translated
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stepwise along the molecular chain direction, relative to the neighboring ex
tended-chain segment (Fig. 15). The effect is analogous to that occurring 
in hollow pyramidal crystals of polyethylene46 '47 and presumably occurs in 
order to fulfill the requirements for efficient packing of the folds. Meyer 
and Misch have deduced that in the unit cell of cellulose I the center and 
corner chains are displaced by about 3 A in the chain direction. This re
sult is understandable in terms of the staggering of the folds enunciated 
here, and follows directly from the earlier suggestion that the folds are 
located in the (120) planes which lie at an angle of about 60° to the b 
axis.

The molecular packing has been discussed above in relation to the proto
fibrils of native celluloses. For the case of regenerated celluloses, the same 
basic schemes of packing can be envisaged. The difference between the 
protofibrils of these two modifications would then reside chiefly in the 
mutual disposition of the straight chain segments as defined by their re
spective crystal structures.

In concluding this section, the question may be raised whether the model 
proposed would not lead one to expect off-meridional low-angle x-ray re
flections corresponding to the fold period. As indicated earlier, such re
flections are in fact not observed. Inspection of the model suggests that 
there is no discrete discontinuity in electron density in the axial direction 
such as exists in single crystals of synthetic polymers. This would seem 
to preclude the observation of low-angle diffraction effects.

D IS C U S S IO N

It has been proposed that cellulose is composed of protofibrils, which con
sist of a single cellulose molecule folded in an antiparallel manner to form a 
micellar ribbon that is regularly pleated on itself giving a planar zigzag 
structure. Presumably this structure is stabilized chiefly by intramolecular 
hydrogen bonds comprising those linking contiguous glucose units in the 
straight chain segments, and those linking glucose units in adjacent straight 
chain segments.48'49

Three observations argue to the correctness of the conclusion that the 
protofibrils are the morphological expression of the cellulose molecule; first 
the ubiquity of the unit in various types of cellulose; secondly, the lateral 
dimensions of the unit remain constant while the length increase with mo
lecular weight, and thirdly there is an apparent equality between protofibril 
mass and molecular weight. If the unit were an extended chain crystallite 
it would contain many molecules and it would be difficult to understand 
what determines its size. A folded chain structure, as opposed to one 
with extended chains, also provides a natural explanation for the widely 
held view that adjacent chains in the unit cell of cellulose are packed in an 
antiparallel manner; it is obvious that adjacent straight chain segments 
must be antiparallel if the chains are folded.
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The concept that protofibrils of cellulose are chain-folded monomolecular 
crystals, bold though it may perhaps seem, evokes no new principles of 
molecular conformation. In fact there is an obviously close analogy be
tween the present observations and the recognition of chain folding in poly
mer single-crystals.17’18 Furthermore, the tendency of a chain molecule 
to aggregate with itself has been established in other biopolymers that have 
many functional groups capable of forming hydrogen bonds. The best 
known example of this phenomenon is the so-called cross-beta conforma
tion of the polypeptide chain as found in bacterial flagella50'51 and the egg 
stalk of the green lace-wing fly Chrysopa, where the fold period is 25 A.62,53

In seeking to understand the genesis of the structure of the protofibril, as 
it is here pictured, one is faced with two formidable questions. The first is, 
what determines the observed fold-period. No answer can be given to this 
question at present. However, at least this much can be said; the fact that 
the protofibrils can be reconstituted from solution, implies that the chain 
can unfold, lose its specific conformation and regain it of its own accord. 
This leads to the suggestion that the protofibril must represent the state 
of lowest free energy or highest stability of the cellulose chain. Presu
mably the explanation for the folding is to be found in the theory of the 
crystal growth kinetics. This has been treated by Lauritzen and Hoff
man,54 Frank and Tosi,55 Lauritzen and Passaglia,56 and Price.57 The 
second question relates to the origin of the pleat in the folded-chain ribbon. 
Two possibilities can be suggested: first, the pleating occurs in order to 
minimize the surface area of the protofibril, and thus its total free energy; 
and second, by pleating, a surface is provided on which molecular segments 
can be attached through hydrogen bonding. Possibl}7 the most reasonable 
way of visualizing the formation of the protofibril, is to suppose that chain 
folding and crystal pleating occur simultaneously by a process of cont inuous 
growth as the chain molecule is transformed into an ordered structure; the 
less likely, if not altogether improbable alternative, is that the growth of the 
protofibril occurs by a two-step process, in which the chain folds on itself to 
form a ribbon, which then pleats in a regular manner.

The underlying cause of the deviation from regular pleat-ing in proto
fibrils, leading to the formation of a kink, is obscure. It may be em
phasized in passing, however, that kinking provides a mechanism whereby 
microfibrils can undergo an abrupt change in their direction of growth. 
This may bear on the problem of fibril orientation in plant cell walls.37

We now wish to consider some of the characteristics of cellulose in rela
tion to the model. It is not the intention to give a comprehensive explana
tion of properties, but rather to indicate the lines of thought suggested by 
the model. In the first place there is the question of the heterogeneous 
hydrolysis of cellulose. The glycosidic linkages in cellulose are susceptible 
to attack by mineral acids.58-61 The reaction proceeds rapidly in its initial 
stages, but becomes extremely slow after a small fraction of the bonds has 
been broken. The major part of the reduction in chain length occurs before 
there has been any significant loss in weight. In the later stages of the



MOLECULAR MORPHOLOGY OF CELLULOSE 1055

reaction, especially under drastic conditions of hydrolysis, there can be 
considerable loss in weight although the chain length decreases slowly.61

In order to explain these observations, it may be supposed that hydrol
ysis occurs simultaneously on the lateral and end surfaces of the protofibrils. 
Scission of the covalent bonds on the lateral surfaces would generally be 
expected to cause an appreciable decrease in average chain length. How
ever, the extent to which the lateral attack proceeds will depend on the 
accessibility of the surfaces to the acid, and this in turn is determined by the 
lateral aggregation or packing of the protofibrils. The initial rapid decrease 
in chain length is thus caused principally by lateral attack and the leveling 
off degree of polymerization will depend on the packing of the protofibrils, 
which will vary with the origin of the cellulose (ramie, wood, cotton, etc.) 
and its pretreatment (e.g., mode of drying, swelling, etc.). In the later 
stage of hydrolysis, the average chain length decreases only slowly, since the 
protofibrils are attacked at the ends with the removal of low molecular 
weight oligomers. Evidence for such a mechanism has been given by 
Sharpies.62

It is well known that various chemical processes occur with greater 
facility in some celluloses than in others. If, as in the traditional picture, 
cellulose is regarded as a crystalline-amorphous system, then it is natural 
to suppose that the crystalline regions are not penetrated by reagents; 
the extent to which a given process occurs under given conditions is then 
taken as a measure of the accessible cellulose present. On this view 
crystallinity and accessibility are related properties. In the model pro
posed here, the crystallinity is thought to arise from the packing of the 
molecule within the protofibril; no amorphous regions are present in the 
structure. Accessibility would depend on the availability of the proto
fibril “matter” to chemical reagents and is thus a function of the state 
of aggregation of the protofibrils.

The definition of the reflections in x-ray diffraction patterns of cellulose 
depends on the biological origin of the material studied (Fig. 21). In 
order to account for this effect it is suggested that the protofibrils must 
associate in sufficiently ordered arrays for in-phase scattering to occur. 
This suggestion is in accord with the earlier deduction that protofibrils can 
be packed in crystallographic registry, at least in microfibrils of certain 
celluloses. The larger the size of the bundle of protofibrils over which 
coherent scattering extends, the lower is the accessibility and the greater 
is the resolution of the diffraction maxima. The dimensions of the co
herently scattering regions (i.e. the crystallites) is given by x-ray line-broad
ening measurements. These indicate that the protofibrils must be packed 
longitudinally so that the (040) planes are in registry over a distance of at 
least 600 A.63 The lateral dimensions of the crystallites are considerably 
lower; they vary with the origin of the cellulose but lie in the range 50-170
A.64

Finally, we must relate the model to swelling and mercerization. When 
native cellulose fibers are placed in an aqueous solution of sodium hy-
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Fig. 21. T h e  x -ray  d iffraction  p a tte rn s  of severa l n a tiv e  celluloses: (1 ) V a lo n in  
rcn tricosa , (2 )  tu n ic a te , (3 )  bac teria l, (4) co tto n , (5) wood. T h e re  are w ide v aria tio n s in 
th e  reso lu tion  (i.e., sharpness) of th e  m axim a.

droxide, there is an absorption of alkali and water, and swelling occurs. In 
the process, the structural elements of the fiber (i.e., the protofibrils) are 
forced apart. At low alkali concentrations the internal arrangement of the 
protofibril is not altered and the x-ray diagram undergoes no modification. 
At higher alkali concentrations, the alkali molecules interact strongly with 
the protofibril, causing the disruption of the system of hydrogen bonds that 
stabilizes the structure and giving rise to alkali celluloses. When the alkali 
is washed out, a so-called mercerized or regenerated cellulose is formed with 
a new system of hydrogen bonds. The formation of the new polymorph 
may be regarded as a genuine intramolecular transformation that takes 
place in such a manner that the essential morphological identity of the 
protofibril is reconstituted.

The discussion of properties in relation to the proposed model, as out
lined above, serves to emphasize the difference between the conception of



MOLECULAR MORPHOLOGY OF CELLULOSE 1057

cellulose derived from the present work and the crystalline-amorphous 
concept embodied in earlier theories. The thrust of the concept emerging 
from the present work is that there is no amorphous phase in cellulose; it is 
t he packing of the protofibrils that determines the crystallinity and accessi
bility of cellulose.

In conclusion it seems only fair to mention that the hypothesis de
veloped in the present work is at variance with the conceptions of several 
other authors. Muggli65’66 has measured the molecular weight in micro- 
tomed sections of a native (ramie) cellulose and concludes that the chains 
are in the extended conformation. Thus the point at issue is whether the 
protofibril is composed of many extended chains or a single folded chain as 
suggested here. It is clear that the reasons for the difference between the 
results of this experiment, and the predictions of the model proposed here, 
must ultimately be resolved. It is difficult, however, to see how a proto
fibril composed of extended chains can be consistent with the phenomena of 
kinking or the apparent axial texture.

Mark et al.67 have recently shown that the experimentally observed elastic 
modulus of cellulose is several orders of magnitude higher than that cal
culated on the basis of a model formally similar to that developed here. On 
the strength of this discrepancy the authors claim to refute the idea of chain 
folding in cellulose and support the concept of extended chain protofibrils. 
It should be noted, however, that the protofibril model used in their cal
culations consists of a tightly wound helical spring with a circular cross 
section. This corresponds to the working hypothesis formed at the outset 
of the present investigation. That model differs in important points of 
detail from the one proposed here; in the present model the hypothesis of a 
protofibril with circular cross section has been abandoned in favor of one 
with a rectangular cross section.

In summary, the model proposed in the present work explains a variety 
of experimental observations in a rational manner and appears to be con
sistent with the known facts of cellulose structure. Its principal attrac
tions are: (1) it accounts for the occurrence of a common morphological unit 
(the protofibril) in native and regenerated cellulose; (2) it accounts for the 
size and morphology of the protofibrils in terms of well-established prin
ciples of macromolecular crystal growth; (3) it explains the phenomenon of 
kinking in microfibrils and protofibrils; (4) it explains why the chains in the 
unit cell of cellulose are antiparallel; (5) it suggests new ways of interpret
ing “order-disorder” effects in cellulose.

T h e  a u th o r  is in d eb te d  to  U r. P . H . N o rb erg  of M o  och D om sjo AR, O rn sk o ld sv ik  
Sw eden for m ak ing  av a ilab le  an  u n p u b lish ed  p h o to g ra p h  w hich gave th e  o rig inal s tim u 
lus fo r rep lica tin g  cellulose fiber surfaces as a  m eans of revealing  th e  axial te x tu re  of the  
p ro tofib rils.

T h e  w ork  w as assisted  u n d e r th e  P ioneering  R esearch  P ro g ram  ad m in is tered  by the  
In s t i tu te  of P a p e r  C h em istry , A ppleton , W isconsin.
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S tr u c tu r a l  P h e n o m e n a  in  P o ly m e r s  A r is in g  a t L o w  
T e m p e r a t u r e s  a n d  b y  t h e  A c t io n  o f  H ig h  F o r c e s *

V. A. KARGIN,! G. P. ANDRIANOVA, and I. YU. TSAREVSKAYA,
Institute of Petrochemical Synthesis, Academy of Sciences of the U.S.S.R., 
Moscow, U.S.S.R., and V. I. GOLDANSKII, and P. A. YAMPOLSKI1, 

Institute of Chemical Physics, Academy of Sciences of the U.S.S.R., 
Moscow, P.S.S.R.

S y n o p sis
N ew  s tru c tu ra l p h en o m ena  w hich  can be p ro d u ced  in  po lym ers a t  low  te m p e ra tu re s  o r 

b y  th e  ac tio n  of h ig h  forces a re  described  an d  discussed. E x p erim en ta l ev idence sup
p o rts  th e  a rg u m en t t h a t  th e  d efo rm a tio n  of po lym ers can develop  n o t on ly  as a  re su lt of 
co n fo rm atio n al changes of th e  m acrom oleeules p ro p e r b u t  also b y  tran s fo rm a tio n  of m ore 
com plex s tru c tu ra l  fo rm atio n s. T h e  consequence of th is  p henom enon  is th e  possib ility  
of la rge  d efo rm atio n s fa r  below  th e  g lass-tran sitio n  te m p e ra tu re  in a  c ry sta llin e  p o ly m er 
w ith  w ell-developed superm olecu lar s tru c tu re . T h is  ty p e  of d efo rm a tio n  ta k e s  p lace 
w ith o u t m olecu lar o rien ta tio n . A n o th er p henom enon  discussed is th e  sh a rp  change of 
su p erm o lecu lar s tru c tu re  in  c ry sta llin e  p o lym ers caused  b y  th e  ac tio n  of a  shock  w ave. 
T h ese  effects o u g h t to  be connected  w ith  an  en e rg e tic  ra th e r  th a n  en tro p ic  d efo rm atio n  
m echanism  because th e  tra n sfo rm a tio n s  occur a t  a  superm olecu lar level. T h u s, th e re  
can be tw o  ex trem e ty p es  of d efo rm a tio n  processes: th e  w ell-know n confo rm ation  
changes t h a t  occur a t  a  m olecu lar level, a n d  th e  d efo rm atio n  of superm olecu lar s tru c 
tu re s . E x am p les of th e  p u re  fo rm  of th e  la t te r  ty p e  of m echanism  o b ta in e d  u n d e r  ex
trem e conditions are  given.

The statistical theory of elasticity, in which high elastic deformation of 
polymers is regarded to be the result of conformation changes in chain 
molecules, has guided the development of our concepts on the nature of 
mechanical properties of polymers. The behavior of natural rubber at 
elevated temperatures, where essentially the entire change of free energy 
in deformation is determined by a change of entropy, the change in internal 
energy being very small, may serve as a typical example of application of 
these concepts.

However, the entropic nature of elasticity reveals itself in its pure form 
only in extreme cases. Numerous data indicate that an increase of inter- 
molecular interaction and the possibility of structure formation in rubbers 
results in a change of the internal energy which then plays an appreciable 
role in deformation processes. This may be illustrated by referring to data

* P a p e r  p re sen ted  as a  S ection  L ec tu re  a t  th e  22nd  In te rn a tio n a l C ongress of P u re  
F i r s t  an d  A pplied  C h em istry , Sydney , A u stra lia , 1969.

t  D eceased.
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Fig. I. C h ang e of to ta l  s t r e s s /  an d  its  e n tro p y  — T ( d S / d l ) p ,r  and  energy ( d H /d l ) p ,T 
com ponents w ith  th e  extension of ch lo rin a ted  n a tu ra l ru b b e r (3%  ch lorine) a t 2(I°C.

on the deformation of natural rubber which had been chlorinated to the 
extent of 3% chlorine.

Figure 1 depicts the change of total stress on stretching of chlorinated 
rubber as well as the entropy and energy contributions to the stress. It is 
evident that the energy changes are already quite significant in this case.1

The statistical theory of elasticity regards the deformation of a polymer 
as a result of deformation of disordered uncorrelated chain molecules. 
However, in recent years structures have been found in practically all 
polymer systems, not only in crystalline polymers but in amorphous ones as 
well. Data concerned with the existence of structures in glasslike polymers, 
elastomers, solutions, and polymer melts were reported recently.2

It has been shown in numerous investigations that the deformation of 
crystalline polymers is not always connected primarily with the conforma
tional changes of macromolecules but involves concurrent different struc
tural and phase transformations.2 Finally, it is of interest to recall the 
properties of some inorganic gels, particularly those of vanadium pentoxide, 
which are composed of very long, fine crystals. The only source of elastic 
behavior is the flexibility of the crystals, which is sufficient to allow com
pletely reversible deformations up to several hundred per cent.

Thus, we can have confidence that the deformation of polymers develops 
not only as a result of conformational changes of individual macromolecules
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but by transformations of more complex structural formations as well. 
Such processes ought to be purely energetic in nature.

The first type of process is widely known and is manifested almost in pure 
form in rubbers at elevated temperatures. Thus, the necessity arises to 
single out the second mechanism in its purest form. This paper deals with 
these efforts.

The most simple method for excluding conformation changes in macro
molecules is to decrease the temperature. High-elastic deformation prac
tically disappears at the glass-transition temperature T„. However, since 
an increase of force leads to a shift in Tg, a complete disappearance of all 
high-elastic phenomena occurs only at the brittle temperature.3 Never
theless, the molecular mobility does become very low at TQ; the polymer 
molecules cease to move relative to one another and, hence, to change their 
form, though they maintain the potential ability to change their conforma
tion down to the brittle temperature. It ought to be added that, as a rule, 
intramolecular and intermolecular interactions are very much alike and, 
therefore, amorphous and poorly ordered polymers are always transformed 
into a brittle glass at temperatures below T In this case it appears to be 
impossible to realize the particular conditions under which high deforma
tion can arise without conformational changes.

The genesis of supermolecular structures changes the entire picture, as 
more or less large structural elements can change their positions even 
though molecular chains within these elements tend to preserve their form 
and mutual spacing. Thus, ordered polymer bodies may behave as micro
crystalline solid bodies and not as glasslike liquids; deformation may be 
possible even at temperatures much below Tg and even below the brittle 
temperature.

Evidently one could expect large deformations to take place at tempera
tures below Tg in polymers with well developed supermolecular structures. 
On this basis, a few years ago two of us in collaboration with G. G. Kardash 
examined the deformation of polypropylene over a wide range of tempera
tures, including very low ones.4,6 It appeared that at low rates of strain, 
very high deformations can occur down to liquid nitrogen temperature 
( —196°C). This ability to deform at low temperatures occurs solely in 
crystalline specimens with pronounced large-scale supermolecular forma
tions. One can trace a definite relation between the ability to undergo low 
temperature deformation and the size of polypropylene spherulites. 
Amorphous atactic polypropylene and specimens containing minute spheru
lites break at temperatures below Ts before appreciable deformations are 
observed. Specimens with spherulites ranging in size from 80 to 150 n can 
be extended as much as 140% down to liquid nitrogen temperatures. 
With larger spherulites, the maximum deformations decrease once again 
owing to small cracks developing along the structural boundary lines. 
Figure 2 shows the dependence of ultimate deformations in polypropylene 
on spherulite size at temperatures of 20°C (above Tt) and — 40°C (below 
Ta). Figure 3 depicts the relation between ultimate extension and tern-
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Fig. 2. D ependence of u ltim a te  d efo rm atio n  upon sp h eru lite  size for .stretching of po ly
p ro p y len e: ( f ) a t 2 0 ° C ;  (/>) a t  —40°C .

T e m p e t a i u t e  ,°C

Fig. 3. D ependence  of u ltim a te  d efo rm atio n  upon  te m p e ra tu re  for p o lypropy lene  w ith  
sp h eru lites  of o p tim u m  size (80-150^). T h e  b an d  w id th  rep roduces th e  s c a tte r  of d a ta .

perature for spherulites of optimum size. It is evident that slow applica
tion of stresses to specimens with well-developed supermolecular structure 
allows large-scale deformation which may develop even at temperatures 
where the elasticity of chain molecules cannot be exhibited. Naturally, at 
this point the problem of structural phenomena intimately connected with 
these processes arises.

The most typical phenomenon developing during a uniaxial stretching of 
polymers is the orientation of macromolecules which occurs either as a result
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of an immediate arrangement in the direction of extension or as a result of 
recrystallization. The degree of orientation is estimated from the texture 
in x-ray diagrams and the development of birefringence. Figure 4 shows 
x-ray diagrams of polypropylene extended to 120% at temperatures of 
145, 20, and — 55°C. At high temperature the texture is revealed most 
distinctly, at room temperature it is less distinct, and at —55°C (i.e., much 
below the glass transition temperature) there are no traces of texture. An 
x-ray examination shows that the extended specimen is isotropic. Figure 5 
is a series of micrographs taken by polarized light at different stages of ex
tension at low temperature ( — 55° C).

Thus, the investigator is confronted with a rather strange phenomenon, 
i.e., lack of anisotropy despite a considerable uniaxial extension of the solid 
polymer. It is most implausible that there could be a flow which would 
lead to the disappearance of the original anisotropy. Even in rubbery or 
molten states, the anisotropy arising in the course of deformation disappears 
rather slowly. At temperatures below the glass transition similar processes,
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(c)
Fig. 5. P o lyp ro p y len e  films s tre tc h e d  a t  - 5 5 ° C  to  vario u s elon g a tio n s: (a )  20% ; (!>)

5 0 % ;  (c ) 100% .
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providing ordinary forces are involved, are in fact nonexistent. However, 
special experiments have shown that low-temperature deformations in 
polypropylene are entirely reversible. Deformed specimens, when heated 
to 10-20°C return fully to initial size. Microscopic investigations have 
also revealed a complete return to initial supermolecular structures. 
These studies may be supplemented by the results on the temperature de
pendence of stress-strain behavior. A considerable change of free energy 
develops in the course of deformation, depending on the change of internal 
energy. It is characteristic that entropy does not decrease for low-tem
perature deformation but, on the contrary, increases. Possibly, this is due 
to the rearrangement of crystalline areas along the boundary in large 
structural formations. Unlike the case of deformation of a rubber, the 
entropic contribution to the change of free energy is negative.

Thus, the study of polypropylene deformed at temperatures much below 
the glass transition temperature conclusively shows the existence of large- 
scale reversible deformation processes in polymers, which differ radically 
from the processes of elastic deformation in rubbers. We arrive at the 
conclusion that in this case the deformation is accomplished by displace
ments of large-scale supermolecular formations, which are so large that, 
on the average the body cannot be regarded as isotropic and the displace
ments of the structure elements cannot lead to microanisotropy.

The higher the temperature, the greater is the mobility of macromole
cules. At temperatures above both the glass transition and the melting 
point, the mobility of molecules is high enough for deformation to be 
accomplished by molecular conformational changes and mutual displace
ments. In the temperature interval between the glass transition and melt
ing point, the molecular mobility is already highly restricted; but it is 
still sufficient for some manifestations of conformation transformations 
and for the distintegration of large-scale supermolecular formations into 
smaller structural components.

Evidently, throughout this temperature interval deformation is accom
plished according to a mixed mechanism. However, the basic role grad
ually passes over from separate macromolecules to large-scale supramo- 
lecular formations. In Figures 6 and 7 are shown micrographs representing 
the extension of large polypropylene spherulites at 20°. The changes in 
in shape of spherulites and their disintegration into a system of closely ad
jacent fibrils, which in this particular case appear as independent structural 
units, are most explicit. Separate molecules have already almost lost their 
mobility, and large structural formations may still disintegrate into simple 
structural elements, in our particular case, into fibrils. Within this tem
perature range the deformation process is almost reversible and is associated 
with the development of a texture, whereas the fibrils individually are 
rather asymmetric. And, finally at lower temperatures molecular mobility 
ceases entirely, and large structural formations begin to move as a whole if 
they are adequately formed and their boundaries are not the sources of 
cracks. Thus, we gradually depart from the picture of deformation and
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displacement of separate chains to phenomena involved with the change of 
positions of larger and larger aggregates of symmetric structural blocks.

What factors cause the low-temperature deformation to be reversible? 
Under these circumstances of deformation, large blocks remain unchanged.

Fig- 6. D efo rm atio n  of la rge p o ly p ro p y len e  sp h eru lite s  a t  20°C .
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Hence, the relevant factors ought to be sought in phenomena developing 
along the boundary lines. As a rule, deformations developing in solid 
polymers lead to their loosening; and as a result of a breakup of larger 
formations into smaller ones, new boundary surfaces are established.
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These events are associated with an increase of the surface free energy of the 
system. A semiquantitative evaluation indicates the possibility of such 
processes.4'5

Naturally, observations of such unusual phenomena as large deformation 
at very low temperatures without the development of orientation suggest 
the desirability of approaching this category of phenomena from another 
angle arid with other experimental means. On the one hand, a decrease of

Pig. S. P o lypropy lene  films w ith  la rg e  sp h e ru lite  s tru c tu re  (a) before an d  (b) a f te r  ac tion
of a  200 k b a r  shock wave.
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temperature and an increase in the rate of an impact lead to equivalent 
results. On the other hand, transient effects require higher forces. Both 
of these conditions are produced by a shock wave. The results of a study of 
structural phenomena occurring when shock waves pass through polymers

Fig. 9. F ilm s of quenched  po ly p ro p y len e  (a) befo re  an d  (ft) a f te r  ac tio n  of a  200 k b a r
shock  w ave.

appeared to be of most striking interest ; moreover, they are in agreement 
with the observations made during the deformation at low temperature.6

Experiments were carried out on films 0.05-1 mm thick. The time of 
passage of the wave was 5-8 ¡xsec, and pressures arising in the wave varied
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Fig. 10. M icrographs a n d  x -ray  d iag ram s of p o ly p ro p y len e: (a) u n s tre tc h e d ;
(6) s tre tc h e d  600% .

from 10 to 500 kbar. The shock wave was produced by detonating 1 kg of 
explosive.

Despite the very short period of its action, the shock wave sharply changes 
the supermolecular structures in crystalline polymers. Figure 8 shows the 
structural changes in large polypropylene spherulites under a shock wave 
with an intensity of 200 kbar. One can observe a transition of large spheru
lites into a fine spherulite structure. Figure 9 reveals the action produced 
by a similar wave upon a specimen of quenched unordered polypropylene. 
In this case, as in the previous ones, the development of the same fine 
spherulitic structure can be seen. Thus, by the action of a shock wave it 
appeared to be possible to obtain very similar structures from two specimens 
initially exhibiting quite different supermolecular structures. Though Ihe 
period of action is very short, a state close to equilibrium is achieved under 
the conditions of the wave action.

However, the most spectacular results have been obtained when a shock 
wave acts on an oriented film. The formation of a “neck” associated with 
a sharp transition of an isotropic polymer into an oriented state, is a widely 
observed effect. Figure 10 includes micrographs and x-ray diffraction 
patterns of a large-spherulite polypropylene film, both unstretched and 
stretched 600%. Figure 11 displays microphotographs and x-ray diagrams 
for the same specimens subjected to shock waves of 200 and 500 kbar 
amplitude. These two figures reveal that a fibrous structure established 
after stretching disappears following the passage of a shock wave. As a 
result there arises a fine spherulite structure very similar to the one ob
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served as a result of the action of shock waves on an isotropic polypropyl
ene. The texture disappears almost entirely at 200 kbars and totally after 
500 kbars. However, the most remarkable feature is that, having lost its 
orientation, the specimen does not change in any of its dimensions. Be
sides measuring its thickness, we succeeded in inscribing a grating on the 
film. Our specimens revealed no longitudinal or transverse shrinkage due 
to the shock wave. Furthermore, there was no dimensional change during 
subsequent heating to a temperature close to the melting point of poly
propylene. If orientation disappears on raising the temperature, one 
always observes an abrupt change in shape of the specimen.

F ig . 11. M icro p h o to g rap h s an d  x -ray  d iag ram s of p o lypropy lene  s tre tc h e d  600%  (see 
F ig . 10) a f te r  ac tio n  of shock  w aves: (a) 200 k b a r ;  (6) 500 k b ar.

The first presumption is that the polymer may melt during the passage of 
a shock wave, no matter how short the time of passage happens to be. To 
establish whether there is any melting of polymer, a dye which crystallizes 
into needles with a melting point below that of polypropylene (165°C) was 
introduced into the polymer. Experiments with 500 kbar shock waves 
showed that regardless of any changes experienced by the polypropylene, 
the dye crystals remained unmelted, and scratches marked on specimen sur
face failed to change. Finally, experiments were carried out with an 
unmelted polymer, polyethylenepiperazine. Figure 12 reveals changes in 
this polymer following the passage of a shock wave of 200 kbars. Once 
again a typical fragmentation of the sperulite structure was observed. 
Thus, it may be concluded that structural changes are not connected with 
polymer melting.
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There is another possibility, namely, a degradation of the polymer due to 
flow and structural transformations. However, viscosity measurements of 
polypropylene prior to and after the passage of 500 kbar shock waves showed 
that no degradation occurred. For example, intrinsic viscosity values for 
an initial specimen and specimens after the passage of 200, 350 and 500 
kbar waves were 1.82, 1.84, 1.80, and 1.86, respectively. Thus, the mo
lecular weight remained unchanged.

Fig. 12. P o lye th y len e  p iperaz ine (a) before and  (6) a f te r  passage of a 200-kbar shock
w ave.
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Remaining doubts are connected with possible degradation resulting from 
a shock wave and subsequent restoration of molecular weight due to re
combination of macroradicals produced in the initial degradation. In this 
case the introduction of inhibitor ought to produce a decrease of molecular 
weight. It was shown experimentally that an introduction of inhibitor 
fails to produce such an effect.

Thus, we arrive at the conclusion that a change of position of large 
structural units similar to the picture observed in low-temperature de-
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Fig. 14. P o lyb u ten e-1 : (a) orig inal sam ple and  a f te r  ac tio n  of (b ) 120 k b ar, (c) 200
k b ar, an d  (d )  400 k b ar.

formations, is the basic effect from the passage of a shock wave. Frag
mentation of large-scale structures and mainly the transformation of aniso
tropic structures into isotropic ones with no changes of shape of the sample 
and molecular weight of the polymer ought to be regarded as the chief 
evidence in favor of this assumption. All changes in the polymer caused 
by the shock wave may be regarded as nothing but structural transforma
tions at a supramolecular level.

The effect of preserving shape while losing orientation is most evident 
in fibers subjected to the action of a shock wave. Figure 13 shows poly
propylene fibers before and after the action of a shock wave. The retention 
of the fiber size despite the transformat ion of oriented structure into a fine 
spherulitic type can be seen distinctly. Very similar phenomena have also 
been observed in polvest er fibers.

It is strikingly curious that structural transformations begin only above a 
threshold value of the shock wave amplitude. For instance, in polypropyl
ene, both in isotropic and oriented form, changes are noted at 120-200 kbar. 
In the case of polyethylene terephthalate) the critical range is 350-500 
kbar, and in rubbers and polvbutene it drops below 100 kbar. Structural 
changes occur only after an initial shear which depends on the interaction of 
structural elements is exceeded. A maximum breakup of large structures 
ensues immediately after the initial shear An increase of wave amplit ude 
leads to a formation of progressively larger structures as a result of the 
degradation of the original units. Just as an increase of molecular mobility 
occurs with increasing temperature, the mobility of the structural blocks 
is increased following t he passage of a shock wave. The arrangement of
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Fig. 15. E lec tro n  m icrographs of rep licas of b u tad ie n e  ru b b e r: (a) orig inal sam ple; 
(b ) a f te r  ac tio n  of a  100-kbar shock w ave.

these blocks may lead to degradation of initially large-scale structures and 
to the genesis of new and even more perfect structures. This type of 
transformation in polybutene is seeni n Figure 14. At this state, the deg
radation of large spherulites with the formation of the fine spherulite 
structure is observed. The size of spherulites increases with increasing 
wave amplitude.

The processes of structural rearrangements in amorphous polymers 
(rubbers) prove to be most significant. Figure 15 depicts structural 
changes in amorphous polybutadiene rubber caused by a 100-kbar shock 
wave. One can see the fragmentation of the much smaller bandlike st-ruc-
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tures, characteristic of polymers in the elastic state. In rubber the struc
tural units that move under the influence of the shock wave reach sizes of 
hundreds or thousands of Angstroms.

Fig. 10. E lec tro n  m icrographs of rep lica  of b u tad ie n e  ru b b e r  co n ta in in g  pheny l-0 - 
n ap h th y la m in e  a f te r  th e  ac tion  of an  8 0 -kbar w ave
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This sequence of events is observed in rubbers from which low-molecular 
additives have been removed. Had we introduced such additives, which 
serve as interstructural plasticizers, the situation would be somewhat 
different. Figure 16 displays electron micrographs of the same rubber 
following the introduction of small amounts of phenyl-/3-naphthylamine.

Fig. 17. E lec tro n  m icro g rap h  of p o ly (m eth y l m e th ac ry la te )  a f te r  exposure to  a  laser 
b eam  w ith  energy  d en sity  of 10 jo u le /e m 2.

At this point one observes the buildup of more complex structures, the 
breakup of the rubber into relatively large domains with distinct boundaries, 
very much like those noted in spherulites. The origin of complex super- 
molecular formations and a subsequent buildup of spherulitic formations in 
rubber is a well established fact and has been described elsewhere.7 The 
curious point is that these formations have developed under the action ot a 
shock wave, which, unlike heating, increases the mobility of large struc
tural formations that are the constituent elements of spherulites.



1080 KARGIN ET AL.

How can one estimate the transfer of structural blocks during the period 
of action of a wave? We made a rough evaluation by studying poly
propylene in which a dye was distributed more or less uniformly within the 
polymer mass. Thus, we had an opportunity to follow the change of the 
dye distribution after the passage of a shock wave. After the action of 
the wave, a distinct separation of the dye and polymer within large 
domains was found.

Hence, despite the short duration of the wave action, structural motions 
occur over relatively large distances (100-300 n) and involve large domains.

Thus, we arrive at the conclusion that at low temperature and upon ap
plication of very high force, there occur large-scale deformations and pro
found structural transformations at a supermolecular level, even though 
deformation of individual polymer molecules is excluded. Thus, we are in 
a position to acknowledge the existence of two types of processes develo]ring 
at a molecular and supermolecular levels. Each may be singled out in its 
pure form under extreme conditions. In ordinary circumstances they are 
superimposed. The study of a polymer in a real situation is aimed at re
vealing the contribution of each of the above mentioned mechanisms to 
deformation and structural transformations.

What do we know of the sequence of events occurring along the bound
aries of structural formations, when motions occur at low temperatures or 
under the high forces? What factors cause the difference between these 
two processes, namely, the reversibility of low temperature deformations 
and a total irreversibility of deformation caused by the shock wave? Some 
conclusions have been formulated by Novikov and co-workers,8>9 who ob
served supermolecular transformations in poly(methyl methacrylate) 
irradiated by a laser beam. Supermolecular structures may also be re
vealed in amorphous polymer glasses in which pigments10 have been intro
duced or by the use of laser radiation which leads to breaking up of an 
organic glass into discrete formations of spherulitic type. No chemical 
changes occur in the polymer. Figure 17 is an electron micrograph of poly- 
(methyl methacrylate) subjected to laser radiation with an energy density 
of 10 joule/cm2. This energy density corresponds to that of separation of 
domains held together by van der Waals forces but not by primary chemical 
bonds.

It must be understood that all these estimates are of a highly approximate 
nature, for only minute amounts of polymer are involved in processes 
developing along boundaries of relatively large structural blocks. We 
must, therefore, avoid speculations concerned with all these processes. It 
may be hoped that the recent studies of polymers containing long side 
chains successfully carried out by Plate et al.11 will cast light on these 
phenomena and advance knowledge in this field. In polymers of this type 
the structural boundary lines run within the molecules proper, and the be
havior of such systems is closely determined by use of a complex optical 
method and structural analysis.



STRUCTURAL PHENOMENA 1081

R e fe r e n c e s
1. N . A. P la te , V y s o k o m o l.  S o e d in .  A ,  10,2650 (1968).
2. V. A. K arg in , p a p e r  p re sen ted  a t  th e  2 1 st IU P A C  C ongress, T o ro n to , C an ad a , 

1968.
3. V. A. K arg in  a n d  G. L . S lonim skii, in  E n c y c lo p e d ia  o f  P o ly m e r  S c ie n c e  a n d  T e c h 

n o lo g y , Vol. 8, In tersc ience , N ew  Y ork , 1969, p . 445.
4. G . G . K ard a sh , G . P . A ndrianova , N . F . B akeev , V. A. K arg in , V y s o k o m o l .  S o e d . ,  

7, 1670 (1965).
5. V. A. K arg in , G . P . A ndrianova , an d  G . G. K ard a sh , V y s o k o m o l.  S o e d in .  A ,  9 , 

267 (1967).
6. V. A. K arg in , I . Y . T sarev sk ay a , Y. N . Z ubarev , V. I . G oldansk ii, a n d  P . A. Y am - 

polskii, V y s o k o m o l.  S o e d in .  A ,  10, 2600 (1968).
7. V. A. K arg in , Z. Y a. B e restn ev a , V. G . K ala sh n ik o v a , U s p e k h i  K h i m . ,  36, 203

(1967) .
8. N . P . N ovikov , S. S. Sa luenya , M . M . T rib b e l, D o k l. A k a d .  N a u k  S S S R , 182, 604

(1968) .
9. N . P . N ovikov , A. A. K holodilov , F . N . C h e rn y av sk u , an d  V. A. K arg in , D o k l.  

A k a d .  N a x ik  S S S R ,  183,1375 (1968).
10. M . I . K a ry a k in a , V. A. K arg in , Z. Y a. B e restn ev a , an d  N . V. M aiorova, V y s o k o 

m o l. S o e d in .  B ,  9 ,3 4 6  (1967).
11. Y. P . Sh ibaev , B. S. P e tru k h in , Y u . A. Zubov, N . A. P la te , an d  V. A. K arg in , 

V y s o k o m o l.  S o e d in .  A ,  10, 216 (1968).
Received April 15,1970 
Revised November 4, 1970



JOURNAL OF POLYIVIKit SCIENCE: PAUL A-2 VOL. 9, 1083-1096 (1971)

R e d r a w in g  o f  O r ie n te d  P o ly e t h y le n e  F i lm

MTTSUO YAMADA, KEIZO MIYASAKA, and TxINZO ISHIKAWA, 
Laboratory of Textile Physics, Tokyo Institute of Technology, 

Ookayama, Meguro-ku, Tokyo, Japan

S y n o p s is
D ra w n  an d  su b seq u en tly  annealed  p o ly e th y len e  film  was res Ire Ir L ed  along th e  o rig inal 

d raw  axis a t  vario u s te m p era tu re s . T h e  in te rn a l d efo rm ation  w as analyzed  in te rm s of 
th e  s tru c tu ra l p a ram e te rs  of a  sim plified m odel. T h e  e lem en ta ry  defo rm atio n s are th e  
ro ta tio n  of c ry sta ls  a ro u n d  th e  b axis and  sh ea r a t  th e  c ry sta l in te rface . T h e  r ig id ity  of 
th e  c ry sta l p lays an  im p o r ta n t role d u rin g  ex ten sio n ; an d  as a  resu lt, d iso rien ta tio n  of 
chains in th e  c ry sta l occurs a t  h igh  s tra in . A t th e  sam e tim e, c rysta ls  defo rm  in su ch  a 
w ay  th a t  th e  cry sta llin e  chains til t a b o u t th e  b axis along th e  (hi10) p lane . T h is  defor
m ation  of th e  c ry s ta l is affected b y  te m p era tu re . T h e  increase in long spacing  w ith  ex
tension can be in te rp re te d  rough ly  b y  th e  changes in s tru c tu ra l p a ram e te rs . T h e  s tra in  
in am orphous region is also discussed in  re la tion  to  these p aram e ters .

IN T R O D U C T IO N
In the previous paper,1 the effects of compression along the fiber axis on 

uniaxially drawn materials were investigated by wide-angle (WAXS) and 
small-angle (SAXS) x-ray scattering. The results showed that the mecha
nism of internal deformation is intimately related to structure. However, 
the complexity of structures including the unit cell order, superstructure, 
and the sample shape makes it difficult to discuss the deformation mecha
nism in a unified way. In this paper, the deformation mechanism and its 
dependence on temperature are investigated for drawn polyethylene film, 
the structure of which may be regarded as especially simple.

Specimens were obtained by drawing a polyethylene film and subsequent 
annealing and the x-ray diffraction photographs of a specimen so treated 
obtained. The structure proposed by Seto2 and shown schematically in 
Figure 1A was supported by our previous work.1 The crystalline and amor
phous layers are stacked periodically along the draw direction, and the nor
mal to the crystalline interface inclines toward the draw direction at an 
angle 8  in the Y-Z plane. There is another habit characterized by mirror 
symmetry with respect to a plane XT parallel to the film plane. In each of 
the crystalline lamellae, the molecules tilt away from the draw direction by 
an angle <p. Thus, in this case, the internal structure of the specimen can be 
defined by parameters shown in Figure 1 A, i.e., ip, 8 , a, L, and so on, where a 
is the tilt, angle of chains in the crystalline lamella and L is the long spacing.

1083
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Fig. 1. S chem atic  re p re sen ta tio n  of s tru c tu ra l changes in YZ p lan e  d u rin g  ex tension : 
(A ) before s tre tc h in g ; (H )  low ex tension , un iax ia l o rien ta tio n  of chains in  cry sta ls ; 
(C) h igh  ex tension , d iso rien ta tio n  of chains in  cry sta ls . T h e  s tru c tu ra l p a ra m e te rs  are 
defined as follows: p, ang le betw een  chains in c ry sta ls  an d  th e  d raw  d irec tio n ; S, angle 
betw een  th e  no rm al of th e  c ry s ta l in te rface  an d  th e  d raw  d irec tio n ; a , angle betw een  
chains in  c ry s ta l an d  th e  c ry sta l in te rface  ( ti l t  ang le); L ,  long spacing ; l, w id th  of a 
c ry sta l lam ella  (assum ed equal to  that, of an  am orphous reg ion); D , th ickness of a  c ry sta l 
lam ella ; h c, len g th  of a  chain  in th e  c ry s ta l; /ta, th ick ness  of an  am orphous region.

Then, the deformation mechanism can be investigated by discussing the 
changes in these parameters during deformation. This kind of approach 
has been tried by several authors.3-7 However, there are many unsolved 
problems about the deformation mechanism itself and the state of strain of 
t he internal structural units.

P R E L IM IN A R Y  C O N S ID E R A T IO N S
In our simple model, the volumes of the adjacent crystalline and amor

phous regions are represented, respectively, by
Fc = DKl (1)
Fa = hJZl (2)

where K is the length of an edge of crystal in the X direction and l is the 
length of an edge in the YZ plane, as in Figure 1 A. The thicknesses of the 
crystalline and amorphous regions are denoted by D and /;a. If ha denotes 
the length of a chain traversing a crystal, as shown in Figure ]A, D is ob
tained from

D = hc sin a = hc cos (y> +  6) (3)
where ip, 8, and a are defined above. From eqs. (1), (2), and (3), we obtain

= ( F a /F c)/ic cos O  +  8) (4)
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The long spacing L is expressed by
L = (/od" -£))/cos 5

= /ic[cOS (y? + 5)/cos5J[l + (1 a/ V«) ]
= //„[cos (y> +  <5)/cos 5J(1/A*v) (5)

where A'v is the volume-fraction crystallinity of the sample under strain. 
As the volume of the specimen changes upon stretching, the crystallinity 
also changes according to

A v = A’v°/(1 +  €v) (0)
where A'v° denotes the crystallinity before stretching and ev is the relative 
change in volume of the specimen. The change in volume of the unit cell 
caused by stretching is small enough to be neglected.8-11 Thus the in
crease in total volume can be attributed to the change in the amorphous re
gion, when //„ is kept constant during extension. Then, the long spacing at 
any stage of stretching is expressed by

L — hc[cos (>p +  5)/cos S][(l +  ev)/A vn] (7)
The tract ional increase of the long spacing is calculated from the relation:

«L.oalc = (L L0)/Lq 
cos (y -f- 5) cos 50

cos 5 cos (ipo +  ¿o) (1 +  fv) 1 (8)
The subscript zero indicates values in the unstretched state. Our concern 
is with changes of parameters ¡p, 6, and L during extension of the sample and 
with their temperature dependence. It should be noted that these param
eters are all measurable, and therefore one can discuss the deformation in 
terms of these observed quantities.

E X P E R IM E N T A L
P rep aration  and  C h aracterization  o f  th e  S a m p le s

Linear polyethylene (Hizex oOOOS) was melt-pressed at 180°C and then 
quenched in water at room temperature to obtain a film about 1 mm thick. 
Strips 10 mm in width were cut from the isotropic sheets and then drawn 
uniaxially eightfold at room temperature. The unconstrained samples were 
then heat-treated at 12b°C in a silicon oil bath for 15 hr. The resulting 
samples were characterized by WAXS and SAXS with the incident beam in 
the two principal directions, A” and /, perpendicular to the stretching axis, 
as shown in Figure 2.

X -R a y  M e a su r e m e n ts
In WAXS and SAXS measurements, the temperature in the heating bath 

was controlled to within ± 1.5°C. WAXS measurements were made with 
a Rigaku-Denki D-3E apparatus equipped with a copper target, nickel lilt cr,
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Fig. 2. X -I ia y  d iffraction  p h o to g ra p h s  of orig inal p o ly e th y len e  sam ple : Y ,  d raw  d irec
tio n ; Z ,  th ick ness  d irec tio n ; A", p e rp en d icu la r  to  1” an d  Z .

and GM-counter detector system. The angle <p was obtained in terms of t lie 
azimuthal angle of maximum intensity of the (200) reflection from the equa
tor with the incident beam in the X direction. In the procedure, the 
counter was fixed at the scattering angle of the (200) reflection (20 = 24°), 
and the sample was rotated around the -Y-axis. The 0.4 mm and 0.5 mm 
slits were used for the incident and scattering beams, respectively. SAXS 
measurements were made with the Rigaku-Denki Rota-unit 3. A nickel- 
filtered CuKa beam was used. Conditions for collimai ion were as follows: 
(1) the first slit aperture was 0.3 mm, and the second, 0.2 mm; (2) the dis
tance between the first, and the second slits was 300 mm; the distance be
tween the sample and the x-ray film was 400 mm. The specimen was set 50 
mm behind the second slit. The angle 5 was obtained directly from the 
SAXS patterns with an enlarger. The appearance of the second order 
scattering maximum in the SAXS diagram was effective for the precise 
evaluation of the angle S. The experimental error is probably within 
± 1.5°. The long spacing was directly obtained by GM-counter method.
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From these x-ray measurem ents, the internal structure of the un
stretched sample was characterized as follows. The angles ip and 8 at 2 5 °C 
are 7° and 42°, respectively. Long spacings are 350, 355, and 375 A at 25, 
70, and 110°C, respectively. Equation (5) results in hc of about 295 A, 
w ith 350 A and 0.72 used for L and X v, respectively. The crystallinity X v 
was calculated by the relation

X v  =  (Ps P a ) /  (po Pa) (9 )

where ps, pc, and pa are the densities of the sample, and of crystalline and 
amorphous regions, respectively. In this case, pc is 1.0 g /c m :! and pa is 
0.S5G g /c m 3;12 ps is 0.900 g /c m 3 (measured in a gradient of m ethanol and 
water at 30°C ). The width l of the crystal lam ellae was estim ated roughly 
as about 400-500 A from the data of S eto .13

RESULTS
W A X S and SA X S diagrams under extension along Y direction at 110°C  

with the incident beam in the Z direction are shown in Figure 3. Similar 
features were observed at other temperatures. These photographs showed 
no detectable change in the molecular and textural orientation. That is, in

Fig. 8. X-Ray diffraction photographs (hiring extension al 1 I0°C: (A ) wide-angle 
pattern; (B) small-angle pattern. The incident beam is along the Z  axis. The strain 
(% ) is indicated beneath each photograph.

the W A X S diagrams the (200) and the (020) reflections remain on the equa
tor under extension; and in the SA X S patterns, two spots remain on the 
meridian. In SA X S, only broadening of the spots and a decrease of the 
scattering angle at the intensity m axim um  were observed. B ut, this says 
nothing concerning textural orientation. Thus, x-ray diagrams im ply that 
no change in orientation of crystals occurs in the X Y  plane, the plane of the  
h im .
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Fig. 4. X -R ay diiTraction photographs during extension at (a) 2 j°C , (b) 70°C, and (e) 
110°C. The incident beam is along the A' axis. Numbers indicate strain.
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On the other hand, x-ray diagrams w ith  the incident beam  in the X  direc
tion indicate characteristic changes in the molecular and textural orienta
tion. In W A X S diagrams, as in Figure 4, the (200) reflection, which orig
inally was several degrees away from the equator, moves to  the equator w ith  
extension of the sample. On further stretching, it separates again from  
the equator. W hen the load is removed, the (200) reflection com es back to  
the equator.

Changes in SA X S diagrams were characterized by: (1) a decrease of scat
tering angle at the intensity maximum due to the increases in long spacing, 
(2) a change of the angle 5 of the four-point pattern showing the change in 
textural orientation, (3) a change of the sharpness of the spots.14 The

Fig. 5. Changes of angles of ip and 5 w ith  the strain.

third point may be related to the disordering of the long spacing, the irregu
lar change of textural orientation, and the change of the shape function of 
the coherent region.15 T his is not discussed here, for our interest is in the 
mean changes in textural orientation and long spacing. In  Figure 5, the  
angles <p and 8 are plotted against the macroscopic strain es of the sample. 
The negative values of <p at high extension are related to the fact that the 
(200) reflection peaks again are aw ay from the equator. This means that 
chain axes in crystals orient in the YZ plane away from the draw direction. 
In contrast to the angle <p, the angle 8 shows considerable dependence on 
temperature. The change of 8 seem s to be affected by the so-called ac dis
persion of polyethylene. Below  the dispersion tem perature (80°C) the  
angle 8 is nearly constant or increases slightly; above 80°C it tends to de
crease. W hen the sample is allowed to relax, the angle <p recovers only to  
zero in all cases, whereas the points given by dotted lines in Figure 5 show  
high recovery of the angle 8.



1090 YAMADA, MIYASAKÂ, AND ISHIKAW A

( b )

(4
Fig. 6. Changes of thickness w idth ew, and volume of specimen in stretching a t

(a) 25°C, (b) 70°C, (c) 110°C.
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In Figure 6, the fractional changes in thickness («a), width (ew), and vo l
ume (ev) are plotted against the macroscopic strain of the sample. The 
fractional volum e change was estim ated by the relation

« v =  ( 1  +  « s ) ( l  +  « d ) ( l  +  ew )  —  1 ( 1 0 )

DISC U SSIO N
Deform ation o f the Crystalline Region

Figure 1 shows schem atic diagrams of deform ation deduced from the data  
on tp and S for stretching at 70°C , where the constancy of lic and Vc is as
sumed. Stage A represents the state before stretching. Stage B corre
sponds to chains in crystals uniaxially oriented along the stretching axis. 
Stage C corresponds to 30-50%  stretching, where chains in the crystal 
again tilt away from the stretching direction in the YZ plane. Bending  
of crystalline lam ellae m ay be also effective in changing the orientation of 
chains in crystals. The change of orientation caused by crystal bending is 
expected to be continuous along the azim uthal angle. H owever, the ob
served patterns of W A X S have a discrete intensity peak, suggesting that 
the effect of crystal bending on orientation is not substantial. Thus the  
main elem entary changes of internal structure in stretching are concluded  
to be (1 ) rotation of crystals around the b axis, (2 ) shearing along the crystal 
interfaces, and (3) deform ation of the crystals. The first two mechanism s 
are due to the rigidity of the crystal and the last to the viscoelastic behavior 
of the crystal.

N ow , we turn to the change within  the crystal lamella. According to the
simplified structure in Figure 1, the tilt angle a  is given by

a  = 90° - ( *  +  «) ( 1 1 )

T A B L E  I
Observed Values of T ilt  Angle a  and Corresponding Value.'i of Integer N
Temp, °C Li % «(0) N

25 0 39.5 3-4
10 43.5 3
20 43.5 3
30 41.5 3-4

70 0 39.5 3-4
10 44.0 3
20 46.5 3
30 45.0 3
40 40.0 3-4

110 0 39.5 3-4
10 45.0 3
20 51.5 2-3
30 57.0 2
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Fig. 7. Relation between t i l t  angle and macroscopic strain: (O) 2.">°C; ( • )  70°C; (A)
110°C.

c- ax i s

Fig. 8. Schematic model of slippage along the (100) plane: N  is an integer; the length
of c axis is 2.534 A .17

If the sm all elastic deform ation of crystals is ignored,8-11 the m ost favorable 
mode of deform ation of a crystal is by slippage along the (/>00) plane. In 
Figure 1, the (7i00) plane of polyethylene is parallel to hc and perpendicular 
to the plane of the paper. T his slippage causes a change in the tilt angle a. 
Figure 7 shows the dependence of a on the strain of the sample. Up to  
strains of about 20% , the angle increases gradually at all temperatures. On 
further extension, however, the direction of the change depends on tem pera
ture, i.e., at low tem perature, it decreases, but at 110°C it continues to in
crease. Thus, it appears that the tilt, angle changes in different ways above 
and below the so called ac dispersion tem perature. On the assum ption of 
slippage in the (100) p lane,16 stable tilting can occur stepw ise, as is shown in 
Figure 8. Thus, a continuous change of the tilt angle a, as in Figure 7, is 
not reasonable. T he experim ental behavior m ay be attributed to irregular
ity  of the changes throughout a sample and to errors in m easurem ent of the  
angles cp and 8 from W A X S and SA X S diagrams.

The integers N  corresponding to the observed a are tabulated in Table I. 
A t 110°C, N  changes from 4 to 2 when the sample is stretched 30% . On
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relaxation of the sample, the tilt angle a showed high recoverability, es
pecially at high temperature. This high recoverability is noteworthy, for 
the change of tilt angle is usually irreversible. This suggests that the en
ergy stored in the amorphous region is high enough to cause recovery of the  
deformation of the crystal. On the other hand, this seem s to emphasize the 
existence of “ tie chains” in the amorphous region .18 The deform ation of 
the amorphous region will be discussed later. Last, it should be noted that 
the fact that the crystalline regions are more rigid than the amorphous re
gions plays an im portant role, even though the crystals them selves deform.

Change o f Long Spacing
The fractional increase in long spacing is calculated from eq. (8), and the 

results shown in Figures 5 and 6. In Figure 9, tL, caio and the observed va l
ues eLi obs are plotted against the strain es of the sample. LTp to 10% strain, 
the calculated values agree rather well w ith  observations at each tem pera
ture. On further extension, e^.obs becom es much larger than eL , oa)c at 
2 5 °C. This discrepancy is m ainly due to the observed long spacing. This 
means that the measured long spacing is larger than the real value. This 
conclusion is supported by the fact that eLt 0bs is much larger than the macro
scopic strain es. W ith the exception of the result at 25°C , «¿.„aic is larger 
than eL, obs by about 25 ±  5%. This means that et , 0bs «  *l, caic, approxi
m ately. One of the reasons for the discrepancy of caio from tL, Dbs m ay be 
due to the evaluation of ev, for the increase in tota l volum e caused by  
stretching m ay not necessarily be attributable only to the increase in the 
amorphous region. H owever, such a problem is beyond our simple treat
m ent in term s of the series m odel of crystalline and amorphous regions.

W hen the assum ption of constant h„ fails, i.e., when hc decreases during 
extension because of partial m elting ,19’20 the discrepancy betw een eL, 0bs and 

caic becom es larger than in Figure 9. Further, the thicknesses of crystal
line and amorphous layers are not constant throughout the sam ple, w ith a 
consequent distribution of long spacing. As pointed out by Reinhold et a l.,21 
the diffraction peak angle is affected by an asym m etric distribution of long 
spacing. Further the irregularity on the crystalline lam ellae surface also 
shifts the diffraction peak angle.22'23 These inhom ogeneities of structure 
m ay be em phasized in stretching. Thus the discrepancy observed above 
m ay be due, some extent, to  the tL , obs*

D eform ation o f the Amorphous Region
According to Figure 1, the amorphous region, which is sandwiched be

tw een the crystalline lamellae, m ust undergo a large deformation. I t  m ay 
consist of tie chains, cilia and loose loops and m olecules of low  molecular 
weight. The orientation of the amorphous halo under compression along  
the fiber axis and the high recoverability of internal structure1 are consid
ered as the evidence that tie m olecules are an im portant com ponent of the 
amorphous region .18 N ow , let us assume that the ends of tie chains are 
situated at the corresponding coordinates on the interface of adjacent crys-
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(a)

(6)

(c)

Fig. 9. Fractional increase of long spacing ez,,c»ic and eL.obS as function of strain  e3:
(a) 25°C; (b) 70°C; (c) 110°C.
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Fig. 10. Relation between fractional increase of P  and et,Mic.

tals, though the assum ption m ay be a bit too extreme. Then, the end-to- 
end distance is equal to the length P  in Figure 1. Then P is given by
P 2 =  L2 +  hp — 2Lhc cos ¡p 

cos (<(5 T  5) 1 T
=  he cosò Y  o.  '  V

-  2
COS (ip

COSÒ

ò) 1
X v° _ cos <p +  l |

(13)

If constancy of hc is assumed during extension, the relative increase in P can 
be calculated from <p, 8, er, and X v°, In Figure 10, changes in P so obtained  
are plotted against the calculated strain of long spacing eL, cai0, as given in 
Figure 9. I t  is noted (P  — Po)/Po is about three tim es eL, cai„. As can be 
seen from Figure 9, at high extension, tL, ca]c is larger than eL, obs at 70°C  and  
110°C. Therefore, the strain of tie chains may be larger than that indi
cated by Figure 10.
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Synopsis
Studies have been made of the secondary relaxation processes in the solid state of a 

number of polymers containing aromatic groups in the polymer chain. The polymers 
investigated include one, polystyrene, w ith  the aromatic group in side-chain positions, 
and six high polymers in which phenylene rings lie in the main backbone chain. In 
polystyrene, wagging and torsional motions of the side chain phenyl rings give rise to a 
low-temperature 5-relaxation which is centered at 33°K  (1.7 Hz) and which has an 
activation energy of about 2.3 kcal/mole. M ost of the polymers w ith  phenylene rings 
in the main chain exhibit a low-temperature relaxation in the temperature region from 
100°-200°K. This relaxation process is centered at 159°K (0.54 Hz) in  poly-p- 
xylylene, at 162°K (0.67 Hz) in polysulfone, and at 165°K (1.24 Hz) in poly(dian- 
carbonate). Inpoly(2,6-dimethyl-p-phenylene oxide), two overlapping low-temperature 
relaxations are found, one in the range 125-140°K and the other near 277°K (ca. 1 IIz ). 
The low-temperature secondary relaxation process in all of these polymers is believed 
to be associated w ith  local reorientational motion of the phenylene, or substituted 
phenylene, rings or w ith  combined motion of the phenylene ring and nearby chain units. 
For these low temperature relaxation processes, the activation energy is about 10 kcal/- 
mole. The temperature location of the relaxation appears to depend on the specific 
units to which the phenylene rings are attached and on steric. and polar effects caused 
by substituents on the ring. In  the poly-p-xylylenes the relaxation is shifted to much 
higher temperatures by a single C l substitution on the ring bu t remains at essentially 
the same temperature position when dichlorosubstitution is made. The effects of water 
on the magnitude and temperature location of the observed low temperature relaxations, 
as well as the implications of the study for other polymers containing aromatic groups 
in the ir backbone chains, are discussed.

INTRO DU CTIO N
Low-tem perature relaxation processes have been frequently observed  

in linear high polymers in the v icin ity of 150°K  at a measuring frequency  
of about 1 Hz. T hese relaxations, usually referred to as 7 -processes, have 
been found in both low -density and high-density polyethylenes, in various 
polyam ides, and in a wide variety of polyesters. The 7-relaxation is 
generally considered to arise from local tw isting or reorientational m otions 
in the amorphous or disordered phase of a sm all number of CH 2 type  
sequences.1-3

It has also been observed that polystyrene (PS), w ith  a pendant phenyl
* Present, address: Esso Research and Engineering Co., Linden, N. J.
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group attached to every other C atom, shows a mechanical relaxation at an 
even lower temperature. This relaxation process, termed a 5-relaxation, 
has been attributed to a coupled oscillational and wagging motion of the 
pendant phenyl side chains.4-5 In view  of this behavior, the question  
arises as to whether m otion of phenyl rings in the backbone chain, rather 
than the side branch, can also give rise to low-tem perature mechanical 
relaxation. If so, it m ight be expected that this relaxation would be found  
at higher tem peratures than for polystyrene, just as the 7-processes arising 
from reorientations of OH., sequences in the main chain are approxim ately 
50° higher in temperature position than the corresponding processes arising 
from side-chain m otion .1-4'6

The present investigation was undertaken to explore the possibility of a 
low-tem perature relaxation process arising from motion of ring structures 
located in the main backbone chain. The polymers selected for this study  
were three types of poly-p-xylylene (P P X ), poly(4,4'-isopropylidene- 
diphenylene-co-4,4'-sulfonyldiphenylene dioxide) (PSP1), polyfdian carbon
ate) (PD C ), and poIy(2,6-dim ethyl-p-phenylene oxide) (PD M PO ). The 
three types of poly-p-xylylene included an unsubstituted polymer, (P P X ) a 
monochloro-substit-uted polymer, (P C P X ), and a dichloro-substituted  
sample, (P D C P X ). In addition, tests were also made on polystyrene 
samples both to serve as a calibration of the apparatus and to confirm the 
presence of a low tem perature relaxation process arising from motion of 
phenyl rings.

Some m echanical and dielectric relaxation data on these materials are 
already available.1-6-7-16 For example, Reding et a l.9 observed a low tem 
perature relaxation in polycarbonate at 163°K  (1.2 Hz) and attributed it 
to m otion of the OCOO group lying betw een phenyl rings. A loss peak at 
the same tem perature position at 1 Hz has been reported by Kurz et al.16 
in P SF  and associated with processes involving S 0 2 group motion. Also 
for the polymer P D M P O , de Petris et a l.11 show a low -tem perature  
shoulder near 150°K  in their mechanical data taken at acoustical fre
quencies (7 X 103 Hz) and Karasz et al.17 report a low-tem perature peak  
in their dielectric a data near 175°Iv (103PIz). N M R  studies on this same 
polym er show that the m ethyl groups rotate at liquid nitrogen tem pera
tures and that there is a gradual decrease of line width with temperature 
between 80° Iv and room tem perature.18 A brief account of the low-tem 
perature data taken below 280°K  on polv-p-xylylene has been given .19 
Acoustic data taken at 5 -10  kHz have also been reported for some sub
stituted  polystyrenes, polyvinyl benzoates), polyvinylpyridines, and poly
phenylene oxides).13-20 D ata  from these various investigations will be 
compared and contrasted with data from the present investigation wher
ever applicable.

EXPERIM ENTAL
All m easurem ents of t he real and imaginary parts O', G", of the shear 

modulus, or of log decrem ent A, that are reported herein, were made by
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m eans of an inverted torsional pendulum  apparatus. The specimen in the 
form of a thin film, is supported betw een a fixed lower clamp and an upper 
clamp th at is connected to the m om ent arm. This, in turn, is supported by  
a constant-an wire connected to an adjustable counterbalancing weight. 
The torsional oscillations of the system  are detected by means of a rotary 
variable differential transformer and are recorded on chart paper. The 
specim en can be cooled to liquid nitrogen tem peratures and, if necessary, 
down to about 2 0 -2 5 °Iv by use of a liquid-helium Dewar. The system  
can be evacuated but, for the tests  reported herein, this provision was not 
necessary.

Because of the thinness of some of the test samples (ca. 2 mils), it is 
necessary to make appropriate corrections for the response of the support
ing wire and for the effect of any tensile load on the specimen. A small 
axial tensile stress was found desirable to avoid excessive wagging of the 
specim en. A computer program was established so that (!', G", and A 

could be calculated for each tem perature at which measurem ents were 
made, from the observed periods and am plitudes of the free decaying 
oscillations. Readings were taken at close tem perature intervals, every
2 -3 °K , and the heating rate was m aintained, by means of a resistance 
heater wrapped around the specimen can, at about l°K /m in . D etails  
of the testing apparatus, the test procedures, and the m ethod of calcula
tions are given elsewhere.21

T he polysulfone was supplied in sheet form by Union Carbide. Its  
num ber-average molecular w eight was reported as 26,000. The poly- 
(bisphenol A carbonate) or poly(dian carbonate) was supplied as extruded  
sheets b y General Electric. Its weight-average molecular weight was 
reported as 30,000. The poly(dim ethylphenylene oxide) was supplied by 
the same com pany in the form of compression molded sheets. The polv- 
p-xylylene sam ples were supplied in the form of thin films by Union Carbide. 
T hey were prepared by vapor-phase pyrolysis and subsequent vapor-phase

T A B L E  I
Test Sample Characteristics

Polymer 1 lesionatimi
Thickness,

cm
Density,
g /cm 3

Crystallin ity, 
%  (est.)

Glass
Tempera

ture,
°C

Polysulfone PSF 0.002 1.24 Amorphous 190
Poly(dian carbonate) PDC 0.025 1 .20 Amorphous 145
Poly(2,6-dimet hyl-p- POMPO 0.0285 1.05 Amorphous 210

phenylene oxide)
Poly-p-xylylene PPX 0.0053 1.11 50-70 60-70
Polymonochloro-p- PCPX 0.0075 1.289 50-70 80-100

xylylene
Polydichloro-p- POCPX 0.0038 1 .41 50-70 n o

xylylene
Polystyrene PS 0.020 1.05 Amorphous 105
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deposition of di-p-xylylene according to the m ethod outlined by Gorham .22 
The resulting polym ers are linear, of high molecular weight, and free of 
impurities and byproducts.

T est specim ens were cut to the desired size from the available sheet of 
film. The test specim en length betw een clamps was 6 cm and the width  
of the specim ens was 0.(10 cm. In Table I other characteristics of the  
te st  samples are given. The densities were determined by a density- 
gradient column, and the estim ated crystallinities and glass transition  
tem peratures are those reported by the manufacturer.

RESULTS AND D ISC U SSIO N  
Polystyrene (PS)

The test results, which for this sample were recorded down to about 20°K , 
are shown as a function of tem perature in Figure 1. A low-tem perature 
relaxation process is clearly evident both in the O' and G" data. The 
m odulus and loss data are in general accord with those of S innott.23 The
5-loss peak appears to be located at approxim ately 33°K  (1.7 Hz) in this 
study as compared to 38°K  (5.6 Hz) in Sinnott.’s investigation, and 48° Iv 
(6.3 kHz) in the studies of Crissmann et a l.,24,25 who used longitudinal 
vibrations. T he low-tem perature 5-relaxation in PS has also been studied  
by dielectric techniques;4,5 if one uses the available mechanical and dielec
tric data4,5,23-26 together w ith the present data, a reasonably good fit to 
the experimental observations is obtained for an activation energy of 2.3 
kcal/m ole.

Fig. 1. Temperature dependence of shear modulus G' and loss modulus G" fo r polystyrene.
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Figure 1 indicates that no other significant m odulus dispersions or loss 
peaks occur in PS in the tem perature range up to 300°K . Sm all relaxa
tions have som etim es been reported in the tem perature range 100° -  
200° K ,16 and there is some scatter in this region in the loss data of Figure 1. 
H owever, it is known that the relaxation spectrum  in this region is sensitive  
to the presence of sm all am ounts of im purities.4'5 H ence the slight varia
tions of loss about the general trend of Figure 1 m ay arise from this source 
or from experim ental error. The m odulus data show only a steady decline 
over the region from about 70°K  to 300°K , and this is to be expected as a 
result of therm al expansion. The therm al expansion of polystyrene has 
been measured by Saba27 over the tem perature range from 4°K  to room  
tem perature. H is data show a fairly large change in expansion coefficient 
in the 4 -40 ° K region, probably indicative of the onset of the 5-relaxation 
process and a fairly constant expansion coefficient over the range SO- 200° K.

I t  has been suggested, on the basis of combined results of the mechanical 
and dielectric studies, that the 5-relaxation in polystyrene is a result of, or is 
accompanied by, a com bined torsional and wagging m otion of the phenyl 
ring. The conclusion that wagging, as well as rotational oscillation about 
the C -C  bond joining the phenyl ring to the main chain, is involved stem s 
from the fact that poly-p-chlorostyrene, w ith a much larger dipole m om ent, 
shows a loss maximum at the same tem perature location as polystyrene, 
although the in tensity of the dissipation is some four tim es higher. Tor
sional oscillations alone would not be dielectrically active in either of these 
two polymers and hence a coupled rotational wagging m otion appears at 
present as the m ost likely interpretation.

Poly-p-xyly lene (PPX) and Polychloro-p-xylylene (PCPX)
The tem perature dependence of the loss m odulus G" for the unsubsti

tuted  polym er P P X  and for the chloro-substituted polym er P C P X  is 
shown in  Figure 2. In the unsubstituted polym er there is a large damping- 
peak centered at about 154°K  (0.54 H z). T his relaxation is absent in the  
substituted polym er P C P X  in which one of the hydrogen atom s on the  
ring has been replaced by a chlorine atom.

The low-tem perature relaxation in P P X — which we refer to as a y- 
relaxation because it occurs in approxim ately the same tem perature range 
as the y-relaxation observed in other linear polym ers such as polyethylene  
and the polyesters— cannot be attributed to local réorientâtional m otion  
of three or more flexible CH 2 sequences as it has been for other polym ers.1-2 
In  P P X , the phenylene rings in the main chain are separated by only two 
adjacent C H 2 groups, and observations on Fischer-Hirshfelder models 
show that conform ational changes of the C H , units are impossible w ithout 
large-scale m otion of the adjacent phenylene units. H owever, the phenyl
ene units can undergo reorientational m otions with little or no cooperation  
from the adjacent m ethylene units. Hence the y-relaxation in P P X  is 
considered to arise primarily from reorientational m otions of the phenylene 
rings situated in amorphous regions of the polymer.
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The situation in P P X  may be som ewhat similar to that discussed by 
AI cCammon et al. for polystyrene6 or that discussed by Tanabe et a l.28 
for polym ers containing side-chain m ethyl groups, except that the group 
involved is now a phenylene unit rather than a phenyl or m ethyl unit. 
These authors have suggested that in therm al equilibrium a certain dis
tribution of angular displacem ents of the phenyl or m ethyl units exists, and 
that when stress is applied to the polymer, as in a mechanical relaxation ex
periment, thermal equilibrium is upset and a new distribution is realized. 
T his requires a finite relaxation tim e, and when the experim ental frequency  
is comparable to this tim e, m aximum absorption of energy occurs. In  
P P X , this situation appears to take place a t 1 Hz at about 160°K , while

Temperature, 'JK

Fig. 2. Temperature dependence of the loss modulus for poly-p-xylylene and poly-
monochloro-p-xylylene.

in PS, where only a side-chain phenyl group is involved, it appears to 
occur at about 40°K . The strength of the relaxation is also much greater 
when the m oving unit is in the main chain, as one can see from comparison 
of the loss-peak heights of Figures 1 and 2.

Further evidence for the assignm ent of the 160°Iv relaxation primarily to  
local motion of the phenylene groups comes from the data on the mono- 
chloro-substituted sample of poly-p-xylylene. As Figure 2 shows, there 
is now no dam ping maximum in the v icin ity  of 160°K . The effect of the 
Cl substitution has been to shift the relaxation to much higher tem pera
tures and the dam ping peak is now located at 254°Iv (0.4 H z). A  similar 
shift has been observed in the modulus dispersion .19 Clearly, there are 
now much greater constraints on the molecular m otions involved. As a 
result of the asym m etric nature of a single Cl substitution, one would 
expect both greater steric hindrance and also increased dipolar forces.
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The effect of these factors is to raise the barrier to reorientational m otions 
and thus shift the relaxation process to higher tem peratures, as has been 
observed.

Polydichloro-p-xylylene (PDCPX)

Figure 3 shows the tem perature dependence of the shear m odulus G' and  
the loss modulus G" for the dichloro-substituted polym er P D C P X . The 
m easurem ents in this case were taken from 80°K  up to 4 2 0 °Iv. Over this 
temperature range, P D C P X  exhibits at least tw o, and possibly three, 
relaxation processes. There is a high-tem perature relaxation, designated  
the «-process, marked by a large m odulus drop and a loss peak in the region 
of 3 5 0 -40 0°Iv. Since T„ of this polym er (see Table I) is about 380°K, 
the «-relaxation is attributed to large-scale micro-Brownian m otions of the

Fig. 3. Temperature dependence of the shear modulus and the loss modulus for poly-
diehloro-p-xy lylene.

polym er backbone chain. The T a for this polym er is higher than th at for 
P P X  (see Table I) because of the stiffening effects on main-chain m obility  
of the bulky Cl substituents. Similar increases in Ts have been observed  
in some linear epoxy resins upon m ethyl and chlorine substitutions on 
phenylene rings.29

There is also a definite low-tem perature relaxation in the vicin ity  of 
156°K  (0.34 H z), or at approxim ately the same tem perature as th at for 
the unsubstituted polymer, P P X , and of approxim ately the same m agni
tude. Thus the effect of the double Cl substitution on the ring has been  
effectively to shift the secondary relaxation that occurred near 254°Iv
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in the singly substituted polym er back to the 160° Iv region, where its 
relaxation occurred in the unsubstituted P P X .

The precise location of the second chlorine atom  on the phenylene group 
in P D C P X  is not known .30 H owever, the present data shed some light 
on this question. If the Cl atom s were in the 2,3 or 5,6-positions on the 
ring, there would be a large dipole m om ent present, and m otions of the  
ring would be hindered by both dipolar effects as well as by increased 
asym m etric geom etry. However, if the Cl atom s are in the 2,5 positions, 
the dipolar effects would cancel out. Similarly, if they were in the 2,6- 
positions, the transverse com ponents of the dipole moment cancel. H ence, 
the location of the 7-relaxation at approxim ately the sam e tem perature 
position for both the P P X  and the doubly substituted P D C P X  would 
favor one of the latter two assignm ents. The data suggest that dipolar 
and steric effects are im portant in shifting the secondary loss process to 
higher temperatures, as occurs in the singly substituted polymer, P C P X , 
but that steric hindrances are apparently not much different for the 
disubstituted ring than for the unsubstituted one. Another possibility  
is that intramolecular interactions m ay be higher for the d isubstituted  
polymer but intermolecular interactions are reduced because of the greater 
average distance between chains.

There is evidence in Figure 3 of an additional small relaxation process 
occurring betw een the low-temperature 7-process and the high-tem pera
ture a-process. T his is shown, for example, by the drop in m odulus that 
occurs between 240 and 340° Iv. Although there is no definite damping 
peak in this tem perature region, the loss modulus G" rises steadily from a 
m inimum at about 220° K as the tem perature is increased. This behavior 
is in contrast with that observed in the unsubstituted P P X , where the 
dam ping is still falling up to 300°K  and the shear m odulus is fairly in
dependent of temperature, at a value of about l.S  X 1011 d y n e /cm 2, over 
the tem perature range from about 200 to 300°K .

The reason for the observed differences in these tw o m aterials is not 
clear. If the gradual drop in modulus and rise in loss from 240 to 340°Iv 
in P D C P X  is attributed to the beginning of the glass transition, then one 
might expect a similar process to occur at even lower tem peratures in 
P P X , as its Ta is even lower than that of P D C P X  (see Table I). One 
possible explanation of the observed effects in P D C P X  has been g iven .19 
It  is that the modulus fall and increase in loss in the interm ediate tem pera
ture range m ay reflect a small secondary relaxation arising from m otion of 
asym m etric phenylene units having more or less than two Cl atoms. 
From the results shown in Figure 2 for the singly substituted polymer, 
P C P X , it is expected that rings with a single asym m etric Cl substitution  
will give rise to an increased loss and a m odulus dispersion in the 220-320°Iv  
tem perature region. Another point in favor of the proposed explanation  
is that it is believed that a considerable number, possibly up to 15%, of the 
phenylene groups in the d isubstituted polymer, P D C P X , do not have tw o  
Cl atom s.



I A)W -TE rvi I > EI {AT (J K E M EC 11A M G  A L II ELA A AT10 IN S 1105

Polysulfone (PSF)
The tem perature dependence of the shear and loss m odulus of poly

sulfone is shown in Figure 4. Two different samples were tested and they  
both gave essentially the same results. A  large low-temperature y-relaxa- 
tion is present, and the m aximum in loss occurs at about 162°K (0.67 H z). 
Baccaredda et a l.12 have also observed in P SF  a low tem perature maximum, 
which they term ed a /3-relaxation. A t their test frequency of 6000 Hz, 
this relaxation was centered at about 230°K . I t  is considered that their 
so-called /3-relaxation is identical with our y-relaxation, the shift in tem 
perature being purely a result of differences in test frequency. Our data  
are also in excellent agreement w ith those recently reported by H eijboer15 
and Kurz et a l.16

Fig. 4. Temperature dependence of shear modulus and loss modulus for polysulfone

The large loss peak in the vicin ity of 160°Iv in polysulfone, like th at in 
P P X , cannot be due to any flexible C H 2 or equivalent sequences in the  
chain. In  PSF the basic backbone structural unit contains four phenylene  
groups linked respectively by an isopropylidene unit -FC(CH 3)2+ ,  
an ether unit -fO -p, a sulfone group X S 0 2-p, and another ether unit. 
In view  of this structure, it appears that low-tem perature m obility could  
arise only from onset of m otion of the m ethyl groups, which, as discussed  
below, should occur at much lower tem peratures, or from local reorienta- 
tional m otions of the phenylene units. B y analogy of the results on PSF  
with those on P P X , the observed y-relaxation near 160°K  is considered
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to arise from m otion of the phenylene units, probably coupled with oscilla- 
tional m otion of the nearby polar units. .Molecular models of polysulfone 
show that such m otions are possible.

W ith regard to the shoulder in the test data near 205°K  (0.61 H z), at 
least two hypotheses can be made. If we assume it arises from a second  
overlapping relaxation, then one relaxation m ay involve m otions of the 
two phenylene units situated between the isopropylidene and the ether 
groups, while the second relaxation reflects similar m otions of the two 
phenylene units situated betw een the sulfone and the ether units. From  
the test results on P D C , discussed below, it appears that the 160°K  relaxa
tion, which occurs in both polymers, is associated with the first set of 
phenylene units. A second hypothesis is that the high-tem perature 
shoulder near 205°K  may result from motion of absorbed water molecules, 
as it is well known that a loss peak arises in this region for m any polymers, 
such as the polyam ides, when water is added .1'6 In fact, H eijboer16 has 
noted that this high tem perature shoulder tends to disappear and the loss 
peak to shift to somewhat lower tem peratures when the sample is annealed.

W ith regard to the onset of m ethyl group motion, it is pertinent to examine 
the results of nuclear m agnetic resonance studies that have been made on 
polymers containing m ethyl groups.618'28,31'32 From these studies it is 
known that m ethyl group rotation at a frequency of 104- 10;’IIz occurs well 
below 150°K  in polym ers such as polypropylene, poly-4-m ethylpentene-l, 
and poly(2,6-dim ethylphenylene oxide). In fact, m echanical loss peaks 
(1 -104 Hz) attributed to m ethyl group m otion have been detected in the 
4-25 °K  range.4'23'33 Hence m ethyl rotation is not a reasonable cause for 
the 7-relaxation near 160°Iv in PSF. Also, no m ethyl groups are present 
in PPX , yet it has a low-tem perature relaxation comparable to that of 
PSF, as comparison of Figures 2 and 4 shows.

I t  is, however, considered likely that a loss peak due to m ethyl rotation  
would have been encountered if our measurem ents had been carried out 
to temperatures below that of liquid nitrogen. For example, it may be 
noted from Figure 4 that there is a m inimum in the loss data at 110°K  
and a gradual but steady rise in loss m agnitude as the tem perature is 
lowered to S0°.K. We also consider m ethyl group m otion to be a likely  
explanation of a secondary relaxation that appears near 125°K  in the data 
of Baccaredda et a l.12 taken at (1000 Hz. Since the activation energy 
for m ethyl group m otions is low ,4'28 it would be expected that the 125°K 
loss m aximum ((>000 Hz) would fall well below N0°K at 1 Hz. H ence the 
low-frequency data of this investigation appear to be in good agreem ent 
with the high-frequency acoustical data.

It is also possible to utilize both sets of data, as well as those of Kurz 
et al.16 and Heijboer,15 to obtain a more accurate value of the activation  
energy of the 7-relaxation. Baccaredda et al., on the basis of measure
m ents taken over a lim ited frequency range (6-45 kH z), gave a value of 
12 kcal/m ole, while we find, taking all available data into account, a value 
of AH of 10.5 kcal/m ole.
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Another explanation that has been g iven 12 for the 7-relaxation in PSF  
is that it is due to rotational m ovem ents of absorbed water molecules 
bound to polar groups along the polym er chain. T his interpretation was 
suggested by the fact that the height of the loss peak was found to increase 
with added water content of the sample. H owever, the interpretation  
cannot be correct, as three different sets of investigators12•16■34 have shown  
that a significant relaxation is still present in carefully dried samples. 
I 11 fact, in the studies of Ivurz et a l.16 not only were the sam ples vacuum - 
dried, but. they were m aintained in a dry nitrogen atmosphere during the 
test run. N evertheless, the findings of Baccaredda et al. from mechanical 
m easurements in PSF that the strength of the relaxation increases with 
water content have been corroborated by recent dielectric studies of Allen  
et a l.34

The m ost reasonable interpretation of the low-tem perature 1(30° Iv 
relaxation in PSF, taking into account the occurrence of a comparable 
relaxation in P P X  (as well as in PC) and also that both mechanical and 
dielectric data show a rise in peak height with added water, is that it is a 
combined motion of the phenylene rings and the nearby polar units as 
well. As such it will occur in a dry sam ple, but one would expect it to  be 
considerably enhanced, as has been found, in wet samples in which water 
is hydrogen-bonded to the polar oxygen groups along the chain.

Polyfdian carbonate) (PDC)
The test results on the polycarbonate prepared from bisphenol-A are 

shown in Figure 5. I t  is seen that a large m odulus drop (from > 1 .1  X 1010

TEMPERATURE,0«

Pig. 0 . Temperature dependence of shear modulus and loss modulus for polyidian-
carbonate).
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Fig. 6. P lo t of In frequency vs. \ / T  fo r poly(diancarbonate).

d yn e/cm 2 to < 0 .9  X 1010 d y n e /cm 2) occurs in the tem perature range be
tween 100 and 200°K ; associated w ith this drop there is also a large m axi
mum in G". The m aximum occurs in about the sam e place as for poly- 
sulfone and poly-p-xylylene, being situated for the polycarbonate at l(io°K  
(1.24 H z).

The data of Figure 5 are in general agreement w ith previously reported 
data on this polym er.17 ~9 For example, Reding et al.9 noted that P D C , 
when examined over a broad tem perature range, revealed two relaxation  
processes. One, which we term  a, was located at 423°K  (0.5 H z). They  
attributed the high-tem perature «-process to large-scale backbone m otions 
of the main chain (note the proxim ity of the dilatom etrie T„ transition in 
Table I) and the low-tem perature 7-process to  local m otions of the carbon
ate group.

In  view  of the sim ilarity of the data  on l ’DC with data on P SF  and  
P P X , as well as from studies of molecular models, it is our opinion that the
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interpretation of R eding et a l.9 m ust be modified. I t  seem s likely that 
local reorientational m otions of the phenylene units are involved in all 
three polymers, probably coupled w ith m otions of the carbonate group in 
the case of P D C . In  support of this interpretation, the molecular model 
of P D C  shows that the carbonate group cannot m ove w ithout considerable 
m otion of the adjacent phenylene units, but the reverse is not true. The 
polar carbonate groups m ust, however, be involved in the molecular 
m otion that is responsible for the broad 7-relaxation, as the loss peak is 
revealed in dielectric7'34 35 as well as mechanical data. As for PSF , it is 
also present in PC, even in dry samples, but is enhanced in sam ples con
tain ing w ater .34

An approxim ate value of the activation  energy for this 7-process can be 
obtained by using the m echanical data of this investigation and of Arisawa 
et a l.10 and also the dielectric data of M ikhailov and E idelnant.7 Figure 6 
shows a plot of the logarithm  of frequency versus 1/T. The data can be 
approxim ately fitted w ith a straight line. The apparent activation  energy 
for this process is estim ated to be 10.6 kcal/m ole.

Illers and Breuer8 observed structure on both the high- and low-tem pera
ture side of the loss which they found at about — 100°C at 1 H z. There is 
no evidence of such structure on the high-tem perature side of the damping 
m aximum shown in Figure 5. In fact, our low  value of G" at 260°Iv of 
about 0.5 X 10s d y n e /cm 2 is much less than theirs. H ence it is possible 
that water was present in their sam ples and contributed to the breadth  
of the peak. Allen et a l.34 have observed that added water slightly shifts 
the loss peak to higher temperatures. On the low-temperature side of the 
loss peak, there is some sym m etry, as Figure 5 shows, and our data are akin 
to those of Illers and Breuer. Our data for PC, like those for PSF , also 
show a low-tem perature minimum, in this case at about 90°Iv, and a rise 
in loss values as one proceeds to lower temperatures. A s for the PSF  
polymer, this rise with decreasing tem peratures is probably indicative of a 
lower tem perature (»-type relaxation process associated with m otions of the  
groups attached to the isopropylidene unit.

P oly(2,6-dim ethyI-p-phenylene O xide) (PD M PO )
Figure 7 shows the shear m odulus and logarithmic decrement A as a 

function of tem perature for the P D M PO . Because of the presence of a 
relaxation in the room-temperature region, the experim ental data were 
recorded from liquid nitrogen tem peratures to 400°K . The log decrement 
has been p lotted  in Figure 7 instead of G", as it reveals the separate relaxa
tion processes more clearly. There are at least tw o overlapping low- 
tem perature processes in this polym er, and the dam ping is at a high level 
over the whole range from about 120°K  to 300°Iv. A very broad loss 
peak, which we term  ¡3, is centered at 277°Iv (1.32 H z). This process is 
also present in the high-frequency data (7 kHz) of de Petris et a l.,11'13 
but it was not observed in the dielectric studies of Ivarasz et a l.17
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T E M P E R A T U R E ,  °K

Fig. 7. Temperature dependence of shear modulus, and log decrement, A for poly(2,6- 
dimethyl-p-phenylene oxide).

A broad, lower-temperature relaxation, which we term y , seem s to be 
present in the 120-140°K  range. An approxim ate location of this loss 
maximum is 125° Iv (1.4 H z). The shear m odulus seem s to decrease with  
increasing tem perature in two stages, a more rapid stage between SO and 
1G0°K and a slower rate from 1G0 to 400°Iv. The glass transition tem 
perature of P D M P O  is about 4S0°Iv, and the rise in loss w ith increasing 
tem perature that occurs from 350oIv on is an indication of this transition.

Our data on PD M PO  will now be compared with those obtained by other 
investigators. H eijboer’s damping curve, measured at about 1 H z ,14 
shows three distinct relaxation processes in PD M PO : an «-transition  
above 460°K , a (3-relaxation peak near 275°Iv, and a 7-relaxation peak 
near 15o°K . M easurem ents of de Petris et, ah ,11 made at acoustic fre
quencies, show an «-transition, marked by a large drop in modulus, oc
curring above 480°K , and a ^-relaxation characterized by a dam ping peak  
at 373°Iv (7.04 kH z). T hey report no other transitions or relaxations down 
to liquid-nitrogen tem peratures, but their test data show a marked rise 
in dam ping in the 100- 100° Iv range which we interpret as a m anifestation  
of the same 7-type process that we observe at about 125°K  at our test 
frequency. It is difficult, to give a precise tem perature location for their 
“peak” or shoulder, but it appears to be at about 160°K (7.04 kH z). Our 
data are in good agreement w ith theirs, with the shift of all relaxations to  
lower tem peratures being a result, of a shift in frequency of measurement.

Baccaredda et a l.13 have also presented test data for several other poly- 
(p-phenylene oxides), including p oly(2-m onom ethyl-p-phenylene oxide),
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Fig. 8. Plots of In frequency vs. 1 / T  for poly(2,6-dimethyl-p-phenylene oxide).

p oly(2 ,6-dim ethyl-p-phenylene oxide), and the unsubstituted polymer. 
It is interesting that all of these exhibit the /3-relaxation near 370°Iv and a
7-relaxation shoulder in the region 140-170° K for test frequencies of about 
7 kHz. Thus, it is clear that the m ethyl groups them selves cannot be the 
cause of the relaxations, and nuclear m agnetic experim ents and calcula
tions confirm this. From comparison of observed second m om ents with  
values calculated on the basis of a rigid lattice, M attes and R ochow 18 
conclude that both m ethyls rapidly reorient at a tem perature of S0°K . 
Also, they  find a gradual reduction in linewidth from S0°K  to room tem 
perature.

One possible interpretation of our data is that the 7-relaxation observed 
in the 125-140°K  range at about 1 Hz is, like that for the other polym ers 
already m entioned, a result of reorientations of the phenylene group 
about C - 0  bonds. If so, it would appear that the steric hindrance is 
som ewhat less for P D M P O  where the oscillation can occur about colinear 
C - 0  bonds than for the other polym ers that we have studied, such as
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PSF, P D C  and P P X , where at least one of the colinear bonds is a C -C  
bond or a C -S  bond. Some evidence that the steric factor for the C - 0  
bond is much lower than the usual values found for the sim ple C -C  bond  
has been given by Barrales-Ricnda and Pepper36 from calculations of the 
unperturbed dim ensions and gyration radius of PD M PO  in solution. 
The continued high level of m echanical loss, as well as the gradual N M R  
drop, over the tem perature range from 120 to 300°K , may indicate an 
increasing am plitude of phenyl group oscillation.

Although sufficient data are not available to determine activation  
energies of the /3 and y relaxations in P D M PO , approximate values can be 
obtained from a plot of log frequency versus 1 /7' by using present data and 
those of de Petris et a l.11 P lots of this type are shown in Figure 8. From  
the straight lines drawn to fit the data, we estim ate the activation energies 
to be about 9.0 k cal/m ole for the low-temperature 7-process and about
18.6 kcal/m ole for the higher-temperature /3-process. The value obtained  
for the 7 -process in PD M PO  is thus comparable to th at for P D C  or PSF, 
as m ight be expected if they both involve phenylene, or substituted phenyl- 
ene, group motion. The AII  value for the /3-relaxation is in good agree
m ent with 20 k cal/m ole given by Baccaredda ct al. from high-frequency  
measurements. In view  of its higher activation energy, the /3-relaxation 
m ay arise from local cooperative m otions of several monomer units.

CONCLUSIONS
D ata  have been presented above which clearly show that m any polym ers 

that do not possess three or more adjacent C H 2 or equivalent groups in 
their structure m ay nevertheless show a significant low-temperature 
relaxation. The common structural features of these polymers are the  
aromatic groups in the polymer backbone chain.

In view  of the experim ental results obtained to date by both mechanical 
and dielectric studies, a reasonable interpretation is that the low-tempera
ture relaxation arises from reorientational m otion of the phenylene rings, 
probably coupled with torsional or rotational m otions of nearby chain 
units. The temperature location of the relaxation is a function of the  
nature of the units adjacent to the phenylene ring as well as of the nature of 
substituents on the ring.

The ring m otion seem s to occur more readily when oxygen atom s are 
adjacent to the phenylene group and hence PD M P O  shows a secondary 
relaxation at a som ewhat lower tem perature than does PC or PSF, where 
the phenylene rings lie between an O atom  and a C atom  with a double 
m ethyl substituent, or between an 0  and a sulfone group. The ring 
motion is also severely hindered when an asym m etric polar group is present, 
as in P C P X , where the loss peak is observed to shift up in tem perature 
some 90°. However, it does not appear to be much affected by a more 
sym m etrical substitution as occurs, for example, in PD M PO  with two  
m ethyl groups on the ring or for P D C P X , with two Cl groups on the ring.
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In water-containing samples, the low-tem perature peak is enhanced, 
presum ably because the water m olecules are hydrogen-bonded to the 
polar oxygen atom s along the chain, and these participate in the m otion  
giving rise to the relaxation. It is difficult to say, in most cases, whether 
two separate relaxations are present, one arising from reorientational 
m otions of the phenylene rings them selves and another from m otion of the  
hydrogen-bonded water molecules. It is clear that the loss peaks are 
rather diffuse and that the peak position can be altered by the presence of 
water. In the case of the polyam ides, it is well know n1'6 that as water is 
added to the sam ple the usual y peak near lf>0°K (ca. 1 Hz) decreases in 
m agnitude, while a new /3 peak near 200°Iv (ca. 1 Hz) arises and increases 
in strength. A som ewhat similar situation appears to arise in the case of 
branched m ethacrylates containing OH groups. For exam ple, Janacek  
et a l.37 have shown that poly(m ethoxyethyl m ethacrylate) will give a 
7 peak near loO°K but that this peak reduces in m agnitude and a new  
peak appears at 196°Iv in a water-swollen sample. T hey also observed  
similar behavior in poly (diethylene glycol m onom ethacrylate) upon addi
tion of water, only in this case the tem peratures involved were some 30° 
higher.

The question naturally arises: if phenylene ring m otions occur at low  
tem peratures in polym ers containing aromatic groups in the main chain, 
such as P P X , PSF and PC, should they  not also be present in other poly
mers such as polyim ide (PI) and poly (ethylene terephthalate) (PE T )?  
Although these m aterials have been quite w idely studied, it does not appear 
that low-tem perature relaxations in these polym ers have been heretofore 
assigned to reorientational m otion of phenylene groups. N evertheless 
exam ination of the pertinent literature does show that this possibility exists.

First, w ith regard to P E T , it is well know n1'38 that the low-tem perature 
loss peak in the polym er is extrem ely broad, w ith a large low-tem perature 
tail. Illers and Breuer38 indicated that it m ight well arise from three over
lapping relaxations. We think it quite likely that the breadth of this 
peak on the low tem perature side, or the resolved peak which Illers placed  
at 168°K  (1 H z), arises from reorientational m otions of the phenylene 
units them selves. These m otions are probably soon coupled to m otions 
of adjacent polar units, as in P SF  and PC , and hence this peak is also seen  
in dielectric studies and also increases in in tensity with water. The 203°K  
resolved peak m entioned by Illers probably involves m otion of water 
molecules as well as of -C H 2-C H 2- 0 -  sequences. In this connection, 
it m ay be noted that Janacek37 has shown that the substitution of a polar 0  
atom  in place of a C H 2 unit, as in poly (m ethoxyethyl m ethacrylate) as 
compared to poly (propyl m ethacrylate), causes the side-branch y-relaxa- 
tion to shift up in tem perature some 30°. I t  is also well know n1 that as the  
number of m ethylene sequences is increased in the poly(m ethylene ter- 
ephthalates), the position of the loss peak goes to lower temperatures.

W ith regard to polyim ide, two recent publications show that there is 
some evidence of a low tem perature loss peak in this polym er which is not
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due merely to the presence of water. For example, Bernier and K line39 
report an internal-friction peak in a dry sample at about 130°K  (ca. 700 
H z). Also B u tta  et a l.,40 who made a thorough study at about 15 kHz 
test frequency of the effects of water, show an asym m etric broad low- 
tem perature tail for a sample dried under vacuum  at 200°C . B oth of 
these investigators have also noted that as water is added a new “water” 
peak arises which is situated at about 2 3 0 °K (ca. 700 H z). M ore extensive  
studies of the effects of water on polvim ide have been carried out in our 
own laboratory by Him .41,42 These studies, carried out at a frequency of 
about 10s H z, show clearly that as a “water” peak near 240°K builds up 
in m agnitude, a very broad lower-temperature loss peak near 140-150°K  
is reduced in m agnitude. W hile no interpretation has heretofore been  
given to this low-tem perature shoulder or broad loss maximum, it is reason
able, by analogy with the results already presented in this paper, to  asso
ciate it with reorientational m otions of the phenylene ring. T his ring, in 
polyim ide, is unsubstituted and is situated betw een the N  atom  and O 
atom  and hence the barrier to its reorientation would not be expected to  
be much different from th at for PD.MPO. T he close sim ilarity of the  
relaxation behavior of PDAIPO and a dried sample of P I has, in fact, 
been noted .40

Our thanks are extended to the Textile Research Foundation for the award of a Fellow
ship (to C .I.C .), to the Rutgers Research Council for the award of a facu lty fellowship 
to carry on research at Oxford University (to J.A.S.), to  the industrial companies al
ready mentioned for supplying us w ith  samples and data, and to various colleagues, 
R. W. Gray, N. G. MeCrum, G. M . Jeffs, D . F. Kline, and W. I). Niegisch, for consulta
tion and discussion.
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Diffusive and Hydraulic Permeabilities of Water 
in Water-Swollen Polymer Membranes
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Synopsis
The diffusive perm eability of water P, which relates to diffusive flux of water under a 

concentration gradient of water (measured by diffusion of tritia ted  water), and the hy
draulic permeability of water K , which relates to the water flux under a hydraulic pressure 
gradient are defined. For the case of diffusive transport one has P = K R T /v 1; where v, 
is the molar volume of water. The relationship between P  and K  was investigated as a 
function of hydration H, i.e., the volume fraction of water in  swollen polymer membranes. 
The following characteristic features of water permeability are revealed, (a) In  the low- 
hydration region (H  <  0.2), water permeates by diffusion even under an applied hy
draulic pressure gradient and K R T /v , = P. (b) In the higher hydration region K R T /v , 
is greater than P, and the ratio w =  K R T /v ,P  increases nearly exponentially w ith  de
crease of Water in this region moves partly  by bulk flow under an applied hy
draulic pressure gradient bu t moves only by diffusion in the absence of a pressure gra
dient. (c) The dependence of log P  on (1 -H )/H  is nearly linear in  regions of both high and 
low hydration b u t the slopes are different. The transition occurs in about the same H  
range where the discrepancy between P  and K R T /v ,  becomes significant. Excellent 
agreement was found between the experimental data for P  as a function of H  and the 
theoretical prediction based on the free-volume concept of diffusive transport in  hydrated 
homogeneous membranes.

INTRO DUCTIO N
T he nature of water transport through hydrophilic polym er membranes is 

v ita lly  im portant to proper understanding of transport phenom ena of 
aqueous solutes through the membranes, particularly w ith  respect to  perm
selectiv ity  of solutes and sem iperm eability of membranes. T he investiga
tions of water transport through such membranes as a function of their  
water content seem s to be a promising approach in this direction.

It  has been observed for highly hydrated polym er m em branes1-3 th at the  
water flux under a pressure gradient exceeds the value calculated from the  
self-diffusion constant of water, suggesting either that the equation used to  
calculate the diffusion does not apply to the highly swollen polym er mem
branes or th a t bulk flow of w ater occurs in these membranes and transport 
of water is no longer determ ined b y diffusion only. In this study, therefore, 
two perm eabilities relating to concentration and pressure gradients are de-
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lined to express the water flux quantitatively . T he change in the relation
ship betw een them  is exam ined as a function of membrane hydration

DIFFUSIVE AN D HYDRAULIC PERM EABILITIES OF WATER
The diffusive perm eability, P, is defined by

Jd =  P(AC/AX) (1)
where J A is the diffusive flux of a perm eant (Ap =  0) per unit membrane 
area, AX is the thickness of the membrane, and AC is the external concentra
tion difference of the perm eant across the membrane. T he diffusive per
m eability can be obtained by the use of radioactive water to measure the dif
fusive flux of water under zero hydraulic pressure gradient. The hydraulic 
perm eability, K, is defined by

J  / =  KAp/AX (2)
where J f is the flux of the water per unit membrane area under the hydraulic 
pressure gradient Ap/AX. B oth P and K  are material constants for a 
hom ogeneous membrane w ith a constant concentration or pressure gradient 
throughout the membrane.

One usually expresses the flux J d in g /c m 2-sec and J f in cm 3/c m 2 sec =  
cm /sec, the concentration in g /c m 3, and the pressure in g /cm -sec2. Hence, 
one obtains P in cm 2/se c  and K  in cm 3-sec /g .

In terms of the chemical potential in an ideal solution
Pt =  mi° +  ptii +  RT In (Cf/Mf) (3)

the flux of ith  com ponent through the membrane can be generally written  
(w ithout suffix i) as

j * c* An sc fàn Ac dn Ap\J  = c*u =  — — = ------—  +  -  —  (4)
J Ax j \àc Ax dp AxJ

where c* = sc is the concentration of the diffusing com ponent in the mem
brane, s is the partition coefficient, u is the velocity , and /  is the molar fric
tion coefficient of the com ponent in the membrane. W ith the partial de
rivatives

dn/dc =  RT/c (5)
dn/dp =  v (6)

one obtains the diffusive flux (in g /c m 2-sec) of the tritium -labeled m olecules
sc fdn\ Ac

'J (1 =

(7)

/  \dcj Ax

= -  (sRT/f)(Ac/Ax) 
=  -  P(Ac/Ax)
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and the hydraulic flux of water (in cm !/c m ! sec)

=  -  (scV/fp)(Ap/Ax)
=  — K{Ap/A.x)

where p is the density of water.
From eqs. (7) and (8), one derives

(8)

P = sRT/f 
=  sD ( 9)

and
K = scvi/J'p 

=  S V i / f
= Pvi/RT (10)

Equation (10) describes the relation betw een K  and P of an ideal membrane 
in which no viscous flow occurs under a hydraulic pressure gradient. It also 
describes the am ount of water which m oves in the general membrane be
cause of the chemical potential gradient resulting from the increase in pres
sure. T he total water flux through a general membrane m ay exceed the K 
given by the equation; however, since the chemical potential of water is in
creased by the additional pressure, the diffusive flux of water given b y the 
equation should occur. W hen K  exceeds the value predicted by eq. (10), 
the ratio

becom es larger than unity. T he difference o> — 1 is used in this study as a 
param eter to describe the exten t of transport by flow relative to th at by  
diffusion. The lower limit, co =  1, as given by eq. (3) characterizes trans
port by diffusion only.

Thau, Bloch, and Ivedem4 have presented a similar parameter (the ratio 
of hydraulic to  diffusive perm eabilities) derived from application of an ir
reversible therm odynam ics approach to the porous model of membranes, 
and reported that this ratio for cellulose film was approxim ately 80. Since 
the membrane model used in this study is considerably different from the 
pore-model of membranes on which m ost of the derivation of equations are 
based (e.g., by T icknor1 for the diffusion constant, and Thau et a l.4 for co), 
it becom es necessary to explain briefly the hom ogeneous membrane model 
for which details can be found in the literature.5’6

In the hom ogeneous polym er membrane model, no fixed pores or channels 
are assumed in which the transport of water can be expressed by a flow 
equation such as Poiseuille’s. The membrane phase in the dry state is 
packed uniformly with randomly coiled macromolecules leaving some unoc-

w =  KRT/Pvi (11)
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cupied space per unit volume of the phase as free volume F/l3°. In a water- 
swollen membrane the polymer occupies the fraction (1 — H), and the 
water, the fraction H of the membrane volume. Pure water has a free vol
ume Vf,i°. In the membrane the actual free volume is determined by the 
amount of water and polymer which are supposed to be interdispersed com
pletely at random. In the first approximation, one may assume additivity 
of free volume contributions of both components

Vf° = HVf,i° +  (1 -  H)V,.3°. (12)
This value has to be used as free volume of the hydrated membrane in the 
expressions for the diffusional constant and permeability in the case of 
purely diffusional transport. It turns out, indeed, that this concept ex
cellently reproduces the experimental data of P in the whole range of II be
tween zero (dry membrane) and unity (pure water).

In the homogeneous membrane model, the water-filled space through 
which transport of permeants can occur may be conceived as fluctuating 
pores or channels of the polymer matrix which are not fixed either in size or 
in location. As a consequence of the plasticizing effect of water in the case 
of swollen membranes, the macromolecules in the water-swollen polymer 
membrane exhibit a fair degree of mobility so that the size and shape of the 
pores or channels may continuously change. The geometry of the polymer 
network sets the upper limit for the size of such pores and hence also for the 
size of permeant molecules which can be accommodated and can pass 
through that section of the membrane. The transport, therefore, is de
pendent upon the probability that the permeant molecule finds at its loca
tion such a hole.

The diffusion coefficient can be generally written as7 
D = v exp { -F /kT )

= v exp {S/k} exp { —E/kT} (13)
where v is the translational oscillation frequency of the diffusing molecule’ 
it is related to the diffusional jump distance d and Boltzman’s and Planck’s 
constants by v ~ d2 (kT/h), and has the units cm2/sec. The quantities 
F, S, and E are the free energy, entropy, and energy of activation for 
diffusion, respectively.

According to statistical thermodynamics, the entropy term in eq. (13) can 
be related to the conformational probability IF, for formation of a hole (in- 
tersegmental space) sufficiently large for the passage of the diffusing mole
cules. According to the concept developed by Cohen and Turnbull8 and 
DiBenedetto and Paul,9 the probability W is given by

IF = exp { — V*/Vf°) (14)
where F* is a characteristic volume parameter describing the diffusion of a 
permeant molecule in the medium (i.e., a critical volume proportional to the 
cross section of the diffusing entity multiplied by the diffusional jump dis
tance) and V ° is the total free volume per unit volume of membrane.
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Hence, we have
S/k = In W = -  V*/Vf° (15)

The diffusion constant D of water in the membrane is given by
D = v exp { -E jkT ]  exp { -V * /V f°] (16)

The emperical energy of activation includes E and the temperature de
pendence of the free volume.

The self-diffusion constant Du of water can be expressed in these terms 
£iS

D0 = p exp ( - E/kT) exp ( -7 7 7 ,,i° )  (17)
where V,,i° is the free volume in unit volume of pure water.

In the first approximation, one may assume that v exp { —E /kT j for 
water in water-swollen polymer systems at a given temperature is a con
stant. This assumption seems to be reasonable at least for the high H re
gion, where most water may move through preexisting water. Keeping in 
mind that E is only a part of the empirical activation energy, one may ex
tend this assumption to the lower H region (e.g., to H = 0.1) where water 
still has a considerable plasticizing effect on the polymer. With this as
sumption, the term v exp j —E/kT} can be considered as characteristic of 
water (describing the thermal translational movement) and the term 
exp { —Y*/V °} as characteristic of the membrane. Then from eqs. (16) 
and (17), the diffusion constant of water in a water-swollen polymer mem
brane at a given temperature can be expressed as a function of the self
diffusion constant of water and the free volume:

D = D0 exp { - 7 7 1 / 7 /  -  1 /7 ,,i°)} (18)
The combination of eqs. (18) and (12) leads to

In (D/Do) = -  j9i (1 -  a)/(l +  xa) (19)
where

x = (1 -  H)/H 
« = 7,,377,,1°
0 = 777 ,,!°

Equation (19) indicates that In D versus x approaches a straight line in the 
region of high H (x -*■  0), starting from the self-diffusion constant of water 
and with a negative slope 0(1 — a). It also indicates that with decreasing 
H{x co) the logarithm of the ratio of diffusion constants approaches 
asymtotically the values of 0(1 — a)/a = 0(l/a  — 1).

The diffusive permeability P is generally given by eq. (9) as
P = .s/>
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The partition coefficient s is the ratio of concentration of permeant in the 
membrane to that of the permeant in solution outside the membrane. Since 
the partition coefficient for water in water-swollen membranes is II, P turns 
out to be

P = HD (20)
Combination of eqs. (19) and (20) leads to an expression for P as a function 
of x:

In (P/Do) = -  /3[*(1 -  a) / (1 +  ax)] -  ln(l +  x) (21)
Since the preexponential term plays much less a role than the exponential 
term, P for high II (small x) can be approximated by

P = = D0e~*x (22)
where <i> is a constant.

Equation (22) is similar to the expression for the diffusive permeability 
of solutes.5'10'11 It yields a straight line for a plot of log P/D0 versus x; 
but one must not forget that this expression is limited to highly swollen 
membranes. According to eq. (21), the permeability for less hydrated 
membrane will deviate considerably from this expression.

Without speculating about the mechanism of water transport under an 
applied pressure gradient, one might be able to express the dependence of 
hydraulic permeability on hydration to a first approximation in the same 
form as for transport by diffusion. Experimental results suggest that in 
the range u »  1, one can describe K by

K = K0 exp { — 4>a-x} (23)
where Ku and $A- are constants. The constant Kf> may be interpreted as the 
hypothetical hydraulic permeability of a pure water membrane (H = 1, x = 
0), although K at H = 1 has no physical meaning (free flow) and can be ob
tained only by extrapolation of experimental data to x —*■ 0. Conse
quently, the parameter co in the region of high II (low x) also follows the 
similar approximate relation (see Fig. 2)

co = cou exp { — T̂ x} (24)
where

and is a constant.
coo — KijRT/DoUi

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

The films used in this study are described in Table I. Films 1-6 are 
termed hydrogels. They were formed by simultaneous polymerization and 
crosslinking of the monomers, glycerol methacrylate (GAIA) and hydroxy-
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ethyl methacrylate (HEMA), in an appropriate solvent system (water or 
water/formic acid for the GMA, and water/ethylene glycol for the HEMA). 
In three cases, the crosslinking agent tetraethylene glycol dimethacrylate 
(TEGDMA) was added in relatively low concentration in order to obtain a 
wide range of membrane hydration for the same monomer. The mixtures 
were initiated with an aqueous redox system (solutions containing 1% 
K2S208 and 2% Na2S205 by weight) by adding each solution to the extent of 
1-2% of the total mixture volume. The monomer mixtures were then 
poured onto a glass plate and covered with a second plate, care being taken 
to avoid air pocket formation. Spacers were used to give a film of the de
sired thickness. After polymerization and crosslinking, the membranes 
were removed from the plates and equilibrated in water.

Films 7 and 8 were cellulose regenerated from viscose and cuprammonium 
solution, respectively. They were commercial products.

Films 9-15, were cast films, prepared by casting solutions of various poly
mers onto glass plates with an adjustable casting blade and then allowing 
the films to air-dry slowly to obtain clear, homogeneous films, which were 
then equilibrated in water.

The hydroxypropyl methacrylate/methyl methacrylate copolymers used 
to prepare films 9-11 (HPMA/1Y1MA: 95/5 monomer mole ratio; MMA/ 
GMA: 70/30; andMMA/GMA: 85/15) were prepared in this laboratory. 
The general method was polymerization of the monomers at room tempera
ture in nonaqueous solvent with 2,2'-azobis(2-methylpropionitrile) as the 
initiator. The polymers were then precipitated in a nonsolvent, washed, 
and dried. The preparation of these copolymers was described in full de
tail previously.10 Cellulose acetate polymers of various degrees of substi
tution (used to prepare films 12-15) were commercial Eastman products. 
The polymers were dissolved in appropriate solvent systems (listed in 
Table I) and cast.

M e a su r e m e n ts
D iffu s iv e  P erm ea b ility . The measurement of the diffusive permeability 

was effected in a modified Leonard-Bluemle cell constructed of Lucite12'13 
by using tritiated water (specific activity = 1.0 mCi/g). The membrane 
was clamped between the two halves of the cell with no membrane support. 
The compartments of equal volume (76.4 cm3) were then filled with deion
ized water and the liquid on both sides of the membrane was stirred by stir
rers driven from a common shaft at a monitored speed. The exposed mem
brane area was 23.25 cm2 and all runs were made at 23-24°C at a stirring 
speed of 240 rpm. At time zero, one side of the cell was “dosed” with 50 ¡A 
of tritiated water. At subsequent time intervals small samples were with
drawn from both sides of the cells simultaneously, in 50-̂ 1 syringes to assure 
negligible volume changes during the experiment. Taking samples from 
both sides of the cells allows one (a) to calculate P on the basis of the change 
in the concentration difference of tritiated water across the membrane and 
(b) to follow the sum of the concentrations of tritiated water on the two
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sides in order to detect sampling errors, cell leaks, or significant “exchange” 
of tritiated water in the membrane.

Analysis of the samples was effected by diluting each 50-̂ 1 sample with
1.0 ml H20 and 15 ml scintillation mix (4 g Omnifluor in 1 liter of 2:1 tol
uene : Triton-X solution). Both tritiated water and Omnifluor were; ob
tained from Nuclear-Chicago Corporation. The samples were then 
counted by a Packard Tri-Carb Unilux II, spectrometer.

Permeability was calculated from the slope of the plot of log AC versus 
time t according to the equation

P/AX PA hr AC 
2 A At

2.3F_Ajog (AC) 
2A At (25)

where A is the membrane area, V is the volume of each cell compartment, 
AX is the membrane thickness, and AC is the difference in concentration 
(counts) between the two compartments at. time t. Most experiments 
lasted 11/ 2—2 hr with the taking of five or six samples. Data points for 
which the sum of counts on both sides were more than a few per cent from 
the average of all values were discarded.

Hydraulic Permeability. The measurement of the hydraulic permeabil
ity of the hydrogels was carried out by using low-pressure Amicon ultrafiltra
tion cells (Model 50). For most films, the plot of flux versus pressure was 
linear as expected, and K was calculated from the slope. Whenever this 
plot was not linear, the initial slope was used for the calculation.

With films of lower hydration and hence much lower flux, measurement of 
K at very low pressures became impractical. For the cast films, K mea
surements were made in Amicon Model 420 cells at 550 psi. For several 
films of moderate hydration measurements of K could be made in both cells 
because the film had a relatively high flux and was fairly strong. This was 
done in order to assure that the data were not dependent on the cell or 
pressure used. All measurements were made at 23-24°C.

RESULTS AND DISCUSSION
The results for K, P, and Pvi/RT are summarized in Table II. The ap

proximate dependence of K and co on x = (1 — H)/H is shown in Figure 1 
and 2, respectively. The dependence of K and P on x is shown in Figure 3. 
The validity of eq. (19) is examined in Figure 4.

From these results, it is possible to point out the following important 
characteristics of water transport in water-swollen polymer membranes.

In the region of low hydration, K and Pt>i/RT are nearly identical func
tions of x. Consequently, water permeates through these membranes only 
by diffusion, even under a hydraulic pressure gradient.

In the region of high hydration, K and Pvi/RT are not identical and the 
ratio between the two permeabilities, expressed by co, increases exponen
tially with decrease of x, i.e., with increasing hydration II (see Fig. 2). 
Hence, K and P are represented by two different functions of x.
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Idg. 1. Dependence of the hydraulic perm eability of water K  on the param eter (1 -H )/H  
as approxim ated by eq. (23) for high II.

The diffusive permeability P in the whole range of x can be expressed by 
eq. (21).

From these observations, it is possible to postulate that in polymer mem
branes which have H values less than 0.2, i.e. x > 4, water permeates pre
dominantly by diffusion. This applis equally when a concentration gra
dient or a pressure gradient is the driving force.

Since P = HD and D can be described in a satisfactory manner by the 
free volume concept over the whole range of hydration, it may be worth
while to examine the experimental data on P and D = P/H in more detail.
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On the basis of eq. (19), the parameters a and /3 can be obtained from the 
initial slope, ax, of a plot of In D/D0 versus x and from the asymptotic value, 
a2, of In D/D0 at x = °°, which can be best derived from a plot of In D/D0 
versus H (Fig. 5), i.e.,

a = ax/a2 (26)
¡3 = axa2/(a2 — ax) (27)

With Do = 2.44 X 1(W5 cm2/sec at 25°C,14 In D/D0 is plotted against x in 
Figure 4. From data points for small x, ai is estimated as 2.25. From the 
plot of In D/D0 versus H (Fig. 5), the value of a2 is estimated as 4.5. By
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using these values, i.e., a = 0.5 = V/,3°/V f,i° and /3 = 4.5 = V*/Vr,i° it is 
possible for this special case to construct the theoretical curve given by eq. 
(19) (solid lines in Fig. 4). Within limits of error, it fits the experimental 
data. It is also possible to construct from this curve the theoretical curve 
for the diffusive permeability constant P = HD [eq. (21) ], which is shown 
as the solid line in Figure 3.

From Figures 3 and 4, it is quite evident that the diffusion constant and 
diffusive permeability of water of a membrane in the whole range of hydra
tion from //  = 1 to H = 0 can be indeed described by the equation derived 
on the basis of the free volume concept of diffusion in membranes [eq. (18) ] 
and on the assumption of additivity of free volume of membrane polymer 
and hydration water [eq. (12)].

The value of a2 represents the hypothetical situation of polymer at II = 0, 
i.e., of dry membrane. Since in contact with water every membrane ex-
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Fig. 4. P lot of 1ii(Z>/7)ii) vs. (1 — / / ) / / / ,  where D  is the  diffusion constant of water 
through swollen polymer membranes calculated by P / H \  D 0 is the self-diffusion constant 
of water. The solid line represents calculated values from In D / D a =  —/3.r( 1 — a ) / ( l  +  

for a  =  0.5 and 0 =  4.5.

hibits finite hydration, the permeability of the dry membrane corresponds 
better to the case of water vapor permeability at zero activity. It is in
teresting to note that a2 = 4.5 yields a diffusion constant for dry polymer 
approximately 1/100 of D0, i.e. , in the vicinity of 2 X 10 ~7cm2/soc. Values

TABLE II
W ater Permeabilities of Films Studied

Film
K i

cm 2/see-atm
Pi

em 2/sec 
X 107

P to /R T  
cm 2/sec-atm  

X 10“
CO =

K tv J P iR T (1 -  H ) /H
1 1.27 X 10“6 96.1 70.8 179 0.16
2 1.17 X lO '6 83.7 61.9 189 0.28
3 2.56 X lO“7 54.3 39.8 64.3 0.67
4 1.53 X 10-7 34.7 25.8 59.3 0.72
5 1.96 X 10“8 15.3 11.0 17.8 1.50
6 2.92 X 10“8 17.7 13.1 22.3 1.63
7 10.2 X lO“8 32.3 23.8 42.8 0.72
8 6.26 X lO“8 22.2 16.2 38.6 1.13
9 1.45 X 10“ 10 2.01 1.47 0.99 3.76

10 1.70 X IO“ 10 1.49 1.10 1.55 5.66
11 1.43 X 10“ ” 0.523 0.386 0.370 99.0
12 10.5 X 10"10 3.96 2.87 3.32 3.17
13 9 .7  X lO“ 10 1.89 1.39 6.97 4.00
14 1.48 X 1 0 -“ 0.956 0.705 2.01 7.33
15 0.873 X 1 0 -“ 0.558 0.413 2.11 9.00
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Fig. a. Plot of In (D/Do) vs. H.

of the diffusion constant in methacrylate polymers and cellulose derivatives 
at zero water activity are in fact of this order of magnitude.18

The experimental values of co show considerable scatter, particularly at 
high x. This may in part be due to the fact that co is the ratio of two inde
pendent measurements, and also to the ambiguity (due to some possible 
asymmetry of the membranes) and accuracy of the membrane thickness, 
AA', under the various condition of the measurements. For this reason, 
the values of co should not be interpreted too literally within an order of 
magnitude.

The fact that the ratio co also follows a dependence on x similar to that of 
P (see Fig. 4) has the following important implications: (1) the permeabil
ity K can be expressed, to a good approximation, by the empirical eq. (23); 
(2) it is a critical evaluation of appropriateness of the membrane model in 
interpretation of permeability data. This aspect may be worth further dis
cussion inconnection with comparisons of membrane models. In the widely 
used two-component pore model, an impermeable polymer matrix with a 
large number of fixed channels or pores traversing the membrane is as
sumed. Transport, either by diffusion or by flow under a pressure gra
dient, occurs only in the pores. According to the pore model, the diffusive 
permeability P depends only on the porosity e, while the hydraulic perme
ability K depends on er'1 where r is the average radius of the pores, an ill- 
defined and nonexplicit parameter described as the tortuosity factor being 
neglected. Therefore, according to the pore model, the ratio K/P  is pro
portional to r2. Indeed, the ratio K/P  has been used to estimate the pore 
radius r from this relationship in the literature. If the pore model is cor
rect, co should show no correlation with e or H, since r and e (or H) cannot 
be uniquely related. The fact that co is nearly unity for low If requires a
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constant pore radius for all membranes of low hydration, according to the 
pore model. The dependence of P on II (or e) is in apparent contradiction 
with the observations. Therefore, additional and not self-evident assump
tions are needed for a satisfactory description of experimental data. It is 
obvious that the pore model of a membrane is a purely mathematical model 
which can be used only in a qualitative manner to characterize the trans
port property of a membrane by such terms as pore-size and porosity; and 
neither the physical picture of the model nor the results (such as pore size) 
should be interpreted in the physical sense. In this respect, the homoge
neous polymer membrane model based on the free volume, concept offers a 
more realistic model for the polymer membranes, and correctly explains 
without additional assumptions the diffusive permeability in the whole 
range of P, the identity of K with PVi/RT at low hydration, and the more 
rapid increase of the hydraulic permeability at high hydration.

In conclusion, the homogeneous membrane model with the free volume 
concept of diffusive transport thus excellently explains: the diffusive water 
permeability P of hydrated membranes over the whole hydration range, 
the hydraulic permeability K at low hydration, and also gives a qualita
tively satisfactory description of the higher values of flow permeability K 
at high hydration. From the slope of log I) versus x at small x and the lim
iting value D^/Do at x -*■  °°, one derives the ratios F*/F/,i°, V/,3°/V f,i° 
and hence

The authors gratefully acknowledge the support of Camille and Henry Dreyfus Foun
dation and the assistance of I)r. L. 1). Ikenberry in the m easurem ent of diffusive per
m eability of water.
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Glass T ransition  Temperatures o f some Linear 
Polymers Containing Phenyl Side Groups

GIOVANNA PIZZIRANI, PIERLUIGI MAGAGNINI, and PAOLO 
GIUSTI, Istituto di Chimica delle Macromolecole del C.N.R., Istituto di 
Chimica Industriale e Applicata, Facoltà di Ingegneria, Università di Pisa,

56100 Pisa, Italy

S y n o p s is
The glass transition tem peratures of a num ber of poly(vinyl phenyl ketones), poly- 

(vinyl benzoates), and poly(phenyl acrylates) have been measured by a refractom etric 
method. The effects exerted on T g by the nature and position of the ring substituents 
and by the different groups binding the pendant phenyl rings to the polyvinyl chain are 
discussed. The importance of knowledge of the side-group motions in the glassy sta te  
for the interpretation of glass tem perature da ta  is emphasized.

IN T R O D U C T IO N
During the past few years a number of attempts have been made to 

correlate the glass transition temperature T„ of a polymer with its chemical 
structure. The experimental confirmation of most of these rationalizations 
is never simple and is often hampered by the lack of sufficient experimental 
data. An additional difficulty comes from the variety of the experimental 
methods used to measure Te. Thus, the data are not easily comparable. 
From the latter point of view only results obtained by dilatometry or by 
refractive index-temperature measurements are usually considered satis
factory.

Recently some noteworthy efforts have been made by different authors 
to provide consistent experimental data on series of homologous polymers. 
In particular, for polymers containing phenyl side groups, extensive dilato- 
metric and refractometric data are now available. These refer to poly- 
(phenyl acrylates)1’2 poly (phenyl methacrylates),1 poly (vinyl benzoates),3 
and polystyrenes.4 In addition to the potential usefulness of these data as 
tools for testing the validity of any theoretical approach to Tg, they lead to 
definite, if qualitative, conclusions about the influence of different struc
tural features on Tg.In the present note we discuss results obtained in our laboratory over the 
last three years on the glass transition of poly(vinyl phenyl ketones), 
poly (phenyl acrylates), poly (vinyl benzoates), and some related polymers. 
For the discussion of the results reference is made, in some cases, to the 
dynamic mechanical behavior of the polymers in the glassy state.

1133
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E X P E R IM E N T A L
M o n o m ers

Vinyl benzoates5 and phenyl acrylates6 were prepared as described else
where.

Vinylplienylketones were obtained by dehydrochlorination of the corre
sponding /3-chloropropiophenones or by decomposition of the Mannich 
bases, depending on the availability of the starting materials. Thus vinyl 
phenyl ketone and its p-Cl, p-n-Pr and p-i-Pr derivatives were obtained 
by the first route. Benzene (Carlo Erba), chlorobenzene (Carlo Erba), n- 
propylbenzene (Schuchardt), and cumene (Schuchardt) were purified by 
fractionation and reacted with freshly distilled /J-chloropropionyl chloride 
(Schuchardt) following the procedure of Marvel and Casey.7 The resulting 
d-ehloropropiophenones were purified by repeated crystallizations from n- 
hexane and finally dehydrochlorinated to vinyl ketones with potassium 
acetate in boiling ethanol.

A second amount of vinyl phenyl ketone together with its p-Me, p-Et, 
p-tert-Bu and p-Br derivatives was prepared by the second route according 
to eqs. (1) and (2).

Reaction (1) was accomplished by following the procedure described in 
the literature.8 The products of reaction (1) were purified by crystalliza
tion from acetone or diethyl ether and steam-decomposed [eq. (2) ].

Phenyl vinyl ketones polymerize very easily even if impure, especially 
when heated. They were therefore isolated and purified by fractionation 
under reduced pressure in the presence of inhibitors such as hydroquinone. 
However, the yields of pure monomers were usually low because of ex
tensive polymerization during fractionation. For this reason we could not 
isolate an appreciable amount of pure p-bromophenyl vinyl ketone.

Vinyl benzoates and phenyl acrylates were also purified by repeated 
fractionations under reduced pressure.

Solid monomers were further purified by repeated crystallizations from 
appropriate solvents (usually n-hexane) up to constant melting point.

In Table I are given some of the physical properties of the monomers 
used in the present work. All the monomers but p-bromophenyl vinyl 
ketone were identified through the iodine number and in some cases by 
elemental analysis, infrared spectroscopy, and molecular weight deter-

(1)

C0C14[2ch ,N(CH;),-hci

(II)
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ruination. The purity of the monomers was cheeked, just before polymer
ization, by gas-liquid chromatography (see Table I).

P o ly m ers
All the monomers listed in Table I but p-bromophenyl vinyl ketone were 

polymerized in bulk or in benzene solution either with benzoyl peroxide 
or thermally (see Table II). In the polymerizations in bulk the monomers 
were introduced into Pyrex ampoules containing 0.02 mole-% initiator (in 
some cases no initiator was used). The ampoules were connected through 
a liquid nitrogen trap to an oil pump. The monomers were thoroughly 
degassed by repeated freeze-thawing cycles. The ampoules were sealed 
off and placed in a water bath at the appropriate temperature.

The polymerizations in solution were carried out in stirred flasks im
mersed in a thermostatic bath, by addition of initiator (0.002 mole/1.) 
to a solution of the monomer in benzene under dry nitrogen.

Both bulk and solution polymerizations were stopped at 40-60% con
version in order to prevent crosslinking.

The polymers were isolated by repeated precipitation in an excess of 
methanol or petroleum ether (bp 35-50° C) and dried under vacuum to con
stant weight.

The sample of poly(p-bromophenyl vinylketone) used for T„ determina
tion was obtained by careful purification of the polymer formed during 
fractionation of the monomer.

Poly(vinyl m-nitrobenzoate), poly(vinyl p-nitrobenzoate), poly (vinyl 
nicotinate), and poly (vinyl isonicotinate) were prepared by esterification of 
commercial poly (vinyl alcohol) (Elvanol 71-30) as previously described.9,10

The molecular weights of the polymers were determined with a high
speed membrane osmometer (Hewlett Packard 501).

P ro ced u re
The glass transition temperatures of the polymers were determined by 

the refraetometric method developed by Wiley11 as already described.3
The determination of the dynamic mechanical properties was carried out 

by means of a resonance electrostatic method at acoustic frequencies12 
in the temperature range between 80 and 300°Iv, under high vacuum.

The samples were compression-molded circular plates (36 mm diameter, 
3 mm thickness). Measurements were performed on the first flexural mode 
of vibration.

R E S U L T S  A N D  D IS C U S S IO N
Table II lists the glass transition temperatures of the polymers and their 

molecular weights together with the polymerization conditions. Most 
of the polymers have number-average molecular weights above 40,000. 
This is the commonly accepted limit above which Tg becomes independent 
of molecular weight.
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For only a few of the polymers listed in Table II were we able to find 
previously published glass transition temperature data. When available, 
the values obtained by others by dilatometry have been included in Table 
II. The discrepancies between our data and those from the literature are 
fairly small.

The results of Table II allow some qualitative conclusions to be drawn 
about the dependence of T„ on different structural parameters. These are 
discussed in the following paragraphs.

E ffect o f  th e  N a tu re  o f  th e  S u b s t itu e n ts
It is largely accepted by now that the glass transition temperature of a 

polymer is strongly influenced by the flexibility, bulkiness, and polarity of 
the side groups, T„ being the higher the more bulky and polar and the less 
flexible the side groups are. If we apply this general rule to the substituent 
groups bonded to the phenyl rings in polymer series such as those of Table 
II, then our data serve to confirm some of the general statements already 
set forth by different authors.

Thus an increase of the para-substituent flexibility, while accompanied 
by an increase of its bulk, makes T0 decrease. This pattern is observed in 
several polymer series picked up from Table II, i.e., poly(vinyl phenyl 
ketones): p-Me (71°C), p-Et (51.5°C), p-n-Pr (44°C); poly(vinyl benzo
ates): p-Me (70°C), p-Et (52.5°C); p-OMe (86.5°C), p-OEt (70°C); p- 
OCOMe (76°C), p-OCOEt (71.5°C), p-OCOnPr (61°C).

These examples show that this general rule applies not only to alkyl 
substituents, as already demonstrated for example for polystyrenes,4 
but also for ether or ester groups.

The effect of flexibility usually exceeds that of bulkiness. This is 
clearly illustrated also by the following series: poly (vinyl phenyl ketones)

F ig . 1. G la ss  tra n s it io n  te m p e ra tu re  o f p a ra -su b stitu te d  p o ly fv in y l p h e n y l k e to n es)
(O ) and  p o ly  (v in y l  b e n zo ate s) ( • ) .
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and poly(vinyl benzoates) substituted with p-Me, p-Et, p-i-Pr and p-tert- 
Bu groups. Although the bulk of the substituent groups steadily increases 
throughout the series, in both cases T„ reaches a minimum value for the 
polymer with the most flexible para group (see Fig. 1). When the intrinsic 
stiffness of the substituent increases (z-Pr and ierf-Bu groups) T„ is strongly 
enhanced, the effects of bulk and stiffness being now concordant.

Also the effect of the polarity of substituent groups or atoms bonded 
to the side phenyl rings is clearly illustrated by the data of Table II. 
Thus Cl-substitutecl polymers have a higher Te than Me-substituted ones, 
whatever the substituent location in the ring. The effect of polarity is 
also clearly demonstrated by the high Tg of nitrosubstituted poly (vinyl 
benzoates). The high glass transition temperatures of poly (vinyl nico- 
tinate) (S6.5°C) and poly(vinyl isonicotinate) (98.5°C),10 as compared 
with that of poly (vinyl benzoate), are also easily explained by the polarity 
of the pyridine rings.

The above discussion shows that the generally accepted statements con
cerning the influence of flexibility, bulk, and polarity of side groups on the 
glass transition temperature of a polymer can be easily applied to the sub
stituents bonded to phenyl rings in the polymer series considered in the 
present work. Far more complicated is the extension of the same con
cepts to entire side groups of the same polymers, since this involves under
standing of effects of the location of substituents in the phenyl ring and 
of the nature of the groups binding the phenyl ring to the poly vinyl back
bone chain.

E ffec t o f  P o s it io n  o f  R in g  S u b s t itu e n ts
As for the effect of the position occupied by ring substituents, it is well 

known, for example, that for polystyrenes the highest transition tempera
tures are found in ori/io-substituted isomers. This has been explained 
by assuming that the ortho substituent raises the intrinsic stiffness of the 
backbone as does the a-methyl group in poly-a-methylstyrene. However 
tins interpretation has been challenged,13 by considering that, for example, 
o-methyl styrene has a normal heat of polymerization whereas a-methyl 
styrene presents a heat of polymerization which is about half of that for 
styrene. A more convincing explanation of the high T„ of poly-o-methyl 
styrene is based on the assumption that in this polymer the o-Me groups 
prevent the benzene rings from rotating in the glassy state (see below).

The results of Table II clearly show that the pattern observed for poly
styrenes is actually reversed for poly (vinyl benzoates). In the latter class 
of polymers, in fact, the highest transition temperatures are those of 
para-substituted isomers. A tentative explanation of this discrepancy may 
be possible through knowledge of the molecular motions of the different 
polymers below Tg. As already noted, orf/io-substituted polystyrenes, 
contrary to para-substituted ones, do not show, in the glassy state, relaxa
tion phenomena ascribable to movements of the benzene rings.14'15 Con
trary to this, Crissman et al.m found a relaxation effect in poly-o-methyl-
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styrene with a loss maximum at a somewhat lower temperature than for 
unsubstituted polystyrene. This result, however, needs confirmation 
before being accepted since it is difficult, to understand why the presence of 
the »-Me group should decrease, rather than increase, the steric hindrance 
to phenyl motion. Also for me/a-substituted polystyrenes the dynamic 
mechanical methods fail to show any sign of movement of the benzene 
rings (5 relaxation) below 2’e.14'15

However the dielectric data of Curtis,17 who found a low temperature 
relaxation effect in poly-m-chlorostyrene, indicate that in me/a-substituted 
polystyrenes the S relaxation is probably present also but shifted toward 
higher temperatures. The relevant mechanical damping peak might be 
therefore completely masked by the exponential part of the loss curve in the 
vicinity of the glass transition.

Also for poly (vinyl benzoates) a detailed study of dynamic mechanical 
behavior in the glassy state14'18 has shown that a secondary relaxation effect 
aseribable to motions of the benzene rings is shown by all para-substituted 
derivatives, whereas for ortho and meta isomers no such phenomenon is 
observed. However all these polymers show another secondary relaxation 
in the glassy state (S relaxation) which has been attributed to motions 
of the carboxyl groups. It seems reasonable to envisage this relaxation 
effect as being due to a complex motion involving the benzene rings too. 
If this were so, for poly (vinyl benzoates), the pendant phenyl groups 
would be allowed to rotate before the glass transition temperature is 
reached. This might explain why for these polymers ortho substitution 
does not involve enhancement of T„ such as happens for polystyrenes. The 
higher Ts of para-substituted poly(vinyl benzoates) might therefore be 
explained simply by assuming that the para substituents are in the best 
position for steric and/or polar interference with other macromolecules.

The latter argument was adopted, on the other hand, also by Krause and 
collaborators1 in order to explain similar results obtained in studying the 
glass transition temperatures of ortho-, meta-, and para-substituted earbo- 
methoxyphenyl and carboethoxyphenyl acrylate polymers.

These facts are however complicated by some of the results obtained by 
us for substituted polv(phenyl acrylates): the »-Me-, o-terl-Bu-, and o-Cl- 
phenyl acrylate polymers have, in fact, glass transition temperatures which 
are higher than (or at least of the same order of magnitude as) those of the 
corresponding para isomers (see Table II). This is not easily explicable at 
present. Our feeling is that schematization of the effect of the position of 
the substituent groups in the benzene rings upon Tg is never simple, unless 
we know for any polymer the exact nature and intensity of movements of 
the side groups below T„.
E ffect o f  th e  G rou p s B in d in g  th e  P h e n y l R in g s  to  th e  P o ly v in y l C hain

Some interesting observations about the effect exerted on Tg by the 
nature of the groups binding the phenyl rings to the polyvinyl chain can
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Fig. 2. Damping factor Q 1 as a function of absolute temperature for (O) poly(vinyl 
phenyl ketone), ( • )  poly(vinyl benzoate), and ( 3 )  poly (phenyl acrylate).

be made by comparing the glass transition temperatures of analogously 
substituted polymers belonging to different classes.

First of all it must be noted that all the unsubstituted polymers reported 
in Table II have glass transition temperatures considerably lower than that 
of unsubstituted polystyrene (ca. 100°C). Krause and collaborators1 
had already shown that, a decrease in glass temperature occurs whenever 
a bulky group, in particular a phenyl group, is moved farther away from the 
polymer backbone. Thus the introduction of a carbonyl group, as in 
poly(vinyl phenyl ketone), or of a carboxyl group, as in poly(vinyl benzoate) 
and poly (phenyl acrylate), between the polyvinyl chain and the benzene 
rings of polystyrene causes a marked decrease of T„. This effect can be 
interpreted as due to a flexibilization of the side groups and to a reduction 
of the steric hindrance which opposes the segmental cooperative motions of 
the backbone chain.

It is not, however, immediately obvious why the magnitude of the reduc
tion of T0 is almost equal for poly(vinyl benzoate) and poly(vinyl phenyl 
ketone) and considerably greater for poly(phenyl acrylate).

Poly (vinyl phenyl ketone) resembles poly (phenyl acrylate) in that both 
polymers have the carbonyl groups directly bonded to the polyvinyl chain, 
whereas poly (vinyl phenyl ketone) and poly (vinyl benzoate) are similar 
in that they both have the carbonyl groups directly bonded to the phenyl 
rings. Since the latter two polymers have in fact about the same Tg we 
must conclude that the presence of an oxygen atom between the polyvinyl
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chain and carbonyl groups does not play an important role in determining 
Tg. On the contrary, if the oxygen atom is located between the carbonyl 
groups and the benzene rings, a noticeable reduction of Tg is observed.

These simple observations lead to the conclusion that the experimental 
results cannot be interpreted on the basis of the intrinsic stiffness of the 
backbone chain but are most probably to be connected with the mobility 
of the side groups in the glassy state. It is in this respect of much help to 
compare the dynamic mechanical behavior of these three polymers at low 
temperatures. In Figure 2 the curves of the damping factor Q _1 against 
temperature for poly (vinyl phenyl ketone), poly (vinyl benzoate), and poly- 
(phenyl acrylate) are shown. As already reported,14,18 the damping curve 
of poly (vinyl benzoate) is characterized by the presence of two loss peaks 
(6 relaxation at 90°Iv and /3 relaxation at 230°K) which have been connected 
with motions of the phenyl groups and of the carboxyl groups, respectively. 
At higher temperatures, another increase of Q~l is observed which is con
nected with the onset of the relaxation phenomenon due to the glass transi
tion. The corresponding curve of poly (vinyl phenyl ketone) is indeed very 
similar. The loss peak at low temperature is not well resolved, but the 
curve shows with certainty the presence of a weak secondary relaxation, at 
about 100°K, which can be ascribed to the motion of the phenyl rings (8 
relaxation). For this polymer, another damping peak is found at about 
235°K and can be associated with motions of the carbonyl groups.

The mechanical behavior of poly (phenyl acrylate) is quite different. For 
this polymer, in fact, only a very broad peak is observed with a high damp
ing maximum at about 230°Iv. Most probably this region of high loss is 
associated with a complex motion of the side chains in which the subgroups 
(phenyl ring, oxygen, carbonyl) are progressively involved.

Whatever the exact molecular processes connected with the different 
damping peaks may be, it is important to note here that for poly (phenyl 
acrylate), in the low-temperature region, the energy dissipated by these 
processes is much higher than for the other two polymers. This fact may 
well account for the lower T g of poly (phenyl acrylate). It is also interest
ing that the almost exact coincidence of the glass transition temperatures of 
poly (vinyl benzoate) and poly (vinyl phenyl ketone) matches the very close 
similarity of the mechanical behavior of these two polymers below Tg.

It is also noteworthy that, as shown in Table II and Figure 1, whatever 
the nature and the location of the substituents, all the poly (vinyl phenyl 
ketones) have glass temperatures which are almost identical with those 
of the corresponding poly (vinyl benzoates).

C O N C L U S IO N S

The results obtained in the present work confirm some of the general 
statements already made by others about the dependence of T„ on bulk, 
stiffness, and polarity of side groups and/or of substituents bonded to side 
groups. They also show that the glass transition temperature of poly
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styrene (ca. 100°C) is actually reduced considerably when a carbonyl or a 
carboxyl group is introduced between the backbone chain and the pendant 
benzene rings. The T„ data of poly(vinyl phenyl ketones) and poly(vinyl 
benzoates) largely prove that an oxygen atom placed between carbonyl 
groups and the main chain, has no effect on T„, nor does it alter appreciably 
the dynamic mechanical behavior of the polymer in the glassy state. Both 
a reduction of Tg and an increase of the mechanical energy dissipated by 
group motions in the glassy state are observed, on the contrary, for poly- 
(phenyl acrylate) in which the oxygen atom bonds the benzene rings to the 
carbonyl groups of the macromolecule.

From the above discussion it is also evident that knowledge of the secon
dary relaxation phenomena occurring in the low temperature region is of 
great help in the interpretation of T„ data, especially as related to the 
chemical structure of polymers.
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NOTES

Low-Angle Light-Scattering Equations for Polymer Spherulites

Equations have previously been developed for the intensity of polarized light scattered 
at low angles by models of two-dimensional and three-dimensional anisotropic polymer 
spherulites.’~3 Two different derivations have been presented for the three-dimensional 
case.1,2 I t  has been pointed o u t4 th a t a sign difference exists in the results of the two 
methods for the V v (polarizer and analyzer vertical) equations. We have investigated 
this m atter.

An error in sign was discovered in the original calculations.1 The sign of the th ird  
term  in brackets of eqs. (10) and (15) of ref. 1 should be negative. We also have re
derived the equation following the method of van A artsen2 and found no error in his 
results. The sign was correctly stated  in eq. (A-5) of ref. 3, and in ref. 5. The sign 
discrepancy is thus resolved.

Now, the equations for two-dimensional and three-dimensional spherulites can be cast 
into similar forms, for the case where 0, the angle between the optic axis and the spheru- 
lite radius, equals zero:

Two-dimensional
Evv = K A (2 /w 3) cos Pi[(ar — a t)J 1 -f- a tJ 11 — (ar — at) cos2 p (2 /r — Z11)] (1)

Three-dimensional
E Vv = /v F (3 /U 3) cos Pl[(«r -  a ,)S l +  a ,S 11

-  (ar -  at) cos2 m ( c o s 2 (fl/2)/cos 0X3S1 -  S 11)] (2)
where

S 1 =  S iU  -  sin U (3)
S u  =  sin V  -  U cos U (4)
J 1 = 1 — J Q(w) (5)

J i i  =  wJ\(w) (6)
and the other symbols are defined in ref. 3. These equations are approximations valid 
a t  small scattering angles. Keijzers, e t al.6 have presented more complete equations 
valid for larger angles as well. For the small angles where scattering from spherulites 
predominates, cos2(0/2)/cos 8 is nearly equal to unity  and eq. (2) becomes

E v v — K V (3 /U 3) COS pi[(ar — a i)S l -j- a ,S lr — (a T — at) COS2 — /S11)] (7)
The sim ilarity in form of eqs. (2) and (7) indicates tha t, in general, one cannot dis

tinguish between two-dimensional and three-dimensional spherulites by inspection of the 
light-scattering pattern, if the former lie in a plane normal to the incident beam. How
ever, if one tilted the sample w ith respect to the incident beam, the pa ttern  would change 
for two-dimensional spherulites, while remaining unchanged for the three-dimensional 
case. Further, for random ly oriented two-dimensional spherulites, the (average) 
pa ttern  would appear different than for three-dimensional ones.

1147
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Configurational Statistics o f Polysaccharides. V. Free
Rotational Dimensions of (7 ------ > 2')-, (7 -------> 3')-, and

(7 -------* 4 ')-Linked Polysaccharides
The stiffness of a polysaccharide chain is often characterized by <r2 = (r2)o/(r2)o/, 

where (r2)0 is the unperturbed mean square end-to-end distance and (r2)0/is  th a t calculated 
from a model assuming free rotation of the sugar residues about the in terun it glvcosidic 
bonds. B enoit1 first calculated the free-rotational dimension for cellulose, considering 
the polysaccharide chain having N  glucose residues as a chain consisting of 2N  vectors. 
These methods were later extended by Eliezer and Ilaym an2 to a general case of (1 —»• 
4')-linked polysaccharides and by Cleland3 to  chains of disaccharide units. However, 
these methods cannot be used to calculate the unperturbed dimensions of hindered poly
saccharide chains. Recently we have followed a different approach for calculating the 
dimensions of both hindered and freely ro tating  polysaccharides by treating the chain 
comprising N  sugar units as a sequence of N  v irtual bonds of constant length l„ joining 
the successive bridge oxygen atom s.4-6 The values of C / = (r2)0//iV7„2 obtained for 
(le  —*■ 4 'e) (cellulose, xylan, mannan, etc.) and ( la  -*■  4 'e) (amylose) types of poly
saccharides following the v irtual bond treatm ent are in agreement with the values ob
tained by the earlier m ethods.1,2

Recently, when this work was being completed, C/  values, also following the earlier 
procedures,8 were reported for (le  —►  3 'e) and (le  —►  2 'e) types of polysaccharides. 
However, the available da ta  on these few types of polysaccharides are limited to one or 
two values of the angle r  a t the linking oxygen atom. In  view of the observed varia
tion of this angle from 1110 to 122°,7,8 we undertook a system atic study to compute 
values of C/ using the “virtual bond” approach for various types of polysaccharides 
as a function of the r. Such da ta  not only elucidate the effect of the nature of the link
age on the free-rotation dimensions, b u t on comparison with the experimental values 
also furnish inform ation about the stiffness of the various polysaccharide chains.

The monomer residues of all the polysaccharide chains studied in the present work were 
fixed in the C1(D) chair conformation with the bond lengths and bond angles reported 
by Ilyb l e t al.,9 for all the a-D-sugar residues and the average values reported by Ram a- 
chandran e t a l.10 for the 0-D-sugar residues. The definition of free rotation implies th a t 
all the orientations of a sugar residue are equally probable and, as a consequence, the 
values of the free-rotation dimensions are determ ined entirely by the geometry of the 
sugar residue and the mode of linkage and are independent of the nature and orientation 
of the side groups. Hence the polysaccharides may be classified according to the type 
of linkage and the spatial disposition of in terun it glycosidic bonds by the nom enclature 
suggested by Sundaralingam ,7 for the discussion of the free-rotation dimensions.

The general expression for calculating the characteristic ratio of an unperturbed in
finitely long polysaccharide chain is given by 4,6

(r2)„/A7„2 =  [(E +  (T »(E  -  ( T » -1]22 (1)
where (T> is the statistical mechanical average m atrix and is expressed as

2  S  T,(<f>,,i/'i) exp { — V(4>i,<//{)/RT]
<T> = «  *  --------------------------------------  (2)

L ,  exp { —V(4,iti//,)/RT}<f>i yfii
The various param eters occurring in eqs. (1) and (2) have the significance defined in 
previous papers.4,6

Since in a  freely rotating polysaccharide chain all the orientations of the monomer units 
are equally probable, the characteristic ratios of such a chain m ay be calculated by 
using the eqs. (1) and (2) by giving equal statistical weights to  all the conformational 
states. The values of Cf  thus computed for various types of polysaccharides for different 
values of r  are given in Table I. The Cf values given in column 2 and 5 of Table I
©  1971 by John Wiley & Sons, Inc.
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TABLE I
Calculated Values of the Characteristic R atio Cf 
(*f Freely R otating  Linear Polysaccharide Chains

Type of 
poly

saccharide“
Value of Cf for different values of angle r

110° 114° 116° 117.5° 110° 122°
(le  -*- 4'e) 1.96 2.26 2.44 2.58 2.73 3.07
(le  — 4 'a) 1.21 1.25 1.26 1.28 1.29 1.31
(la  — 4 'a) 1.61 1.80 1.91 2.00 2.10 2.32
( la  — 4'e) 1.11 1.13 1.14 1.14 1.15 1.16
(le  -*- 3'e) 1.51 1.62 1.68 1.72 1.76 1.85
(le  — 3'a) 1.38 1.47 1.51 1.54 1.58 1.65
( la  — 3 'a) 1 1 1 1 1 1
( la  — 3'e) 1.33 1.41 1.45 1.47 1.51 1.56
(le  —►  2'e) 1.17 1.20 1.22 1.23 1.24 1.26
(le  — 2 'a) 1.13 1.61 1.17 1.71 1.18 1.19
( la  — 2'a) 1.87 2.15 2.30 2.43 2.57 2.88
( la  — 2'e) 1.16 1.19 1.21 1.21 1.22 1.24

“ The nom enclature has been suggested to distinguish the nature of the glycosidic 
linkages in carbohydrates.7 The equatorial and axial orientations of the glycosidic bonds 
are denoted e and a, respectively, im mediately after the numerals which indicate the 
type of linkage. For instance, ( la  — 4 'e) means the orientation of the glycosidic 
bonds Ci—O and C4—O in axial and equatorial positions, respectively, in the (1 — 
4 ') linked type.

for the r  angles 110° and 117.5° for the (le  — 4'e), ( le  —*- 4 'a), ( la  — 4'e), ( la  — 4 'a), 
(le  — 3'e), and (le  — 2 'e) polysaccharides agree wrell with the values obtained by the 
earlier approach.1-3 Table I  shows th a t among (1 —*■ 4')-linked polysaccharides, those 
having (le  — 4'e) (cellulose, xylan, mannan, etc.) and ( la  — 4 'a) (pectic acid) linkages 
have higher values of Cf compared to ( la  — 4 'e) (amylose) or (le  — 4 'a) (lupinus albus 
galactan) types. This indicates th a t Cf is sensitive to the orientation of the interun it 
glycosidic bonds. Variations in Cf values are also seen in (1 — 3 ') and (1 — 2 ') link
ages. In the case of the (1 —►  3 ') linked group of polysaccharides, (le  — 3'e), ( le  — 
3'a), and ( la  —►  3 'e) types have higher values of Cf than the ( la  —►  3 'a) type has. Sim
ilarly, chains wdth ( la  — 2 'a) linkages have high values of Cf compared to the others 
in the (1 —►  2 ') linked group. I t  is interesting to note th a t the value of Cf computed 
for t  = 110° for several types of polysaccharides varies considerably and the values fall 
between 1 and 2. This happens because the angle between the v irtual bonds varies 
(even though the angle r  is kept constant) when the pyranose units are rotated about the 
glycosidic bonds. Thus the chain formed by the virtual bonds tends to  atta in  the char
acter of a freely jointed chain. B u t the extent to which this angle (between the virtual 
bonds) varies depends on the nature of the linkage and hence leads to different values of 
Cf for different types of polysaccharides. In  fact, in the case of ( la  — 3 'a) polysac
charides the angle between the virtual bonds vary to such an extent that, the chain formed 
by joining the virtual bonds atta ins alm ost the character of an unhindered statistical 
chain. Hence the calculated value of Cf is not only unity  bu t also becomes independent 
of r. Thus the low values of C/ obtained for t  — 110° for most of the polysaccharide 
chains are explained. Table I also shows th a t an increase in Cf wdth increase in r  is 
pronounced in (le-*- 4'e), ( la -* -4 'a ), ( l e —>-3'e), (le  -*- 3 'a), ( la  — 3'e), and ( la  — 2 'a) 
polysaccharides compared to other types. I t  is thus shown th a t free-rotational dimen
sions of polysaccharide chains depend not only on the nature of glycosidic linkage but 
also on the value of the bridge oxygen angle. Calculations have also been made on
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(le  -*  4'e), ( la  —*• 4'e), ( la  —►  4 'a), ( le  —» 3'e), ( la  — 3'a), ( la  — 3'e), and ( la  —►  2 'a) 
polysaccharides using both9,10 the sets of bond angles and bond distances for fixing the 
pyranose ring in the C1(D) chair conformation, and the values of C /  evaluated differ 
only in the second decimal place. This indicates th a t the slight variations in the bond 
lengths and bond angles of the sugar residue may not affect the values of C/ significantly.

This work was supported by a g ran t from the Council of Scientific and Industrial Re
search.
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