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The melting process of random copolymers of ethylene (short-chain branched copolymers) has been 
determined experimentally for a variety of systems. A thermodynamic description can be accom- 
plished by considering the crystallizable sequences in the chains (c-sequences) as components of a 
polydispersed multicomponent system. Lamella-shaped extended c-sequence mixed crystals occur 
which represent solid solutions having a limited solubility. Thus, local fractionation by appropriate 
surrounding of parts of the chains is needed for crystallization. The total fusion process of the random 
copolymers of ethylene can be quantitatively described by means of the theory developed, fitting a 
single set of a few parameters. 

INTRODUCTION 

For an individual molecule to be capable of undergoing cry- 
stallization, it must possess a high degree of chemical and 
structural regularity among its chain elements. The intro- 
duction into a polymer chain of units that differ chemically 
or structurally from the predominant chain-repeating ele- 
ments imposes restrictions on crystallization and influences 
the melting process ~'2'18. Only those units that occur in 
large quantities are capable of crystallization. In the follow- 
ing discussion these units will be designated as 'crystallizable 
units' (c-units), the other chain units as 'non-crystallizing 
units' (nc-units). 

For linear copolymers composed of two chemically or 
structurally different chain units, we have a distribution of 
length for the crystallizable sequences (c-sequences). Thus 
surroundings of appropriate parts of the chains in micro- 
dimensions only are needed to establish lamellar-shaped 
crystallites. The size distribution of these crystallites should 
be related to the length distribution of the c-sequences ~'2,~a. 
The crystallization process is therefore controlled by local 
crystallization due to fractionation of the c-sequences, exhi- 
biting a microstructure with a characteristic alternation of 
crystallized and non-crystallized regions. 

If the counits are distributed randomly, the c-sequences 
are very short and cannot be involved in crystallization. The 
maximum crystallinity wCmax is therefore typified by rela- 
tively small values compared to block copolymers (Figure 1). 

* of the nc-units above There should exist a critical value Xnc 
which no crystallization will occur. In this case the essential 
question we are interested in is how to relate the properties 
of the crystallized copolymer system to the chemical struc- 
ture of the chains by applying the formalism of classical 
thermodynamics. 

From the fact that suitable methods of controlled copoly- 
merization should be known, we have been induced to inves- 

tigate copolymers of ethylene with randomly distributed 
counits (calling them 'pes-copolymers'). 

THEORY 

A theory of equilibrium crystallization of copolymers has 
been given by Flory 1. He stated the significance of the 
eutectic nc-units that are excluded from the crystalline 
phase. Thus the crystalline phase comprises crystallites of 
varying length. Taking into account the surface-free energy 
of the crystallites, crystallization and melting cover a broad 
temperature range. The width of the melting range increases 
with increasing concentration of the nc-units. A definite de- 
pression of the maximum melting temperature is anticipated 
to be dependent on the heat of fusion and the composition 
of the random-type copolymers. In spite of lack of complete 
agreement between theory and experiment, the calculations 
in Figure 2 display substantial characteristics of measured 
fusion curves. 

The length of the copolymer molecules is decisive in the 
formation of crystal networks. This special aspect has been 
taken into account by Krigbaum and coworkers s'6. However, 
a consideration of the broad distribution of sequence lengths 
in a random copolymer with its concomitant effect on the 
longitudinal crystallite sizes (the thicknesses of the lamellar- 
shaped crystallites) is not included in this theory. 

In this paper, we present a thermodynamic theory of the 
melting of random copolymers, proceeding from considera- 
tions given elsewhere 2. The c-sequences of different length 
are considered as the components of the systems in spite of 
their being linked together. Ignoring crystallization by c- 
sequence-folding, which can be neglected for sequences of 
the appropriate length, crystals containing extended c- 
sequences of various lengths appear to be the thermodyna- 
mically most stable configuration of the system 7. Accepting 

POLYMER, 1977, Vo118, July 685 



Thermodynamics of  the melting of  pseudoeutectic linear copolymer systems: 14/. Glenz et aL 

I'0 

by: 

Xnc = nnc/(n c + nnc ) 

obeyinl 

x c + 

For ra~ 
c-seque 

xy= 

with 

o o  
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Xc + Xnc = 1 (2) 

For randomly distributed counits the mole fraction of the 
c-sequences composed o fy  c-units can be computed from: 

Xy = X2nc x xY c - 1 (3) 

Xy = Xnc 
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Figure 1 Schematic diagram of the fraction of crystalline units w c 
as a function of composition (mole fraction of nc-units Xnc) for: 
A, block copolymers containing crystallizable sequences of a uniform 
length which is large enough for participating in crystallization; 
B, random-type copolymer 
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Figure 2 The degree of  crystal l in i ty  13 (calculated f rom specific 
volume data) as a funct ion of temperature for  the copolymer wi th  
n - p r o w l  and ethyl substituents. - - . ,  n - p r o w l ;  - -  
ethyl;  , theoretical 

only a limited solubility in the solid state for c-sequences of 
different lengths, the thickness distribution of the extended 
c-sequence mixed crystals (ESMC) is controlled by fractiona- 
ting processes of the c-sequences. 

BASIC CONCEPT OF THE ESMC MODEL 

To avoid dealing with the molecular weight distribution, the 
chains are assumed to be sufficiently long. Thus the copoly- 
mer system can theoretically be composed of the nc-units 
and the large number of c-sequences of different lengths as 
the elements of a multicomponent system 2. 

(4) 

y = l  

The crystallizing copolymer system is related to the be- 
haviour of an oligomer multicomponent system exhibiting 
extended-chain crystals 19. Because of the extraordinary 
width of the sequence length distribution (Figure 3),  frac- 
tionating of c-sequence during crystallization is an under- 
lying principle that governs the crystallization of pes-copoly- 
mers. During crystallization, lamellar-shaped extended c- 
sequence mixed crystals (ESMC) appear, the solubility of 
which is determined by the limits of the intrinsic stability of 
the solid solution. 

An appropriate model of an extended c-sequence mixed 
crystal is shown in Figure 4. We now need to consider the 
definition of a phase. We have defined the c-sequences to be 
the components of the system. From Figure 4 we realize 
that not all the c-units which are members of a crystallized 
c-sequence can be placed in ideal lattice positions. Thus we 
have to modify the classical phase concept by accepting a 
defined number of defects located in the end surface layers 
of these ESMC crystals. 

Ay' 

t 

i s 
Ymin Ymax 

y--~ 

Figure 3 Mole number of c-sequences of different lengths, ny, for 
Xnc(A) ~Xnc (B). The solubility within the crystals is represented 
by the hatched area. M' = Ay'; M"  = Ay" 
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Figure 4 Schematic diagram of  a model o f  an ESCM. The nc-units 
fo r  each chain are represented as being excluded f rom the well- 
ordered crystal core of  thickness y - M/2. The parameters M = Ay  
defines the max imum di f ference in chain lengths wi th in  the ESCM. 
A p lo t  of  density funct ion is shown in (a); Pc and Pa are the average 
density in the crystal core and the amorphous regions respectively 
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Figure 5 Schematic diagram of  the molecular arrangement in the 
longitudinal  surface layers o f  an ESCM. According to  the simpl i f ied 
two-phase concept the boundary  between the crystal and melt  
phases should be defined by the solid line 

Considering the crystalline lamellae as well as the amor- 
phous layers as microphases, the conditions for microphase 
equilibrium in crystallized pes-copolymer systems are expres- 
sed by the equivalence of the chemical potentials of the c- 
sequence y in each of the co-existing microphases, i.e. 

~ =.~=... =.~ =.~. (5) 

where o~, (~ and ~ are designated ESMCs of different average 
longitudinal thickness, and c and m defines the crystalline 
and melt phase respectively. 

This theoretical approach is based on the following 
assumptions. 

(1) nc-units and c-units have no common crystal lattice, 
i.e. they represent eutectic counits; 

(2) The c-sequences are components in the multi- 
component system in spite of being linked together; 

(3) The microphases (lamellar-shaped crystals and amor- 
phous layers) are assumed to be thermodynamically autono- 
mous phases; 

(4) Microphases with the same properties are thermody- 
namically equivalent; 

(5) Each c-sequence should belong entirely to a certain 
microphase in spite of having no perfect internal order when 
included in an extended c-sequence mixed crystal; 

(6) Crystallization results in extended chain crystals; c- 
sequence folding in the crystals is not considered. 

THERMODYNAMICS FOR AN EXTENDED C-SEQUENCE 
MIXED CRYSTAL (ESMC) 

The extended c-sequence mixed crystal shown in Figure 4 
contains c-sequences whose lengths cover the range: 

t ! 
Y max = Y + M/2 >~ y >~ y - M/2 =Ymin (6) 

The parameter M determines the solubility in the solid state. 
It is assumed that each c-sequence within this range should 
occur with the same probability. 

We compute the number of lateral crystal contacts in the 
boundary layers, i.e. those c-units that can be regarded as 
incorporated into the crystalline phase, by employing the 
assumption that the two units with crystalline properties 
have both to be c-units belonging to adjacent c-sequences in 
the ESMC. Any other contacts are assumed to have similar 
properties to those in the liquid state (Figure 5). 

In the layers of crystals in which the centres of the c- 
sequences within the ESMC are fixed in a crystallographic 
symmetry plane (see F~ure 6a), M/2 crystal contacts should 
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Figure 6 Schematic diagram of  the c-sequences in an ESCM (a) 
with the centres o f  the c-sequences placed in the same crystal lo- 
graphic posi t ion. The centres are indicated by the solid circles. In 
(b) an example o f  nematical ly shi f ted c-sequences o f  the same length 
is given to explain the signs used in the tex t  
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occur. Making allowance for random shifts of the c-sequenc- 
es in the longitudinal direction of the chain axes, with the 
restriction that the nc-units do not enter the crystallographic 
crystal core, we compute the number of crystal contacts in 
the longitudinal layers of the ESMCs: sCmixy = _Rln xCy 

M[2 a 
z = ~  (a(M/2-a)+ ~ b }  =M(M+I)(M+2)[24 

a = l  b = l  

different lengths, assumed to behave like rigid rods, can 
easily be computed from the number of the various distin- 
guishable configurations in the ESMC: 

(14) 

Equation (14) determines the entropy of mixing for an ideal 
mixture (or ideal solution) 9. The mole fraction of the c- 
sequences y in the ESMC is defmed by: 

(7) 

The meaning of the parameters a and b is illustrated in 
Figure 6b. Since the total number of contacts in the longi- 
tudinal layers belonging to crystallized c-sequences is equal 
to: 

z tot = MS/8 (8) 

we find for the fraction 8 of the crystal contacts of all crys- 
tallizable c-units of the c-sequences in the longitudinal layers: 

8 = z/Zto t = (M+ 1) (M+ 2)/3M 2 ~ 113 (9) 

In the longitudinal layers of thickness M/2, in a first appro- 
ximation, only 1/3 of the c-unitsare found to be placed into 
crystallographic positions. 

Introducing the parameter M, we compute for the partial 
molar enthalpy of the c-sequence of the length y in the 
ESMC: 

M 
h~ 2 0, - M/3)hg +-~h~+ 2o e (I0) 

where h~ and h~ are the molar enthalpies of the e-unit in 
the melt and crystal phase respectively, and o e is the longi- 
tudinal molar interfacial enthalpy of a unit (see Figure 5). 

The most simple approach for the partial molar entropy 
of the c-sequence y in the ESMC is given by: 

x} : n } /  ~ n~ 
/ESMC 

(15) 

where n c. and n~ are the mole numbers of the c-sequences 
Y 

of the length y and r~ in the ESMC respectively. 
Using the preceding equations, the chemical potential of 

the c-sequences, containing y c-units in the ESMC, can there- 
fore be written: 

I.t~, y -  h~ +-~h~ + 2o e T" y - - ~  

+ - -  s~ +R ln[(M+2)/2l  - l n x  +g~eXs (16) 
3 

The partial molar free enthalpy: 

gfeX = gfexh _ Tg~yeXS (17) 

does duty for all actual effects not covered by the above 
of ESMC having energetic (g~exh) or entropic origin (g~exs). 

COPOLYMER MELT 

e =S¢ty+S~y + e (11) S y Smixy 

where sCy is the partial molar entropy of oscillations of the 
c-sequence y,  postulating an invariant conformation of the 
centres of oscillation of the chain units; s~y is the conforma- 
tional entropy of the c-sequence y without consideration of 

c " the partial molar the oscillation of the units; and s mixy zs 
entropy of mixing c-sequences y in the ESMCs with different 
core thicknesses. 

The partial entropy of oscillation of a c-sequence y in an 
ESMC can be constructed on the same plan as developed 
above: 

sCy ~-- (y - 11"113) sg + (M[3)sr~ (12) 

where sr~ and s~ are the entropies of oscillation of the c- 
units in a c-sequence at constant configuration of the oscil- 
lation centre in the melt and the crystal phase respectively. 

In this approach, the entropy of conformation in the 
ESMC is represented by random translational shifts of the 
c-sequences in the direction of the c-sequence axes: 

S~y = RIn(M]2 + 1) (13) 

The entropy of mixing of the extended c-sequences of 

Besides the c sequences of different lengths the presence of 
low molecular weight solvent molecules is admitted for fur- 
ther applications of the theory. If there is no heat of mixing, 
the partial molar enthalpy of c-sequences of the lengthy in 
the liquid mixture may be written as: 

h~ =yhr~ (18) 

employing the molar enthalpy of the c-unit h ~n. The partial 
molar entropy of oscillation for a c-sequence y can be rep- 
resented by the expression: 

S~y = ys~ (19) 

with the contribution of a single c-unit s~.  
To compute the mixing entropy of the c-sequences in the 

melt we have to consider the fact that, for any surrounding 
of a single c-sequence in the melt, a certain number of neigh- 
bouring c-sequences must be cooperatively affected. Though 
it is not known how the cooperative effects of the surround- 
ings occur in detail, we can nevertheless make an estimate of 
a representative length Yeff. Looking upon a c-sequence 
withy units, we are led to define: 

Yeff = N(yp) + y (20) 
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where N adjacent c-sequences should take part in the co- 
operative exchanges. The quantity ~Vp> is the average length 
of the c-sequences of a pes-copolymer system: 

<yp> = ~ (yx~) (21) 

melt 

with the molar fraction of the c-sequences of the length y: 

/ .- ,  
= m / z  m (22) X~ n rty nr/ 

The intuitive significance of Yeff is more easily demonstrated 
by: 

q =yeff/[(N+ 1)'~Vp)] = (N(yp)+y)/[(N + 1)(yp)] (23) 

With increasing N, q tends rapidly towards the value 1, 
indicating that differences in length of the c-sequences are 
best not taken into account when the mixing entropy in the 
pes-copolymer melt is computed. Thus, the molar entropy 
of mixing may be written: 

smix=--R'{~n~'ln(~br~)+nLln~) (24) 

where n ~n and n~ are the mole numbers of c-sequences con- 
taining ~/c-units and of the solvent molecules respectively, 
and ~ and ~n  are the volume fraction of the solvent and 
the 'solute': 

~ = YL n~ / (YLn~ + (yp) ~ n~) (25) 

~r~ = (yp)n~/ (<Yp)'~ nm + YLnr~) (26) 

Here we have assumed that the species of the c-sequences 
should have equal size (yp). Calculatin~ the partial molar 
entropy of mixing of the c-sequences y we derive from 
equation (26): 

t 

Smixym = asmix/~n~ = - R{lnx~ n + infy} (27) 

where the prime attached to the mole fraction: 
t 

x ] '  = n~l(~n'~ + nr~) (2g) 

is intended to indicate that solvent species are included 
therein. The activity coefficient fy: 

(YP) exp{y(1/<yp) - 1/<Ym))} ;Y= Tm) (29) 

depends on the differences in average chain length only with: 

? m I 

(Ym) = ~rlx~ + YLXL (30) 

representing the size of the components in the melt, averag- 

ed over all species. The molar fractions of the 'solute' and 
the solvent are: 

x~ n'=nym/(Y,n ~m + n ~ )  (31) 

x~ = n~ /(Nn~ + n~) (32) 

For a pes-copolymer melt without solvent molecules we 
compute from equation (29): 

IJrn fy = 1 (33) 
n~-+0  

indicating that the partial molar entropy of mixing of the 
c-sequence in the pes-copolymer melt is identical with that 
of an ideal mixture. 

For the athermic partial molar conformational entropy 
we use the relation9: 

sm0~ v = R [ln(y) + (y - 1)ln(z - 1)/~/)] (34) 

where z is the lattice coordination number, and ~/is Euler's 
constant. 

Incorporating the partial molar excess term g~ex into 
the theory, the partial molar free enthalpy (the chemical 
potential of the c-sequences) in the melt is equal to: 

m m Idy -yh 0 T R[lny +(y - 1)ln 

m' } + gfnex - ln(xy "fy) (35) 

MOLE FRACTIONS 

For an application of equation (5) sufficiently detailed 
knowledge on the crystallized system is not available; there- 
fore appropriate approximations must be made. Thus, the 
mole numbers of the c-sequences y included in an ESMC, n c 
are assumed to be proportional to the total number of thes~ 
c-sequences present in the system (denoted nO). 

n~ = a'nO; 0 < ot < 1 (36) 

From the isobaric diagram of a binary n-alkane mixture, a 
justification for the above approximation can be made. What 
is important in this case is the limited temperature interval 
which is covered even in binary systems containing compo- 
nents with such a difference in size that the splitting up of 
the liquidus and the solidus is maximum (see Figure 7). 
Hence the splitting existent in the actual systems is omitted 
when we employ equation (36). Because of the width of 
the temperature interval in which melting of pes-copolymers 
usually occurs (see Figure 2), the physical significance of the 
approximation postulated should be limited accordingly. 

A serious problem is concerned with the determination 
of the parameter of solubility M of c-sequences in the ESMC. 

M = Ymax - Ymin (37) 

Without considering the theoretical determination of M 
at present we derive for the mole fraction of the c-sequences 
containing y *  units in the ESMC, employing equation (36): 
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Figure 7 Plot of the isobaric state diagram of the binary oligomer 
system containing n-alkanes with g = 26 and It' = 32. x32 denotes 
the molar fraction of the V = 32 component, end TMg the melting 
temperatures of the single component systems y 

- y +M[2 

X~,  = Xnc Xc - 

71= M/2 

(38) 

Focusing our considerations on the c-sequences (Yc) -Y ,  we 
derive from equation (38): 

x~, = Xnc/( x~ M/2 - xMc 12) (39) 

Looking upon the ESMC of average thickness y as the 
thermodynamically stable crystal of minimum thickness at 
constant T and P, the fraction e of the c-sequences y is 
'crystallized': 

y +3t]2 [ y +3t[2 

e= rl =~ Xnc/rl =y~- M/2Xnc=(1-- XcM/2)/(XcM/2- XcM/2) 

Y 

(40) 

Those c-sequences incorporated into ESMCs of average thick- 
ness y <y '  < y + M]2 must be taken into consideration when 
we compute the molar fraction of the c-sequences of the 
lengthy in the melt: 

x~ n = Xnc XYc (l - e)/(1 - x D (41) 

The factor 1/1 - xff) is needed because the mole number of 
all the c-sequences in the melt is accordingly reduced by 
crystallization. 

EXCESS TERMS 

To determine the dependence of the molar excess-free en- 
thalpy in the melt, gmex, on the concentration of the com- 
ponents, we may use the generalized van Laar expression~a: 

gmex m m nr~yL) (42) 
RT - (~'uuXuu@udPu) (~nn rl + 

where ×~o are the interaction parameters which characterize 
the free enthalpy of interaction between the components/a 
and v in the melt. It is best to write the interaction parameter 
of the c-sequences in the form: 

x.mo = ( x g ' l r  + x?).,o (43) 

where Xms and X~ n are the interaction parameters taking into 
the account excess entropy and excess enthalpy. 

In order to render the expression for the total excess free 
energy of polymer-polymer contacts in a suitable form, it 
appears reasonable to define the interaction parameter, 
averaged over all segments of the c-sequences: 

((X~)uv) = X~ (44) 

((xsm)~ = ×s m (45) 

Following the calculations in Appendix I we obtain for the 
partial molar excess enthalpy in the melt the approximation 
equation: 

gfnex/RT=-y{(Xn-~-~+xm)((1-(~br~)2)/2+XL(dp~)2) 

(46) 

MOLAR DEGREE OF CRYSTALLINITY 

The theory makes it possible to estimate the fraction of the 
c-units that are crystalline at temperatures less than TM. 
This estimate is obtained by totalling all the c-sequences 
involved in crystallites, taking into account defects in the 
longitudinal surface layers of the ESMCs. 

From studies on crystallization of binary oligomer n- 
paraffin systems 7 it follows that the solubility parameter M 
should obey the empirical equation: 

M = A "(Yc) (47) 

where (Yc) is the average chain length in the binary solid 
solution. For the solubility parameter M of a polymer in 
which only one type of unit is capable of crystallizing, we 
are lead to an adequately generalized empirical relation: 

M=A'y+B;  A , B > O  (48) 

The parameter B takes into account characteristic deviations 
from the crystallization fractionating experienced in binary 
oligomer systems. 

Thus, from equations (3) and (9) we obtain for the molar 
degree of crystallinity w c: 

W c = ~ X 2nc In + M(8  - 1/2)1 Xc n - 1 

r/= y(T)min 

(49) 

With equation (48), equation (49) can then be expressed by: 

wC=(1-A[3)(X2c/Xc) ~ (~l-Yk)Xc n 

~/= Ymin 

(50) 
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EXPERIMENTAL 

Yk = (BI3 - 1/2)/(1 - A I 3 )  (51) 

This finally leads to the molar degree of crystallinity: 

w c = (1 - A/3)xY(T)min  -1 {[Ymin(T) - y~l'xnc + xc} 

(52) 

Since A > 0 and Yk > 0 for a random copolymer with one 
crystallizing unit, equation (52) involves the general relation: 

w e < x c (53) 

expressing the fact that in such copolymer systems perfect 
order can never be established. 

y -  T DEPENDENCE 

y(T)min represents the limiting size above which the crystal- 
lites can exist at equilibrium. ESMCs below this size are not 
stable at the temperature TMy .. Utilizing equations (5), (16) 
and (35) as well assuming g)~ ex= 0 and employing y(T)min 
- -y ,  TMy can be computed from: 

TMy = TM*(1 - [2% - Xgt.(y - 1)'(1 - ~T2)/2] I G I I G  

C~ = (1 - A/3)  (y - Yk)" Ah  

C2 = 1 + ( R T/CI){InO' / [A Y/2 + B/2 + 1] ) - In([ z - 1]/7) 

- l n ( x ~ f y / x ~ )  - xsmCv - 1) (1 - @~nZ)/2 --YXL't~r~2 } 

. . ( 5 4 )  
where Ah = h6n - h~ is the molar melting enthalpy e l  the c- 
unit, and A s = s ~n _ s ~1 is the molar melting entropy of the 
c-unit. 

limit 
r ~  = y _+ o o  TMy = A h / { A S  + R ' l n  [ (z - 1) ]7]/(1 - A/3)} 

The functions x. m and Iv, related to the non-crystallized 
• y . r  

phase m the partially crystallized system, are not explicitly 
expressed. They can be computed utilizing equations (21), 
(29), (30), (43) and (41)• 

The temperature dependence of the molar melting en- 
thalpy can be represented by 7,2o,2L 

Ah = Ah(TM) -- Aep(T M - 7") (55) 

where TM, defining the hypothetical melting temperature of 
a polymer single-component system consisting of chains of 
'infinite length', can be expressed as: 

TM = A h / ( A S  +Rln([z  - 1]/7)) (56) 

By calculating the melting temperatures of n-paraffin homo- 
logues good agreement with the experimental data was found 
when the temperature dependence of the longitudinal inter- 
facial energy was expressed in the form21: 

oe(T) = Oe (TM)" A h ( T ) / A h  (TM) (57) 

Preparation o f  random ethylene/a-olefine eopolymers* 
Polyethylene molecules with statistically distributed ole- 

fin side chains have been synthesized according to a method 
by Richardson, Flory and Jackson 3. Two different diazo- 
alkanes were polymerized in etherial solution at 0°C using 
BF 3 as catalyst. Assuming equal reactivity of both the dia- 
zoalkanes, as was found to be valid 3, this yields a polymer 
consisting of comonomer units in the same molar ratio as 
the starting reaction mixture. 

Diazomethane was synthesized according to a standard 
procedure by alkaline hydrolysis ofN-nitroso-toluyl-4 sul- 
phomethylamide and after distillation was stored as an 
ethereal solution at -18°C. Higher diazoalkanes, that should 
yield different side groups in the copolymer, were synthe- 
sized by alkaline hydrolysis of the corresponding N-nitroso- 
ureas. The concentration of diazoalkanes in ethereal solu- 
tion was determined by back-titration of the surplus of a 
known amount of benzoic acid after esterification of the 
diazoalkanes 15. 

To produce polymethylene with a known molar ratio of 
methyl side chains, i.e. a polyethylene with a distinct num- 
ber of methyl side groups, appropriate molar amounts of 
diazomethane were polymerized at 0°C for 24 h with BF 3 
as catalyst. The resulting precipitate was •tered off, washed 
with diethyl ether, reprecipitated twice from toluene, and 
vacuum dried at 70°C. Following this procedure, copoly- 
mers with statistically distributed methyl and propyl side- 
chains at molar fractions between 0.01 and 0.12 were 
synthesized. 

Calorific measurements 
We used a d.t.a, apparatus developed by Martin, Miiller 

and Kilian 14, employing a linear heating rate of 0.5°C/min. 
By annealing the samples at temperatures of 50°C above the 
maximum melting temperature defined by the fusion of the 
last detectable fractions of crystals, a definite state of equi- 
librium in the copolymer melt should be realized. After 
cooling down at a rate of 0.05°C/min, the melting experi- 
ments revealed nevertheless the same d.t.a, curves when the 
annealing temperature and the annealing time of the samples 
were varied, indicating the dominant influence of the chemi- 
cal chain structure on the crystallization of 'quasi-eutectical' 
copolymers. This was very favourable for the investigation 
of the chlorinated samples which undergo thermal degrada- 
tion at temperatures above 90°-100°C. 

Figure 8 shows a representative d.t.a, diagram. By separa- 
ting the background, the degree of crystallinity w c can be 
evaluated using the relation: 

T 

W~x p = f A c p ( r ' ) a r ' / A h * ( r )  (58) 

Tmin 

Ah*(T) = Ah  (TM) - A Cp" A T  - 20e/(Yc) (59) 

By extrapolation of the sharp high temperature deflection 
of the cp(T) curve in Figure 8, we obtain the intersection 
point A with the background, assigning to it the tempera- 
ture T'M. The theoretically desired maximum melting tern- 

* We are greatly indebted to Professor Vol lmert  (University of  
Karlsruhe) for advice when  performing the copolymerizat ion 
processes. 
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Figure 8 Schematic diagram of a thermogram. Tmin denotes the 
beginning of melting. The difference T M -= T~f " T~4 marks the 
limit of accuracy of the maximum melting temperature determined 
from thermogram 
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Figure 9 The melting temperature of the polymethylene copolymers 
as a function of the composition and molar concentration of non- 
crystallizing units. The solid curves are calculated using equation 
(54) and employing the parameters listed in Table I. Crystallization 
by sequence folding must be expected in the temperature interval 
assigned by the hatched area. - - . ,  Calculated. Experiments: 
o, propvl; e, methyl; zx, chlorine side groups 

perature should then be placed in the temperature interval 
T = T~' - T~t, the construction of which is depicted in 

Figure 8. 

tal curves. For systems with a relatively large concentration 
Xnc, no well ordered crystal core (see Figure 4) can be com- 
posed in our general model when the average thickness of 
the ESMCs takes the value y = Ym. When this occurs it was 
necessary to compute the solubility parameter M +* for all 
Y <Ym in the following manner: 

M ++ = M/2 + y (60) 

The solubility of the solid solutions in ESMCs withy <Yrn 
will apparently be reduced. 

According to this theoretical description systematic devia- 
tions of the melting point depression, observed for pes- 
copolymers with side-groups of different size, should be at- 
tributed to different properties of the liquid microphases 
only. 

The solid solutions, represented by the extended sequence 
mixed crystals which coexist with the melt at the maximum 
melting temperature, appear to have internal properties 
which will primarily be determined by the distribution of 
c-sequences involved. The different physical properties of 
the nc-units (different size as well as different interaction 
forces) show only a minor effect. Hence, the microstructure 
of pes-copolymers at their melting point can generally be 
expected to be characterized by the chemical chain structure, 
irrespective of the nature of the short chain-branches 
introduced. 

Maximum degree of  crystallinity 
If the chain structure of pes-copolymers is so important, 

it should be possible to compute other properties of crystal- 
lized systems, employing the same formalism without any 
changes of the parameters used hitherto. Indeed, the degree 
of crystallinity at room temperature can be calculated for 
the pes-copolymers without any variation of the parameters 
listed in Table 1, using equation (52) (Figure 10). 

The calculations of the maximum melting temperatures 
are not very sensitive for a proper choice of the parameter 
B owing to the analytical form of equation (48). The in- 
fluence of A is increased for larger average thickness of 
ESMC. It appears to be advantageous, therefore, to adjust 
B by fitting the degree of crystallinity at room temperature. 
Adjusting B for one sample (CH3-short-chain branched pes- 
copolymers with Xnc = 0.05) and using this constant value, 
it was possible to evaluate w c for all the other pes- 
copolymers, achieving very good agreement with the 
experimental data. 

This quantitative calculation of the degree of crystallinity 
at room temperature supports the validity of the theoreti- 

EXPERIMENTAL RESULTS AND DISCUSSION 

When raising the concentration of the nc-units a considerable 
steady decrease of the maximum melting temperatures is 
observed (see Figure 9) as predicted from the eutectical 
character of the investigated crystallizing pes.copotymers of 
ethylene. CH 3-  and CI- branched polymethylenes yield 
essentially the same results. However, as far as the maximum 
melting temperatures are concerned, the copolymers contain- 
ing n-propyl side groups exhibit distinct higher values. 

Using a single set of parameters TM, Ah, Oe, AC, A, B, 
and ×~n, listed in Table 1, for all copolymers, there is a need 
for fitting Xs m only to compute the entire set of experimen- 

Table 1 The parameters for the calculation of the melting of short 
4 rn branched linear copolymers of ethylene. A = 0.15; B = 6; ×h = 0 

Branching Xs m 

CI-- 0.06 
CH 3 -  0.06 
n-propylene - 0 . 0 2  

TM 
ZXh(T M) 

wC(TMYmax ) . 
For z = 4 --* T/I~ / = 414.06K 

= 415K 
= 970 cal/mol CH2 
= 1.2 cal/mol CH2 degree 
= 2050 cal/mol unit 
= 0.001 
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Figure I0 Plot of the molar degree of crystallinity at room tempera- 
ture as a function of the composition for the random copolymers 
(% n-propyl; e, methyl; A, chlorine). A and B are calculated for room 
temperature employing the parameter listed in Table 2 
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Plot of experimental Z~cp against the temperature for CI- 
branched polyethylene ( ). -- . . . .  , are calculated using the 
parameters in Table 2 and having the following concentrations: 
A, Xnc = 0.112; B, Xnc = 0.077; C, Xnc = 0.048; D, Xnc = 0.021. 
The A Cp scales are indicated for each of these curves 

cally postulated principle of local and defined crystallization 
fractionation of the c-sequences even for higher levels of 
crystallinity. 

varied, both the composition and sequence distribution of 
the amorphous phase change. These factors, as well as the 
limited solubility of the c-sequences in the ESMCs in turn, 
govern the fractions of c-sequences that can participate in 
the crystallization. The major conclusions of our theoreti- 
cal approach, related to the chemical chain structure of 
linear pes-copolymers, are, in fact, fully substantiated by a 
complete set of experiments. 

The extended-c-sequence mixed crystal 
A simple model of an extended-c-sequence-mixed crystal 

is shown in Figure 4. The randomness associated with the 
free mixing of the c-sequences of various lengths in the 
ESMC offers the apparent advantage of higher entropy and 
consequently of higher thermodynamic stability of the 
crystal. On the other hand, its formation requires that a 
large number of defects in the longitudinal surface layers 
participate. To estimate this effect we define the following 
ratio as a relative solubility parameter: 

s = ( M I 2 ) / y  (61) 

From the data listed in Table 2 it is apparent that the neces- 
sity of local crystallization fractionation of the c-sequences 
in pes-copolymers of ethylene is substantially reduced when 
the average thickness of the ESMCs diminished. 

A B C 
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<1 0.1 

C 

04 t 

| 

2S( 3 0 0  350 
r ( K )  

Figure 12 Plot of experimental ~Cp against the temperature for 
CH3-branched polyethylene ( ). , are calculated using 
the parameters in Table 2 and having the following concentrations: 
A, Xnc=0.10; B, Xnc = 0.06; C, Xnc = 0.03. 
The ACp scales are indicated for each of these curves 
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Melting process 
Theoretical melting curves AwC/A Tdemonstrating the 

variation in the degree of crystallinity with temperature can 
be computed using equations (51), (52) and (54)-(57) with 
the same set of parameters as before (see Table 1). Repre- 
sentative plots including the experimental data are given in 
Figures 11-13 for pes-copolymers. Satisfactory quantita- 
tive agreement between theory and experiment, independent 
of the concentration of the nc-units and the type of the nco 
units, is achieved. 

The unique features of the fusion of copolymers outlined 
above are primarily consequences of the broad distribution 
of c-sequence lengths in a random copolymer, that effect 
the longitudinal crystallite sizes. At a given temperature, 
only those c-sequences whose lengths exceed Y(T)min can 
participate in the crystallization process, Ymin(T) bein~ a 
defmed function of the temperature° As the temperature is 

A B C 

Qr,  

~O'2 
J~ 
<3 

II1  
/ / /  i 

Z J  
2.~3 3 0 0  35( 

T(K)  

C 

i 

4 0 0  
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Figure 13 Plot of experimental ACp against the temperature for 
propyl-branched polyethylene ( ). , are calculated 
using the parameters in Table 2 and having the following concentra- 
tions: A, Xnc = 0.12; B, Xnc = 0.10; C, Xnc = 0.05 
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Table 2 The so lub i l i t y  o f  c-sequences o f  var ious length in ESCMs 
w i t h  A = 0 .15 ,  B = 46  

y (per iod ic  c-uni ts)  s 

500  0 .12  
100 0.31 

60  0 .46  
4O O.65 

y where y -- M/2 < 23 1.0 

a b 

perature range employing the same single set of structural 
parameters 8. Only a single additional parameter of the linear 
theory of para-crystalline structures 7, which characterizes 
the thickness of the crystal lamellae cluster, is needed. This 
parameter can be computed from properties of the structure 
model and is consistent with corresponding light-scattering 
experiments on electron micrographs of stained copolymer 
samples 23'24. Some representative examples of SAXS, cal- 
culated and observed, are plotted in Figure 14. 

l ' ' ~;C d 

n 
2 4 6 8 1 0  2 4 6  

s_ +~-,~ 
lETS, • 

Figure 14 S A X S  curves o f  n -p ropy lene-b ranched  pes-copolymers 
for some discrete temperatures.  --  --  --  --  are ca lcu la ted employing 
the same parameters as used i n  this paper according to ref 8. N 
denotes the average number of crysta l  lamal lae w i t h i n  a micro-  
s t ruc tu re  cluster.  (a) T = 25°C ,  N = 1.5;  (b) T = 65°C,  N = 1.9;  
(c) T = 7 5 ° C , N  = 1 . 8 ; ( d )  T = 8 5 ° C , N  = 1.5 

CONCLUSIONS 

Since TM, A, Ah 0 and AC are determined independently, 
taking ×~n = 0, there are only the parameters oe(TM) , B and 
×m available to describe the experiments. The best fit between 
theoretical and observed maximum melting temperatures 
was accomplished with the set listed in Table 1. In spite of 
correlations between these parameters, allowance is not given 
for substantial modifications of the parameters involved° 
With the value of 46 assigned to the quantity B there is a de- 
finite dependence of the solubility parameter M on y 
[equation (50)]. This empirical result can be justified by 
appropriate considerations dealing with the problem of the 
stability of lamellar-shaped mixed crystals as multicompo- 
nent microphases 22. 

The interfacial free energy oe(Tg) of 2050 cal/mol is in 
contradication to the much larger values which must have 
been postulated when using the theory of Flory et al. 1,13. 
However, this discrepancy should not be discussed in detail 
because of the lack of complete agreement between this 
theory and experiments in the lower temperature range. 

The unique description of the fusion of copolymers out- 
lined above is consistent with a quantitative synthesis of 
SAXS-curves for the same copolymers within the same tem- 

NOMENCLATURE 

pes-copolymers 

c-units 
nc-units 
XC 

Xnc 

Y 

x? 

M - Ay = Ymax - Ymin 

ESMC 
h~,hr~ 

ht, 

Oe 

Smix~Y 
st, 

g~ex 

gyaexh ~,aexs  
, o y  

~,,,> 

Z 

G m e x  

pseudo-eutectic copolymers with 
randomly distributed counits, 
crystallizable counits, 
non-crystallizable counits, 
mole fraction of crystallizable units, 
mole fraction of non-crystallizable 
units, 
length of crystallizable sequences 
(number of periodic c-units), 
mole fraction of c-sequences of 
length y in the microphase ~, 
chemical potential of the ehaim y in 
the crystal phase ot and the melt 
respectively, 
solubility parameter in the solid 
state defining the maximum diffe- 
rence in chain lengths built into an 
ESMC, 
extended-sequence mixed crystal, 
molar enthalpy of c-sequences of 
length y in the crystals and the melt 
respectively, 
molar enthalpy of the c-units in the 
crystal and the melt-phase 
respectively, 
molar interfacial enthalpy, 
molar entropy of c-sequences y in 
the ESMC, 
partial molar entropy of oscillations 
of extended sequence y in the ESMC, 
conformational entropy, 
partial molar entropy of mixing, 
partial molar entropy of oscillation 
of the units in crystals and the melt 
respectively, 
excess free enthalpy in the micro- 
phase ot for the c-sequencesy, 
respectively, 
corresponding enthalpy and entropy 
excess functions respectively, 
activity coefficient of the c-sequence 
of length y,  
average particle size in the liquid 
polymer-solvent mixture, 
partial molar conformational en- 
tropy of c-sequences of length y, 
coordination number of the lattice, 
Euler's constant, 
molar excess free enthalpy in the 
melt, 
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average interaction parameter of  
energetic and entropic origin 
respectively, 
relative fraction of  crystallized c- 
sequences, 
average size of  the crystal of  smallest 
thickness at T, 
average length of  c-sequences in the 
non-crystallized copolymer system, 
partial molar entropy of  oscillation 
and of  mixing in the melt for the c- 
sequences of  length y, 
volume fractions of  the c-sequences 
and the molecules of  size L in the 
~x phase respectively, 
molar number of  the c-sequences y 
length y and the solvent molecules 
of  size L in the ~x phase respectively, 
average chain length in the ESMC, 
molar degree of  crystallinity, 
defect parameter, 
melting temperature of  ESMCs of  
thickness y, 
melting temperature of  the ESMC 
of 'infinite thickness', 
molar melting heat and entropy 
respectively, 
partial molar excess quanti ty diffe- 
rence at the melting point for c- 
sequences of  length y 
heat capacity of  melting. 

23 Meyer, H., Heise, B., Kanig, G., Kilian, H. G. and Wilke, W., 
To be published 

24 Meyer, H. Thesis University of Ulm (1976) 

APPENDIX I 

g mex 
- m m m m m m m 

R T  ( X h / T + X s ) ( Z $ u d P ° ) n  /2+XLq~L(~'$u)n 

(A1) 

where ×L is the averaged excess interaction parameter for 
polymer-solvent  units. 

n m is the number of  all units present in the liquid 
mixture: 

n m = ~ n ~ ' ~  + n ~ y  L (A2) 

Differentation of  equation (49) with respect to n~ n yields, for 
the partial molar excess contribution of  the c-sequences of  
the length y :  

(agmex /a n ~n)[R T = g~eX /R T = (Xm / T  + xsm) • {2"(1 - ~b~ - ~b~) 

+ y ' ¢ ~ ( 1  - *~n)12 - zoom(1 - ¢~)} + × L ' y ' ¢ ~  2 (A3) 

with 
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$~n= E sm°;$Pn+$~=l (A4) 

Polymer 

Because of the condition $~n < 1 for copolymer systems 
with a random-type c-sequence length distribution, we ob- 
tain from equation (51) the more simple approximate 
expression 

g~a eX /R r ~_ _ y { ( × ~ / r  + ×m) (1 - $~n2)/2 + ×L$~ 2} 

(A5) 

APPENDIX II 

Taking y for the average thickness of  thinnest c-sequence 
mixed crystal, the volume fraction of  the solvent in the par- 
tially crystallized system will be equal to 

y - 1  

+ ,TriO)=  z'O/(1 1]) 
rt=l 

(B1) 

where ~n0  marks the volume fraction of uncrystallized sol- 
vent in the system. 
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oo with 
o ~9~0 = YLnr~/O, Lnn~ + 71" nn) (B2) oo 

The fraction of the c-sequences with the length r/1> Ymin 
can be computed from 

e = l  

O O  

w~ = ~ q)On=xYcmin(Ymin'X c +xnc ) 

17 = Ymin 

(B3) 

(B4) 

The molar fraction of the solvent in the partially crystallized 
system can be cast in the form 

xr~ = dpr~(ym)[y (35) 

with (Ym) defined by equation (32) 
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