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A tlzcrmodynamic trcatmcnt of culcctoid crystellization in oligomcr mulit-component 
systems comprised of homologucs allows isobaric stale diagrams to bc prcdictcd. This 
description relics on the dclinition of an inhomogeneous cxlendcd-chain micro-phase. The 
thickness distribution of crystals and the chain-length distribution are strictly interrelated 
bccausc chain ends arc squccxcd into dofcct leycrc. The clcnr possibilities of a quantitative 
thermal analysis of melting in cutcctoid oligomcr mixtures arc demonstrated. 

Next WC consider crystallizable stereo-icgular scqticnces in copolymers as thcrmo- 
dynamic components. If the co-units are irregularily distributed. thcsc copolymers display 
cutcctoid crystallization with a unique correlation between chain structure and the 
thickness distribution of the mix&, cxtcndcd-sequence micrd-phases. The scgrcgation 
dcmandcd bv the thermodynamics seems to take pIace cvcn in semi-crystalline nelworks 
whcrc the chains arc linked as componcnls in the network. It is then possibla to describe 
the kinetics of thermally and strain-induced crystallization. Hcrc. one has to combine the 
thcrmudynamics of cutcctoid copolymers with the van der Waals model of real networks. 

Mcasurcmcnts with a micro-stretch calorimctcr cxtcnd substantially the andytical 
power of caloric measurcmcnts. In combination with X-ray investigations. a relatively 
consistent dcscripiion of the cluster structure in semi-crystalline copnlymers and networks 
is ohtaincd. 

Both cutcctoid oligomer multi-compolicnt - ystcms and cutcctoid copolymers come 
rclativcly near to chcrmodynamic cqtiilibriun. This can only bc explained if the 
scgrcgation of components takes place on n very Icxal scale within thermodynamically 
cquivalcnt sub-systems of finite size. Thcsc processes arc strictly synchronized by tile 
thermodynamics so as to allow them to be studitd by macroscopic measurements. 

lNTRODUCTION 

An important driving force in nattire is to enforce a unique molecular 
conformation and configuration by a defined chemical structure. But, in 
synthetic polymers and copolymers, the chemical chain structure is not 
unique. Co-units may, for example, be, ranrlijmly distributed ziniong the 
chains. The question arises therefore as to the manner in which 
crystallizafion occurs in Such systems, and as to how the chain and cqlloid 
structures are inter-related [I -IS]. 
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Chain ends or different co-units operate on a local le,vel & “quasi- 
eutectic units”. They are crystal-lattice-incompatible. Being linked in 
chains, these etitectic units can only be segregated during crystallization by 
forming extended-chain or extended-segment lamellae. These micro-phases 
are thermodynaniically determined “primary elements” of the colloid 
structure. Their thicknesses is uniquely determined by the inherent mean 
lengths of the chains or regular sequences. 

To explain our theoretical route, we wiI1 first review the thermodynamics 
of, eutectoid oligomer multi-component systems [15]. Chain ends are 
squeezed out of ‘the core of extended-chain, mixed-crystal defect layers, 
making mixed micro-phases inhomogeneous. The thermodynamics of such 
micro-phases has been developed and has revealed that the thickness of the 
boundaries and, hence, the excess situation in mixed micro-phases are 
controlled by the maximum disparity in chain length. Moreover, mixed 
micro-phases are only stable if this difference is not too large. Otherwise, 
eutectic or eutectoid crystallization occurs. The excess parameters of 
homologues can be related to the disparity in their chain lengths. This 
allows isobaric siate diagrams, to be described and predicted. For systems 
with a broad distribution of chain length, mixed micro-phases with a 
maximum number of components are formed. Their thickness distribution 
is then well defined by the chain length distribution itself. 

It is very important to note that in multi-component systems, many 
identical micro-phases come into existence. They are distributed through- 
out the volume of the system and are, therefore, exposed to different 
environments. Macroscopic phenomena, such as melting, are then only 
readily described if identical micro-phases are thermodynamicaIIy auton- 
clmous. They should show, for example, the same melting temperature, 
independent of their environments. Only under these circumstances do 
macroscopic phenomena of melting not depend on the configuration of the 
micro-phases. Any thermal analysis of melting relies on this fundamental 
symmetry. 

We can now consider eutectoid copolymers, confining our treatment of 
copolymers to’ representative examples with two different, lattice- 
incompatible co-units. Stereo-regular chain sequences of sufficient lengths 
(c-sequences) are of interest. In the treatment of oligomer multi- 
component systems it is advantageous if c-sequences of different lengths are 
considered as thermodynamic components, despite their being linked in 
chains. This is indeed, an interesting and unconventional model. It is then 
clear that copolymers with a broad distribu&n of crystallizable sequences 
must be considered as eutectoid multi-comp,orient systems cdmprised of 
many homologues of different lengths. “Component-saturated”, lamellar, 
extended-sequence mixed ctystals with defect boundaries come into 
existence: We will demonstrate that the thermodynamicsHy -demanded 



segregation of c-sequences is possible, even in networks where they are 
permanently linked together [ 16,171. X-ray sytichtotron measurements 
provide additional knowledge of how clusters are developed as secondary 
elements of the colloid structure in eutectoid &polymers. Moreover, it is 
finally possible to discuss the I:inetics for thermally or strain-induced 
crystallization [i 81. 

It is, again, most significarzt that semi-crystalline copolymers seem to be 
coniposed of not too large thermodynamically equivalent sub-systems [19]. 
Without any long-range diffusion, equilibrium can be established within 
each of the sub-systems. Thus, due to the thermodynamic equivalence of 
the sub-systems, crystalliztition or melting is synchronized among all of 
them. Macroscopic observation reflects the local events. 

In this paper, extra emphasis is given to the thermal analysis of melting 
and crystallization. Among other analytical methods, this method offers 
outstanding possibilities for characterization. Most interesting in this 
respect is a micro stretch-calorimeter because it provides the total energy 
balance during deformation which offers extra possibilities for testing our 
concept. 

OLIGOMERS 

In this section we explain the crucial steps in developing the thermo- 
dynamics of multi-component systems comprised of linear chains with a 
unique, stereo-regular structure. The chain ends are crystal-lattice incom- 
patible. They are squeezed into extra layers, and lamellae are forincd. We 
consider these lamellae as “micro-phases”. The utility of this modei 
becomes evident in describing mixed, extended-chain crystals. Distorted 
layers are developed so that these micro-phases no longer have a 
homogeneous structure. To define such lamellae as cooperative units of a 
colloid system is a significant extension of the classical thermodynamics of 
solid solutions, because this provides the “primary, thermodynamically 
defined, finite sized elements” of the colloid structure [l&20-22]. It is clear 
that melting in oligomer or copolymer systems is dramatically changed if 

chain tirystallization takes place [ 1,23-281. 

must explain the origination of the chain-length dependence of the _ _ 
melting points of extended-ch-ain drystals in an oligomer single-component 
system [l, 21,291. To this end, the chain-length parameter js defined as the 
number of periodic units ye The thickness of the sub-lamellae is therefore 
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uniquely related to y. The excess free enthalpy per chain end is defined by 
c&.=4. 

For even or odd linear oligomer homologues, the melting temperature T,, 
is then described by the Flory-Vrij equation [30] 

where Ah(T) is the molar melting enthalpy per unit, which depends on 
temperature according to 

Ah(T) = Ah(TJ - Ac(T,, - T) (2) 

where T, is the asymptotic melting temperature df the extended-chain 
crystal of “it-n+ te” thickness, and AC is the specific molar heat capacity of 
the periodic unit. The numerator is the Thomson relationship according to 
Which TV is increasingly depressed as the chains become shorter. 

From the representation of experimental data as shown in Fig. 1 
[IS, 21,22,31,32], it is clear that the molar free enthalpv of melting of not 
too short oligomer homologues can be related to the periodic unit (CH2 
unit). Moreover, the excess enthatpy of the chain ends Us does not depend 
on chain length. The ratio 20,( T)/AIz( T) is also constant. Hence, the excess 
properties in the chain-end layers must have relatively local origins. If we 
ignore the effects due to different lattice symmetries, this explains why the 
melting temperatures of homologues are unique functions of the chain 
length parameter y. 

30 . 
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Fig. 1. Mclling tcmpcralurcs of even ra-paraffins as n function of the chain-length y [ 151. The 
solid lint is computed with the aid of cqn. (1): 7;,, = 415 K. Ah = 4046 3 mol. ‘. 2rr,./AIr = 
2.11, AC,= 1.4Jmol-‘K ‘. 



The extended chain crystal is comprised of densely packed lamellar 
subunits of identical thickness. These “primary structure elements” are 
now considered as .autonomous micro-phases [15]. They are thermo- 
dynamically equivalent. Each one has, for example, the same melting 
temperature. Isobaric melting of.the whole assembly of lamellae occurs at 
constant T,. so as to yield the same macroscopic features as for classical 
phase transitions in a single component system [X3,34]. Coexistence 
between the melt and each of the sub-systems is immaterial, (neutral). 

Mixed oligunwr sysrems 

If identical micro-phases are equivalent, it folIows that the topology of 
the state diagrams for micro-phase systems with more components must be 
the same as in classical thermodynamics. This symmetry is very important 
for interpreting macroscopic measurements in multi-component systems. 

Systems comprised of chains of different lengths are mixtures 1151, in 
which the chains of different lengths are the components. Mixed extended- 
chain micro-phases (EMC) have a structure as illustrated in Fig. 2. Due to 
the mismatch in chain lengths, niore or less distorted layers come into 
existence. It is now very important to assume that the whole EMC can be 
treated as an “inhomogeneous micro-phase”. It is a’lso assumed that 
internal equilibrium is established within these layers. Defect properties 
can then formally be described without explicitly indicating where the 
defects are located. Yet, if the defect structure in the boundaries is 
thermodynamically optimized, it should unqiuely depend on the disparity 
in chains lengths. A detailed description should therefore provide informa- 
titin on the mean structure in the defect boundaries themselves. 

Fig. 2. Sketch of an cxtknded-chain mixed micro-phase (EMC). Within the defect 
boundaries the avbrage density p faIk bcbw that in the crystal core; Iti the b&x layers. p is 
deduced to be srnailer than the mean density in the melt. 
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Due to the equivaIence of micro-phases, classical thermodynamics is 
again only modified by finite size effects. For coexistence of mixed 
micro-phases in oligomer multi-component systems, the chemical poten- 
tials of the components within each of the micro-phases (the melt included) 
must be identical. For chains of length yk in the mixed micro-phase CY, @_!;I, 
we obtain 

where &,,,(T, p) is the standard potential of the pure phase cv at the 
pressure b and the temperature T. The molar fraction cp;; is written as 

where n;; is the mole number of chains of length JQ. The surface free 
cnthalpy correction 2~~ > 0 is included in &,. &_,.& is the partial molar 
excess free cnthalpy arising from defects in the boundaries. The partial 
molar free excess enthalpy may be written formally as 134-361 

(5) 

where N is the number of components. Only second virial coefficients A:;i 
are considered. This is important if the excess free enthalpy is dominated by 
pair interactions. 

In extended-chain mixed micro-phases, the cross-section of chains of 
different ltingth is practically identical. The mixing entropy in the solid 
solutions is therefore correctly formulated in terms of the mole fractions XT.* 

xX;,,= 1 (6) 

If we neglect excess properties in the melt, Ccro-phase equilibrium is 
achieved if “chemical equilibrium” is established 

= CL;; = Id;.:., + RT iri(@?;) 

for all N - 1 ‘components. 

(7) 



From a description of the binary isobaric state diagrams of Jr-aIkanes, the 
following empirical relationship was deduced 

The excess free enthalpjl is simply pioportional to the disparity in chain 
length Ay = yi yk( yi > yci) and inversely proportional to the meari chain 
length in the crystalline micro-phases (v’> 

The parameter A,, was found to depend somewhat on the number of 
components in the solid solution. Yet, on increasing this number, A,, goes to 
an asymptotic value. Equation (8) verifies that the boundaries of EMCs are 
in equilibrium. The excess situation is controlled by the chemical structure 
of the components. The whole lamella represents an inhomogeneous 
micro-phase in the strict thermodynaniic sense. it constittites a most 
important primary element of the colloid structure in an oligomeric 
multi-component system wifh extended-chain mixed crystals. 

Multi-component systems of equimolar composition are considered as a 
special case. We want to know whether the solubility in EMCs is in 
principle limited (N = N,,,:,,). This would have the consequence that 
oligomer multi-component systems with extended-chain crystals would 
show eutectoid crystallization. 

In this case, the molar fractions have the same value 

Together with the relationship obtained f+om binary systems 

AYiX 
Aik = (A> 01’) 

the Gibbs free 
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Fig- 3. Liquidus tcrnpcraturcs of EMCs of the types indicated [IS]. For example. CzII,zz is a 
binary EMC consisting of chains of lengths J!, = 20 and J’> = 22. The hatched bars rcprescnt 

prcdictcd data; the unfilled bars give the cxpcrimcntal data. In the synchrotron X-ray 
patterns versus temperature different sets of diffraction peaks arc indicated with the symbols 

.N, h uncl c’. The liquidus tcG,pc;aturos at which the last EMCs of a special.typc disappear are 
nttachcd to the firsi-ordci peak. 
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is found to be equal to 

G’= RTInN+ (13) 

The free enthaIpy is a minimum for the maximum number of cquimolar 
components N,,,;,, 

N =6 n,:,x $‘.)=Ay (14) 

so that the maximum disparity in chain lengths in a component-saturated 
EMC may be written as’ 

AY = M(y’) 
RT 

M ‘6{#) (15) 

Hence, component-saturated EMCs should exist. Even the maximum 
mixing entropy in equimolar ideal mixtures is overpowered by the excess 
&thalpy if the number of components exceeds the value given in eqn. (14). 
This result agrees with the relationship as deduced from many experiments, 
see eqn. (16) below. Hence, in defect layers, segmental pair interaction is 
dominant, making excess quantities a unique function of disparities iti chain 

Using the above equations, it is possible to calculate isobaric state 
diagrams of oligomer multi-component systems [I 5-J. The number and types 
of stable solid solutions are correctly predicted, see Fig. 3. The reproduc- 
tion of desmeared DSC traces demonstrates the quality of our description, 
Fig. 4. 

Solid solutions are formed only if the maximum disparity in chain 
lengths is Iower than about 20-30% of the mean chain length (u’). Hence, 
compatibility in the solid solutions of oligomers is strictly limited, whereby 
the maximum disparity in the chain length obeys the relationship defined by 
eqn. (8). 

It is significant that real, mixed, extended-chain micro-phases fulfil the 
coexistence conditions of eutectoid crystallization. Irl the melting range, 
each type of EMC shows a different composition at each temperature. The 
mass fractions are adjusted according to the lever rule in the hypCr-space 
of a eutectoid multi-component system. This is verified in the cotiparison 
of-model ctilculations with experiments, as shown in Fig. 5 [36]. 

Another interesting observation is shown in Fig. 6. On cooling, two new, 
different five-comporient mixed micro-phases are formed. In the synchro- 
tron X-ray pattern, this is indicated by the splitting into two sets .of peaks. 
Micro-phase septiratiori occurs in good accor’d with therniod)ina’mics. 
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Fig. 4. (a) The molar dcgrcc of crysratiinity NJ, piottcd against tcmpcraturc for the cutcctic 
binary rr-aiknnc mixlure composed of chains of lengths y, = 10 and jr2 = 12 for a volume 
fraction of rp,,, = 0.4Y6. The dotted line is thcorclical [15]. (b) Plot of dwJdT for a 
four-component rr-aikane mixlurc (-. dcsmcnred cxpcrimcntal: ---. thcorcticni) corn- 
posed of chains of lengths yI = IO. rpl,, = 0.4: _v? = 16. cp,,, = 0.2: _v> = 24. (pzd = 0.2: _vJ = 2X. 

Tempcralurc / K - 

Fig. 5. Molar degree of crystaliinity $ottcd against t&mpcralurc for an ,r-aikanc mixture 
cnmposcd of scvcn components of identical mass fraction (cvcn _v ranging from yl = 24 to 
y7 = 40). Tiw solid line rcprcscnts the computed rusuits fw hexagonni rowrobph&c crytituls 

1361. 



Fig. 6. Synchrotron SAXS patlcm of a five-component ,z-alkanc mixture with a five- 
component solid sohiiion, plotlcd against tcmpcraturc [ 151. On cooling, two new peaks 
appear at T C44’C. Two five-component EMCs with different composition, as dcmandcd 
by i!lcrmodynamics. appear. forming stacks with more than eight identical lamellae within 
periods of time shorter than I.5 s. 

Micro-phase transitions in reaI oligomer more-component systems must be 
strictly synchronized so as to the same topology as in classical thermo- 
dynamics. Even in the crystallized five-component system, phase separation 
is achieved wirhin a very shorl period of time: in the example described, 
below 10 s. 

Three to four orders can only be observed in the X-ray pattern (Figs. 3 
and 6) if more than about eight identical lameliae are packed together. 
Hence, EMCs of the same thickness are clustered. This is possibly due tq 
the strongest interaction being across defect layers of pairs of identical 
EMCS. 

It appears that the cluster structure does not influence state diagrams to 
measurable extents. Moreover to have calculated the correctly predicted 
complicated state diagrams in more-component systems supports the model 
of an autonomous micro-phase. 

Defect sn tu iwtiml 

We proceed now to eutectoid multi-component systems with a very 
broad chain-length distribution, #(y) [15]. Most significant is that the 
solubility ‘iti EMCS niust be limited iti a th&-modyriami&ally defined 
maximum disparity in chain lengths (“component-saturation” of EMCs) 
(see The component-saturated mixed micro-phase, see p. 119) 
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Fig. 7. A diagram to illustrate that molar mass distribution {solid line) and crystal-thickness 
distribution must be uniquely interrelated. An EMC of mean thickness (yv’} includes chains 
of lengths b’} - Ay j2 Sy =S (y’> + hyi2. 

If Au is sufficiently small, the thickness distribution of EMCs W (tic}) is 
uniquely determined by the chain length distribution #(y) 

4(Y) = WY’>) (171 

This is illustrated in Fig. 7. 

Two typical factors characterize melting and crystallization in the 
oligomer multi-component systems. Firstly, the free surface enthalpy, 
together with the excess energies, depress the n+ting temperature of 
EMCs. The smaller the crystal core (as in eqn. (1) [37-39]), the larger the 
depression. However, melting also depends on the composition of the 
multi-component melt (see eqn. (22)). Both effects together lead to the 
characteristic that melting runs selectively and consecutively, beginning 
with EMCs of smallest thickness at the lowest temperature, followed by the 
new fraction of the smallest micro-phases (Fig. 8). It is due to this 

Fig. 8. Crystallinity IV, of a eutectoid system with component-saturated microphases plotted 
against temperature. On the right, it is shown that the width of the micro-phase thickness 
distribution decreases due to selective and consecutive melting. 



Fig. 9. The molar degree of crysta!linity for fractions of linear polyethylene with two 
different mean chain lengths ((y> = 206, (y} = 232) plortcd against temperature. Because of 
the defect layers of the EMCs, the equilibrium condition &illx < IV:~’ < 1 results. 

consecutive process that the melting curves are uniquely determined by the 
thickness distribution ?f EMCs W ((y’}). This is equivarent to saying that 
the shape of every DSC curve is a copy of the differential chain-length 
distribution (eqn. (17)). 

Here, we show the melting curves of two fractions of polyethylene (Fig. 
9). In both cases, even the longest chains are short enough such that 
folded-chain crystallization does not occur. The sblid lines were computed 
using Tung functions. Both curves deviate clearly from each other. The 
#J(Y) values are, however, not very different. This demonstrates the 
accuracy with which chain-length distributions can be deduced from DSC 
traces of multi-component oligomer systems. The results are found to be in 
good accord with gel chromatographic measurements [40]. 

It is clear that not too large equivalent sub-systems must exist so as give 
the whole system a real chance of approaching eutectoid multi-micro-phase 
equitibrium states. This seems to be the principle feature characterizing 
such systems. 

A folded chain crystal of fold height yr may include very different chain 
lengths. These chains must a11 satisfy the condition y >2yr [23-25,39-4S]. 
Yet, due to fold loops, most of the crystallized stems can no longer be 
freeIy exchanged. Hence, folded chain crystals cannot behave like mixed 
extended-chain micro-phases. The configuration of folded chain segments is 
de facto frozen in and can only be modified by a cooperative reorganization 
within larger complexes. Moreover, the fold height itself depends. on the 
crystallization kinetics. 
. . It is interesting that the analysis of the melting of waxes [40,46] with a 
bioad chain-length distribution allows crystallization in. multi-component 
oligomer systems, where folded’chain crystals and EMCs are both formed, 



Fig. 10. DSC trace of melt-crystallized polyethylene wax (PE130) for o heating rate of 
0.5 K mine’. The hatch& arca is atiocintcd wi:h the melting of folded-chain crystals [36,46]. 

to be classified. The DSC peak at highest temperatures in Fig. 1G belongs to 
folded chain crystals. Folded chain crystals are formed in the high- 
temperature regim’e, the iange in which, under equilibrium conditions 
EMCs of greatest thickness are the absolute stable micro-phases. EM& 
are, however, formeci in the temperature range T < TI. Despite the 
presence of folded chain crystals, the anaIysis of their broad melting 
piocesses is possible so as to obtain their thickness distribution. 

Folded chain crystals are in principle distinct from EMCs [34]. 
Spherulites are often observed. Within each spherulite a framework of 
bundles is formed, each comprising more than ten folded-chain lamellae 
packed densely together (Fig. 11). Clearly, “eutectic-like nucleation and 
growth” of folded chni~ crystals characterizes the features of spherulftes or 
other super-structure elements. Cooling down to lower temperatures, 
EMCs fill continuously the space between the folded chain crystals. 
Because of the continuous adjusting of compositiofi and mass fraction, 
rearrangement of their configuration is possible. Fbr this reason the final 
colloid structure in waxes is complex and no longer simply related to the 
chain-length distribution. 

The conclusion is clear: the chemical structure controls the primary 
elements of the colloid structure only if folded-chain crystallization does 
not occur. 

COPOLYMERS 

If they are composed of at least two lattice-incompatible co-units, the 
crystallization of copolymers should obey the saine thermodynamic 
principles as oligomer systems [ll, 151. A new aspect is that all the 
components are linked in chains. If the molar masses are large, 
crystallizati&+induccd segregation of special chain segments might become 
hindered. For this reason, it is crucial that smaller thermodynamically 
equivalent sub-systems come in existence. The size of the sub-systems 
i-night .dep’end on how the units are distributed across the chains. Their 
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Fig. ‘Il. EM photographs of melt-crystallized PE130. 

existence should allow the segregation of special chain segments, as 
demanded by thermodynarnitis. This is verified by describing melting and 
crystallization in macromolecular networks. Despite the chains being 
linked in a network, a surprisingly satisfactory description that includes 
crystallization kinetics can be obtained. 

The first theory was derived by FJory [l 11. One of its severe shortcomings 
is that the maximum ciystallinity is not correctly predicted 13,471. While 
Flory [ll] considered strict exclusion of the non-crystallizable units 
(nc-units) from the crystal lattice, many authors suggested reasons for 
assuming that at least some of the nc-units are included in the solid 
micro-phases [25,48-S]. This was discussed in terms of a two-phase 
‘model. But; it is eGdent that inhomogeneous micro-phases “incdrporate” a 
remarkable.number of nc-units..The crystal core properties are likely to be, 
cooperatively interrelated with the situation at the boundaries. We 
therefore retain the model of non-homogeneous micro-phases which 
appears to be’much more satisfactory. 



En the simplest case, CrystallizabIe linear copolymers are composed of 
two lattice-incompatible units (quasi-eutectic co-units), such as, for 
example CH, units and short-chain branchings in low density polyethylene. 
We define the molar fraction of the crystallizable co-units s, by 

n, 
x, = 

n, + n,,, 
x, + x,, = 1 

For two different co-units the unit having the smallest concentration is 
conveniently called the “non-crystalhzable unit” (“nc-unit”); IT,,, represents 
the mole number of these units while n, is the mole number. of 
“crystallizable units” (c-units). If the concentration of nc-units is small, a 
length distribution of sequences of c-units (c-sequences) is built up 
[3,15,56]. The length of any c-sequence should be defined by the number 
of periodic units linked into it. 

Because the c-sequences are assumed to be stereo-regular, crystallization 
must be controlIed by their length distribution C(y). In some cases, C(y) 
can be expressed analyticalIy. For a random distribution, the normalized 
molar fraction of c-sequences of length y is equal to 

C(y)=x,. =xfJy 2 x.\, = 1 (1% 
.%” 1 

Here, crystallization should only be possible if the molar fraction of nc-units 
. is smaller than 0.13-0.15. If crystallization is observed above these 

.?mits, it might be that the c-sequence lengths are not randomly distributed 
[57]. - 

Extended c-sequence mired crystals (Eib2.K) 

The treatment of eutectoid oligomer systems is also applicable here if 
c-sequences of different length are defined as components, despite their 
being linked in chains. These pseudo-particles are not autonomous. 
Constraints might become so important that c-sequences of different 
lengths cannot be “correctly” segregated- 

For copolymers with a broad c-sequence length distribution C(y), 
extended c-sequence mixed crystals (EMSCs) should be formed [ 14,151. A 
sketch of an EMSC is shown in Fig. 12. Hence, copolymers should undergo 
cutectoid crystallization. The *ccomponent-saturatCd” EMSCs are charac- 
terized by a maximum disparity of c-sequences Ay, which was found to be 
defined by [15,58] 

Ay=A(y)+B B=B,-++B, 
X”, 

Wj 

Because B has large values, solubility in the EMSCs is very much greater 



Fig. 12. A two-dimcnsionnl sketch of an EMSC showing the inhomogeneous distribution of 
nc-units {in the prcscnt case junctions of a permanent network). In the outer boundaries. the 
density dccrcascs rapidly to the value the melt: y represents the mean length of c-sequences 
in the micro-phase: A>, is the maximum disparity of chian lengths. 

than in oligomer mixed micro-phases (eqn. (8)). In small EMSCs, the 
excess energies should be vzry much reduced 

~_Y~*li~rrnwrs =A(y}<<A(y)+B (21) 

For many different copolymers also dispiaying different C(y) values, the 
parameter b(x,,) falls on a master curve (Fig. 13). For linear copolymers, 
the defect structure in the boundaries seems to be typical and universal, 
representing an equilibrium property. Hence, it is fully justifiabIe to treat 
EMSCs as inhomogeneous micro-phases in the strict thermodynamic 
sense. 
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Fig. 13. B(.r,,) values of different copolymers. according to ref. 58: *. random copolymers 
of ethylene; 0. vicinal chlorinated polyethylene; 0, poly-oxy-methylcne copolymers; 0, 
ethylene-tetrafluoro-ethylene copoiymers; I, bipolymers; A, tcrpolymers; A, networks. 



A complete und&tanding of the parameter B in eqn. (20) ‘has’ not yet’ 
been achieved; The most ‘plausible explanation is to consider E as an 
internal parameter that describes the limits of arranging ‘short-chain 
segments and nc-units so as to minimize the excess free enthalpy in the 
boundaries of EMSCs. 

Coexistence 

Because we know the maximum disparity of chain lengths for each 
EMSC, Ay, the coexistence conditions can be deduced by equalling the 
chemical potentials of only one component. This suggests that c-sequences 
which have the same length as the mean c-sequence lengths within the 
EMSC ((y’) = y) can be selected. 

For the c-sequences Q’> =JU( T), the temperature of coexistence q_ is 
written as 

T )‘(f) 
= 7 1 - 2wJN, 

m 
w 

NI = AW’(T) - Ay/3) 

where x”’ is the Flory-Huggins parameter per unit in the melt. The excess 
parameter term in eqn. (22) is an approximation for systems with a very 
broad C(y). For the same reasons that were applied to eutectoid oligomer 
systems, the melting of EMSCs should run selectively and consecutively. 
The thickness of the smallest EMSCs stabIe at 7-&., is y(T). The coexisting 
temperature of these EMSCs depends on the mole fraction in the 
multi-component melt xy(7’) [14]. The influence of the mixing entropy in 
the non-crystallized regions is inversely proportinal to XT because EMSCs 
are solid solutions (-R ln(x_~/x~.)); ST is a unique function of the maximum 
disparity of the c-sequence lengths Ay (eqn. (22)). 

Now we justify using the molar fraction x?(T) in eqn. (22) instead of the 
volume fraction +D_F [141. Because the c-sequences are linked in chains, any 
exchange is necessarily accompanied by a cooperative -exchange of a 
number of next-neighbotired c-sequences. If the nc-tinits are randomly 
distributed, we should find c-sequences of each length as next neighbours. 
On average, all c-sequences should therefore be treated as quasi-equally: 
sized compotients that arei nevertheless, distinguishable. Every deviation 



from this approach simply modifies the actual value of the excess parameter 
x”. 

Extensiue grmnritE’es 

To interpret experiments, we have to know the molar degree of 
crystallinity w,(T) 

which gives the total fraction of EMSCs coexisting with the multi- 
component melt. Because ND,(T) is a unqiue function of temperature, the 
temperature coefficient of the melting enthalpy is derived to be given by 

This relationship allows the c-sequence length distribution C( y > ymin) to be 
deduced from an analysis of DSC traces; Y,,~~,, is the absolute minimum 
thickness of EMS that determines the maximum degree of crystallinity as 
well as the lowest melting temperature. 

The complete set of parameters characterizing the copolymer system is 
collected in Table 1. The bold parameters are known from investigations of 
homopolymers. Because there is a universal relationship for AJJ (eqn. (20)), 
copolymers can be characterized by the three parameters x,, C(y) and xm, 
only. 

Soiubiiity in EMSCs 

To estimate the degrees of segregation of c-sequences, let us define the 
solubility parameter s 

AY 
’ =y(T) - 1 (2% 

where s is related to the width of chain lengths in the melt given by 

TABLE 1 

The set of parameters 



TABLE 2 

Sotubility s: yk = 17.5; A = 0.3; B = 50 

y/units 20 62 75 100 125 150 200 250 500 
s / % t 1 0.87 0.70 0.60 0.53 0.45 0.40 cl.3 

y(T) - 1, and is equal to unity if all c-sequences of different lengths in the 
melt can be built in an EMSC. Table 2 shows that this QCCUTS for EMScs in 
the region of thickness y < 62. Very local rearrangements of c-sequences, 
at least small nematic shifts, are sufficient to form the small EMSCs, (see 
the data columns 5-8 in Table 8, discussed below). For very small EMSCs, 
there is no longer a crystal core (Fig. 14). The necessity of introducing the 
model of an inhomogeneous micro-phase is cleari a two-phase model is not 
adequate for describing largely distorted micro-phases as depicted in Fig. 
14. With increasing thickness y > 62, the relative solubility of EMSCs 
approaches values as deduced for linear rz-ilkanes (0.2-0.35). Segregation 
of c-sequences of different lengths becomes increasingly important. 

For a random copolymer, the moIar degree of crystallinity w=(T) is given 
by [14,lSI 

w,(T) = (1 - A/~)F::‘:~‘- I [( y - yk)xnc + x,] 

yk = B/(3 -A) 
(26) 

Fig. 14. Sketch of a degenerated EMSC that no Ionger shows a core with a well-ordered 
lattice. 
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Fig. 15. DSC tracts of polyethylcnc networks crosslinkcd in the melt. The dotted lines are 
thqorctical. for parameters. see Table 3 j16]. 

For polyethylene radiation-crosslinked in the tneIt, one expects a random 
CH, sequence length distribution. By using C(y) as in eqn. (19), DSC 
curves of polyethylene networks can reasonably be fitted (Fig. 15) [16,51]. 
Because C(y) is known, the only free parameters were the effective 
concentration of junctions (A-,,,) and the interaction parameter per unit (xl”) 

What is striking is that the whole transition enthaipy Ah,,, is fairly well 
reproduced, see Table 3. According to eqn. (26), this implies that the defect 
layers (characterized by A and B(x,,)) are indeed correctly defined by the 
relationship given in cqn. (20). The melting point of EMSCs is described 
exactly with the aid of eqn. (22), reproducing its dependence on the 
concentration in the melt, and also, of course, the systematic depression of 
the maximum melting temperatures for increasing x,,. In the regime 
Y ’ .%in -27-30, the PE networks have in fact a random chain-length 
distribution. The mean thickness of the crystal core of EMSCs (yKI,, Table 3) 
and its dependence on x,,~ correlates with the mean thickness of the 
X-ray-coherent regions ( ycxr Table 3). The small strain modulus is fairly 

TABLE 3A 

Basic.parnmetcrs: rndintion-crosslinkcd PE 

771, = 4 15 K; A/r ( T,,) = 4C)AO J mo1 ‘;Ac=4.18HJmol~“K~1:2rr,/A(T)=2.11 
A = 0.15; 13, = 0.4: /32 = so 
X 111 = 0 
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Fig. 16. A sketch of hpw the line should be constructed so as to scpara~c the transition 
cnthalpy from the total heat cffcct of a broadly melling copolymer [ciO,61]. 

well computed (E,, and Euxrr Table 3). Hence, the effective number of tied 
molecules is correctly predicted, including its dependence on crystallinity. 

The above results completely support the existence of equivalent 
sub-systems which are by definition self-similar [19,59]. 

We are faced with the problem that most copolymers do not show a 
random chain-length distribution. Therefore, it is extremely interesting that 
the C(y) distribution can be deduced from an analysis of DSC melting 
curves. 

First we have 
16), see also ref. 

to separate the melting heats from the c,,(T) curve (Fig. 
60. The maximum degree of crystallinity is then given by 

(27) 

The molar fractioh of non-ciystallizable units x,, is assumed to be known 
from other methods. 

The analysis is based on the phenomenon that EMSCs melt consecu- 
tively. Accordingly, a well defined fraction of EMSCs has to melt in each 
temperature interval d7” [X3,61]. It is therefore appropriate to define a 
sufficiently large number of intervals AT. Thus, the calculation starts with a 
distribution C,,(y) that is assumed to approximate as closely as possible the 
true c-sequence length distribution. This is not a necessary condition, but it 
helps to reduce the computer time. If the calculation differs from the 
experiment,- the concentraiion of the c-sequences involved is modified 
accordingly: This.adjustment is done in each temperature interval. After 
the first run, the mole fraction of nc-units is then no ,longer equal to x,,. 
Renormalization is achieved by simply modifying the fractions in the 



TABLE 4 

Parameters al -O(CH+ copolymers with -O(CH&, nc-units 

T,, = 456 K; AIt(T,,) = 9340 J mol-‘; AC = .4 J mol-’ K- ‘: 21r,..A11(T) = 1.88; x”’ = -0.045 
A =(X15; 8, = 0.9; & = 22 

regime of shortest c-sequences that cannot crystallize (y >ynlin>S With the 
modified C,(y), the same program starts again. This is repeated until an 
optimum fit to the experiment is achieved. 

Oxy-methylene copolymers comprising -O(CH,),,- as nc-units (n = 4,6) 
are interesting systems in which the co-units are “non-crystallizable” 
because they are not compatible with the [-O(CH,)-1, lattice (Table 4); the 
x value was known from the synthesis. Figure 17 shows the bimodal 
d%ribution, displaying a steep, relatively narrow peak in the range y > yminm 
The distribution in the short-chain regime cannot be exactly determined. 

This suggests that the bimodal distribution C(y) results from the 
polymerization process. First, oligomers are built up and crystallize as soon 
as they are long enough. A rapid topochemica! reaction is initiated on the 
lateral surfaces of ,these EMCs. By definition, the nc-monomers are not 
adsorbed here. Being squeezed out into the interlayers or into the melt, 
they become linked in chains there. Hence, very short c-sequences are 
formed in clusters and bound to Ionger sequencer;. The longer c-secluence 
length distribution should then reflectthe thickness distribution of oIi’gomer 
mixed EMCs nucleated at the beginning of the polymerization. 

IO 

Il.! 

a 

5 . 

I 

Fig. 17. Bimodal c-sequence length-distribution of -O(CH+containing copolymers with 
-O-( CH,), nc-units (x,, = 0.031). The hatched bar in the range y < ymlll represents the total 
mass fraction of non-crystallized ,c-sequences [58]. 
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18. The c-scquencc mass distribution yr/a(y) in low-density polyethylene [62]. 

According to such an analysis, low-density polyethylene should not show 
a random -CH2 chain-length distribution (Fig. 18). En comparison with a 
random copolymer, there is a maximum in the regime of tong c-sequences 
[58,61]. This maximum seems not to be due to folded chain crystals. 

In any case, the thermal analysis allows the c-sequence length 
distribution, even in networks, to be deduced from a DSC trace. Hence, an 
interesting analytical characterization of copolymers is possible which is 
difficult to assess otherwise. 

However, even the longest c-sequences 
crystallization. The utility of our method 
structure interrelationship 

C(y) = c(_YEMCS) Y =.Ymin 

should not allow folded-chain 
relies on the structure-chain- 

(28) 

This relationship has been confirmed for branched polyethylene by 
investigating high-pressure crystallized samples [62]. Moreover, a line 
profile analysis of X-ray interferences performed using a known method 
[63,64] has shown that the shape of the X-ray-coherent blocks is always 
nearly identical. The width and thickness of the X-ray-coherent cores and 
blocks of EMSC show about the same size distribution. 

Electron microscopy has shown (Fig. 19) that in random copolymers, 
lamellae-sLaped.EMSCs are arranged like particles in a dense gas. Strongly 
distorted tilusters appear in which EMSCs of different thickness seem to be 
mixed tit random [15; 58,65,66]. C(y) is known from the thermal analysis. 
Non-cry&aliized,,layers are alterna,ted with EMSCs. A Gaussian distribu- 
tion should describe the thickness fluctuations of the non-crystallized 
layers. Accounting for the boundaries, a SAXS pattern can be computed by 
generating one-dimensional clusters comprised of a finite number of 
eTements N (Fig. 20). 



Fig. 19. Elccwon micragraph of a stained sample of a polye Lhylcne network. 
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The quality of the fit to experiments on poly-oxy-methylene copolymers 
can be seen from the plot in Fig. 21. The finite number of EMSCs per 
cluster N(T) determines the intrinsic constructive interference in the 
lamellae gas. It can be seen from Table 5 that the number N decreases with 
decreasing degree of &ystallinity. At elevated temperatures, the width of 

. 
the C(y(T)) distribution is diminished due to selective partial melting of 
the smallest EMSCs. The maximum in the SAXS pattern becomes 
pronounced until, at highest temperatures, one sees particle scattering of a 
diluted !amellae gas (N = 1) [67,68]. One should comment on the fact that 
the theoretical SAXS curves at elevated temperatures are: related to the 
room temperature pattern. They were calculated using the known set of 
thermodynamic parameters without any other adjustments. It must,, of 
course, be known how the densities i Ihe melt and in the crystals,change 
with temperature. Two more examplc=s of SAXS patterns, together with 
their theoretical representations, are depicted in Fig. 22. 

The above description is based on the occurrence of selective and 
cdnsecutive melting of EMSCs. ‘Moreover, the whole ‘configuration of 



I 

Fig. 20. Density projection onto the cxtrcmcly flat Ewald-shell in the SAXS range of a 
cIuster ensemble. yielding a very dilute cluslcr gas. 

Fig. 21. Synkhrotran SAXS pattern of -(OCH,)-containing copolymers with -O(CH,), 
nc-unils (x,, = O.G31) at the temperatures indicated; curves a, theoreticai patterns [58]; 
curves b, ,SAXS pattern obtained. 
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TABLE S 

Cluster-sixc paramctcr N for -O(CHz) copnlymcrs with -O(CH,), nc-units: x,,&. = 0.031, 
‘%n,n* = 0.4h 

-r/K 32.5 387 4t5 428 
W x,7 3.1 02 -1.0 

T= 293K 

0 A 

Fig. 22. Synchrotron SAXS data of (A) LDPE 1810 D and, (B) vicinal chlorinated PE at the. 
temperatures indicated (---): solid lines show computed data [%I. 



Fig. 23. SAXS pattern of LDPE (80 Mrad) at T = 360 K: -. experimental; --- and e-s---, 
theoretical. The gas model wilhaul memory cffccts OILS the experiment (curve a)_ Curve b is 
the calculation with the “static cluster model” where EMSCs melt sclcctivcly without any 
rearrangement of the clusters. 

EMSCs should be rearranged at each temperature. No memory effect seem 
to exist. The colloid structure in copolymers is continuously and reversibly 
modified with temperature. This is a necessary condition for the correct 
descrl,>tion of the temperature dependence of the SAXS pattern [69]. The 
intrinsic cluster-structure as well as the overall cluster configuration in 
copolymers with a broad ESMC distribution displays characteristics of a 
“dense gas” (Fig. 23) because of satisfying the maximum entropy principIe. 

The minimum size of the thermodynamically equivalent sub-systems 
should at least be larger than the mean cluster thickness which amounts to 
about 102 m-n. But, this is only a rough estimate. It is more reasonable to 
postulate that each of the sub-systems should at least occupy a sufficiently 
large voitime that C(y) is fully represented. This condition cannot be 
ftilfilled within a single cluster. 

It is a well known feature that melting nnd crystallization deliver 
different DSC traces, see Fig. 25, below. Let us explain here an approach 
with which nucleation in eutectoid copolymers can be described in general 
[13, 181 using ideas from other publications [3,70-791. The crucial point is 
that both, temperature- and strain-induced crystallization, can consistently 
be explained. 

In’ eutectoid copolymers with broad C(y) values, it would seem that 
nucleation takes place .without the appearance of crystal growth. In 
general, this should also be true in networks. To nucleate the mixed 
micro-phases,. the mass balance between the coexisting phases can jus? be 
achieved locally within each of the equivalent sub-systems, without 
providing reliable opportunities for crystal growth. 

We assume the nuclei with a thermodynamically determined thickness 
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h 

Fig. 24. Sketch of an EMSC nucleus. The thickness of the nucleus is thermodynumically 
dcturmincd. The dcfcct boundaries arc accounted for (Jr = y - Ay/3). The critical size is 
dctcrmincd by the minimum radius r*. 

yu( T), must be formed. They represent themselves as inhomogeneous mixed 
micro-phases. The super-cooling is related to the melting temperature 7;,(.,., 
at a given concentration in the metastable melt. The degree of supercooling 
must thus be related to the chemical potentials of these micro-phases. 
Simplifying the description, it is assumed that each nucleus has the same 
composition as the stabIe EMSC. A sketch of such a nucleus is depicted in 
Fig. 24. 

It was shown elsewhere [18] that the nucleation rate in a eutectoid 
multi-component system is given by 

where fi and fz are phenomenological parameters where f; indicates 
homogeneous nucleation and fz accounts for secondary effects that depend 
on the fraction of nuclei that have been formed; tz introduces a power law 
whereby this parameter must be adjusted; x$(T) is the total mole fraction 
of c-sequences, while x$-,-,(r) d escribes the momentary concentration of 



c-seguencks of.length jU( T) in the multi-component meIt; Ap$,, gives the 
difference in the chemical potentials of &sequenc& bf length yU( T) in the 
nucleus and in the melt; &., is the lateral surface free enthalpy; P~.(~.),~~ is the 
difference in the chemicd potentials of the c-sequences in the metastable 
supercooled melt and in the equilibrium EMSC of thickness y,(T); ~ty(-,.l,zU 
can be formulated analytically (see ref. 18), ~,L(.I~j is the melting temperature 
of EMSC nuclei of thickness y,,,,(T) in coexistence with the multi- 
component melt. Its momentary composition is continuously changed when 
nucleation proceeds, so that thermodynamic factors determine in a complex 
manner the nucleation rate of eatih nucleus of different thickness. AG, 
related to. the distance from the glass transition temperature Tc;, describes 
in the traditional manner how the melt viscosity changes [3]. 

Here, we will discuss representative results. Figure 25 depicts the fit to 
DSC curves of polyethylene networks under a constant cooling and 
heating rate. Parameters are collected in Tables 3 and 6. The DSC traces 
are fairly well ieproduced. Hence, it is in fact very likely that onIy nuclei are 
formed, with the same kinetic behaviour being shown for all EMSCs. The 
mass fraction of the coexisting micro-phases must always be correct within 

l 3 

Fig. 25. DSC traces of radiation-crosslinkcd PE networks at a heating and cooling rate of 
5 K min -‘: (A) 100 Mrad: (B) 400 Mrnd. Solid lines arc computed: parameters arc given in 
Tables 3 and A [13,1H]. 
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TABLE 6 

Kinetic pnramclcrs of PE networks: ufM = rrJ20 

ChSiS .~Il, X”’ I; d 

each of the sub-systems so as to fix uniquely in time the density of the 
EMSCs therein. However, the difference between the fi values in both 
networks is not readily understood. The same is true for the interaction 
parameters x”. Despite these shortcomings, some general conclusions can 
b& deduced, 

(0 

(ii) 
(iii) 

(iv) 

(v) 

(vi) 

(vii) 

The networks crystallize like eutectoid copolymers; the junctions are 
nc-units. 
Crystal growth does not seem to have a substantial role. 
The nuclei should have about the same composition as the stable 
EMSCs. 
The nuclei are inhomogeneous micro-phases in which influence of the 
defect boundaries on the thermodynamic factor increases with 
decreasing thickness J.J( T). 
In the examples considered, heterogeneous nucleation shouId be 
dominant. 
The nucleation rate depends on the momentary concentration in the 
melt which indicates the importance of relative concentration 
fluctuations which Should not be stibstantially modified as crystalliza- 
tion proceeds. 
During cooling with a constant rate, well-defined fractions of different 
EMSCs are nucleated almost simultaneously. Yet, the rate of crys- 
tailization decreases with decreasing thickness of the nuclei. Hence, a 
nucleation of c-sequences of different lengths runs selectively and 
consecutively on the time scale. 

As another example, we present results obtained for natural rubber 
networks. The temperature dependence of thermally induced crystalliza- 
tion in the unstrained network is well understood (Fig. 26). The typical 
sigmoidal bending of the isothermal crystallization is correctly reproduced 
.(Fig. 27), but this is not due to secondary crystallization effects -[3]. .The 
sigmoidal bending is the consequence of different nucleation rates’..fo? 
EMCs of different thickness. The smallest EMSC needs a very long time for 
complete ‘crystallization. 
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Fig. 26. Rcciprcrcal limo for reaching half 111~ maximum crystallinity of ;I natural rubber 
network plotted against crystallixation tcmpcruturc, according to ref. 73. The solid lint was 
computed 113. IX]. 

It is in any case necessary to “overdraw” the network so as to enforce 
nucleation. We can describe the kinetic effects during strain-induced 
nucleation if the van der Waals network theory [17,&I, 811 is combined with 
the thermodynamics of eutectoid copolymers, Table 7. 

Here, we confine ourselves to giving the stress-strain pattern and the 
heats exchanged during a stress-strain cycIe (Figs. 28 and 29). The heats 
exchanged under quasi-isothermal conditions have been measured in a 
micro stretch-calorimeter [SZ-911. According to the calculations, we 
understand fairly well the total energy balance that represents the exchange 
6f work and heat during deformation. Even in a force field, c-sequence 
segregation in EMSCs with a thermodynamically defined thickness dis- 
tribution takes place. The nucleation kinetics has features analogous to the 

0 400 000 1200 

- t [min] 

Fig. 27. Thu rvJl) of natural rubber (x,,, = 0.02) at 7’ = 
113. IS]. 

248 K. The solid line &IS computed 
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Parameters for dicumylc-crossiinked natural rubber 

T, = 298 K; Ai1(7;,,) = 4350 J mol- ‘: 2cr,/AJ1( T) = 2.06; AC = 6 J mol- ’ k-’ 
A = 0.2; B, = 3.5; 8, = 40 
M” ? 36 g mol-‘; A,,,,,. = 10.5; rr = 0.287 
Kinetic paramctcrs of NR networks 
*M = a,/2O: AG,j = 1550 J mol- I; 7& = 209 K; )I = 0.66 
SW = 0.02 
Crystallization x .G 
Thermally induced 0.0115 115 
Strain-induced 1.15 11.5 

Fig. 28. The stress-strain cycle ai- natural rubber (s,,, = 0.02) at room temperature with the 
strnin being incrcascd stcpwisc. sropping in hctwcen for 20 min (this mode of deformation is 
optimal in the stretching microcalorimctcr}: * * -. cxpcrimcntal; -, computed [13, ltr]. 

CXO 

Fig. 29. Diffcrcntial cnthalpics dQ/dh (s,,, = 0.02) abscrvcd during the sarnc cycle as shown 
in Fig. 2X. 



thermally induced nucleatio’n only, in that nucleation runs within a 
relatively narrow AA range. 

It is not yet understood why strain-induced crystallization needs an fi 
parameter that is 100 times that for thermally induced nucleation in 
isotropic.networks (Table 7). This effect might indicate that homogeneous 
nucleation of fully oriented crystals in oriented networks is greatly 
enhanded. Secondary nucleation, however, is not altered in either 
crystallization mode. 

That networks must be overdrawn so as to enforce nucleation is clearly 
visualized from the asymmetry of the differential heats during a stress- 
strain cycle (Fig. 29). The broad melting process during unloading is a direct 
consequence of selective and consecutive meiting of EMSCs that runs 
practically under equilibrium conditions. The same thickness distribution 
that occurs in the mode of thermally induced crystallization must exist. In 
the oriented equilibrium melt, EMSCs remain stable down to strains very 
much below those in which nucleation was enforced. 

T?lti size UC mb-sysk!nzs 

From these results, it is clear that finite sized thermodynamically 
equivalent sub-systems should also exist in stretched networks. In oriented 
systems, these sub-systems must show on average the same composition as 
well as the same mean orientation of chain segments and EMSCs. 

The size of the sub-systems can be estimated from the mean distance of 
the longest c-sequences (J$=-’ ). But we are interested in the relative 
distance D related to the dimensions of the mean end-to-end distance of a 
c-sequence of mean length in the copolymer, (x,/x,,)‘“. 

(30) 

It is reasonable to assume that the distance D is maximum at the critical 
mole fraction x,, = 0.015-0.02, below which folded chain crystallization 
becomes more and more ‘common. The data in Table 8 indicate that the 
maximum diameter of the sub-systems should range between 300 and 
400nm, which, for many reasons, appears to be a very reasonabie order of 
magnitude. 

TABLE 8 

D depcndcnt on s,, 



Let us once more discuss whether co-units behave like eutectic units. The 
possibility of smaller co-units being built into the crystal core of. EMSCs.has 
been dis,tissed extensively in the literature [92-981. The C=O unit is the 
only nc-unit that is built into the crystal lattice [99]. 

Fischer and coworkers have shown by SANS and SAXS measurements 
of chlorinated polyethylene that chlorines are included increasingly in the 
crystal core when the density of the chlorines increases (see alsti ref. 100), 
According to our model, chlorines should only be located in Iongitudinal, 
surface layers. The density may here exceed that of the crystal core. The 
melting process of copolymers with vicinal chlorines is fairly well described, 
including their SAXS pattens, by assuming that these units cannot be built 
into the crystal core [69]. It might be expected that methyl branches, 
however, do not behave very differently because CI+ units have about the 
same size as chlorines. This confirms that the’depression of the maximum 
melting temperature cannot easily be used for identifying the role of 
nc-units. It can be seen from the plot in Fig. 30 that methyl or chlorine as 
short-chain branchings enforce a different melting point depression, despite 
having the same size. It has been suggested that this is due to the different 
excess properties in the melt [14]. 

It is important that we have derived a consistent description of the 
primary parameters of the colloid structure. These structure parameters are 
strictly determined by the C(y) distribution. Their change with tempera- 
ture is fairly well understood within the framework of the eutectoid 
copolymer model. 

In the model of an inhomogeneous micro-phase, it is easy to squeeze ail 

Fig. 30. Maximum melting tcmpcraturcs of’ polymcthylcnc copolymers as a function of 
cornpckition and type of nq-units. The solid lines arc computccl (SW rcfs. 14 and 94). 0. 
propyl: l . methyl; and A, chlorine brnnchings. 



the- nc-units out of the core into the longitudinal defect Iayers. Even with 
the. diffusion coefficient of a solid, the& local arrangements are possible 
within a time interval of less than one second. Thus, it is unlikely that 
short-chain branchings can be restricted to the crystal core of EMSCs. This 
is supported by the observation that CH,-branched n-alkanes cannot be 
built in EMCs of homologucs. 

Let us defend our interpretation by a simple, but instructive calculation. 
The defect layer of EMSCs includes nc-units. We have to translate this into 
the equivalent two-phase model. To this end, we first assume that the 
chlorines are homogeneously distributed across the non-crystallized regions 
(including the defect layers of the EMSCs). We may then define the 
partition coefficient of the chlorines, y, by relating Ay to the mean thickness 
of the non-crystallized layers (y”‘) 

The empirical parameter LY must .be adjusled. The data in Table 9 shows 
that our artificial two-phase representation does in fact lead to the observed 
result, i.e. the coixentration of chlorines within equivalent crystals 
increases with increasing numbers of chlorines. Because EMSC are 
cooperative units, thermodynamics allow an equivalent two-phase descrip- 
tion to be used. But, in this “mode of description”, it must be postulated 
that an increasing fraction of nc-units is built into the equivalent crystals.. 

This interpretation opposes conclusions drawn by Eby, Flory and others 
[95,9@ lOl-I05]. It is significant that most of these authors used a 
two-phase model. 

FLNAL REMARKS 

The power of a quantitative thermal analysis of melting and crystalliza- 
tion is most impressively demonstrated with :he first full calculation of the 
heating and cooling DSC traces of networks. A solid understanding of the 
melting and crystallization kinetics is possible, even during stress-strain 

0.01 I 0.94 0.5X 
o.t115 0.M (ix6 0.54 
0.I1.72 0.4rl (l.Sf1 (1.4 I 

A =O.lS: Hz = 42: u = 0.45. 



cycles. The exceptional method here is the stretch midrticalorimetry which 
allows the whole energy balance during deformation to be measured.. 

It is shown that the chemicil structure of copolytiers containing nc-tinits 
has a unique influence on the colloid structure provided only extended 
chain or extended c-sequence crystals are formed. The crucial point is that 
it is essential to squeeze nc-units out of well-or&red lattices. Then, limited 
solubility in the sblid extended chain or extended c-sequince mixed 
micro-phases of multi-component’ systems is the thermodynamic reason 
why the primary level of the colloid structure and the chain structure are 
strictly interrelated. Defining the model of inhomogeneous micro-phases, 
adequate thermodynamics can be developed. The thickness of the 
micro-phases is uniquely determined by. the c-sequences built into them. 
Because c-sequences of different lengths are homologues, a systematic 
treatment of multi-component systems is possible, including excess 
properties in the solid solutions. Thus, we can predict isobaric state 
diagrams of eutectoid copolymers iti a multi-dimensional hyper-space. 

We have not discussed the very broad scale of different types of 
copolymers [944. But as long as folded-chain crystallization does not occur, 
one should succeed in arriving at an analogous characterization, as shown 
in this paper. 

Our results are significant in many respects. 

(0 
(ii) 

The thermodynamic equivalence of micro-phases is idly guaranteed. 
Once finite size effects have been accounted for, the topology of the 
state diagrams (phase rule) can be determined, as in classical systems. 
The size of the resultant equivalent sub-systems seems to be the result 
of “self-organization“ of an “optimized colloid structure”. 

(iii) 

Copolymers approach equilibrium because of the existence of these 
equivalent sub-systems. Their size should be in the range of about 
300-1000 nm. The colloid structure constituted by these sub-systems is 
typical for crystallized copolymers. Within each of the thermodynamically 
equivalent sub-systems, melting and CrystaIlization are synchronized by 
thermodynamics. The same phenomena as in classical systems were 
observed macroscopically. 

Finally, we ask what do we actually know about the colloid structure in 
eutectoid copolymers. In random copolymers the crystal thickness distribu- 
tion can be deduced from an analysis of the melting. Because of having 
broa,d defect layers, interaction between neighbouring EMSCs should be 
identical, independent of their thickness. Each EMSC congfiuration is thus 
assumed to have the same energy. Features of the superstructure .should 
therefore primarily be controlled by orientation correlations resulting from 
packing the EMSCs together. Clusters are developed. In the given 
circumstances, one observes a gasilike cluster structure so that SAXS 
patterns can be descr’ibed by means of simplifying models. The mean size 



of the X-ray-coherent clusters seems indeed to be determined by filling the 
space and maximizing the configurational, entropy. 

The -question is how this could be achieved. It is clear from the 
thermodynamics of mixed micro-phases that c-sequences within EMSCs are 
always exchanged according to the dynamics in mixtures. Hence, rearran- 
gements within the.sub-systems of even complicated configurations should 
easily be possible. In eutectoid copolymers these processes are sufficient for 
maximizing the global entropy of the cluster assembly. This also seems to 
hold true in semi-crystalline oriented networks. 

The interpretation of many experiments, particularly th-? calorimetric 
measurements, suggests the existence of thermodynamir iily equivalent 
sub-systems. Yet, at present we have no reliable method for identifying 
these sub-systems directly. Obtaining this knowledge is a key step in 
understanding the structural organization. In eutectoid copolymers, it is 
likely that the colloid structure is such that global extremum principles are 
fulfilled, approaching the entropy-maximum limit of a cluster gas structure. 
A description as to how superstructures are developed in semi-crystalline 
polymer systems under different boundary conditions has yet to be made. 
The present paper might suggest the first steps towards this description. 
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