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ABSTRACT: Analysis of experimental data on the temperature dependence of spherulitic 

growth rate from the melt for a number of linear, flexible-chain polymers has shown that the 

values of surface free energy of basal (fold-containing) face of a crystallization nucleus, l12, 

quantitatively correlate with polymer packing coefficient in the crystalline state, K. in virtually 

the whole range of variation of these parameters known so far. Also the preexponential term, 

G0, qunatitatively correlates with the "effective" free volume fraction, (v. -v.)lv., where v. 

and v. are polymer specific volume in the amorphous and crystalline states, respectively. A 

tentative mechanism of crystalline phase nucleation and growth in supercooled polymer melts is 

proposed which takes account of density fluctuations in the melt. 
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Temperature dependence of the crystalline 

phase growth rate from the isotropic melt is 

adequately accounted for by the classic biexpo

nential equation1 ' 2 : 

G=G0 exp ( -t::.FjkT)exp ( -t::.E/kT) (1) 

where t::.F is the free energy of formation of a 

critical-size crystallization nucleus, t::.E; the activa

tion energy for a transport process across the melt

crystal interface; G0 , the preexponential coefficient; 

k, Boltzmann's constant; and T, the absolute 

temperature. For the case of a two-dimensional 

(surface) nucleation, t::.F is approximated, as2
: 

t::.F=4boala2Tm0 /t::.Hmt::.T (2) 

where b0 is the thickness of a monomolecular crys

talline layer on the growth face; a1 and a2, the 

(free) surface energies of lateral and basal faces of 

a crystallization nucleus; T m 
0, the "equilibrium" 

melting temperature; t::.Hm, the fusion enthalpy, 

and t::.T=Tm0 -T, the degree of supercooling. 

Since the data on crystallization kinetics are gene

rally found to obey eq I both for low-molecular 

weight,3 as well as polymeric2 ' 3 liquids, the ques

tion arises, as to whether the nucleation parameters, 

at. a2 , and G0 , are the fundamental molecular char-

acteristics of a substance, or only the arbitrary 

parameters of a corresponding theory. The 

conclusion on the validity of either opinion could 

have been obtained in principle by comparing 

experimental and theoretical values of the said 

parameters. However, so far such an approach (at 

least, based on semiempirical arguments) has been 

possible only for "monomeric" liquids.4 ' 5 Thus, 

presently the only practical method to solve the 

formulated problem for polymers seems to be the 

establishment of a quantitative relationship 

between parameters at, a2 , and G0 determined from 

the experin1ents on temperature dependence of 

crystallization rate from the melt, and the funda

mental structural characteristics of a polymer 

found from independent measurements. 

Analysis of the Physical Meaning and Numerical 

Values of Parameters, a1 and a2 for Flexible

Chain Polymers 

We shall start by showing that the quantity, a2 , 

for basal (i. e., fold-containing) faces of a crystal

lization nucleus, as obtained from kinetic data, 

generally should not coincide numerically with the 

parameter, a2 ', for a "macroscopic" crystal, 

which enters the modified Tompson's equation2 
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(3) 

where Tm is the melting temperature of a folded

chain polymer crystal of the height, l. Ac

cording to Gibbs' criterion,6 thermodynamically 

equilibrium crystal shape (at the constant volume 

V) must satisfy the condition, ' 

a;A;=const (4) 

where a; and A; are surface free energy and the 

area of the i-th face respectively. As shown by 

WulfC the validity of condition (4) implies that 

there should exist a point inside the equilibrium 

crystal situated at a distance from i-th face (P;) 

proportional to a;, i. e., 

It is appropriate here to note that eq 4 and 5 are 

strictly applicable only to those crystals which 

have very large dimensions in comparison to the 

molecules from which they formed (i. e., such 

crystals should satisfy the definition of a "phase" .16) 

In the case of "microscopic" nuclei of a new phase 

consisting of a limited number of molecules the 

notion of crystalline "long" -range order 

indefinite, and one is forced to consider only a 

"short"-range (i.e., quasicrystalline) order in the 

mutual arrangement of molecules of a nucleus.17 

These arguments suggest that the empirical equa

tions of Batchinsky-Macleod,23 

a=const (p-pvt 

(5) or Sugden24 

Taking into account that the height, l*, and the 

width, a* of a critical-size crystallization nucleus 

in the polymer melt in the framework of kinetic 

theory,2 are l*=2a2/11F and a*=2adi1F, it is 

readily seen that the relation between l* and a* 

satisfies eq 5, and consequently, the nucleus shape 

is the equilibrium one. On the other hand, after 

completion of crystallization, the lateral dimensions 

of lamellar crystals, as a rule, gradually become 

larger than their heights,8 while the values 

of az calculated from eq 3 either remain close to 

"kinetic" az' s2 • 9 , or significantly change. 10- 12 It 

follows therefrom that the lamellar morphology of 

crystallized polymers is essentially non-equilibrium, 

since for eq 5 to hold, the values of a1 would have 

been many times (in fact, tens-to-hundreds-fold) 

increased in comparison with the generally ac-
• cepted values.* In other words, one may draw 

a broad conclusion that the structure of basal 

faces of crystallization nuclei and mature "macro

scopic" crystals in bulk polymers (and, consequent

ly, the numerical values of a2 and a 2 ') should be 

fundamentally different. The necessity of having 

to discriminate between a2 and a 2 ' was emphasized 

earlier by Mandelker, 3 ' 13 Kawai,14 Uhlmann,15 

and others. 

* Evidently, this argument will not work for the 

"mosaic" block model of Hosemann.18 ·19 However, 

as shown by recent experiments,20·21 the crystallo

graphic coherence of polymeric crystals is conserved at 

distances of up to some thousands of Angstroms. This 

evidence apparently rules out the mosaic blocks con

cept, although this conclusion may be questioned. 22 
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a=[P(p-pv)/Mt 

can be used as a first approximation to estimate 

the surface free energy not only of the melt (a,), 

but also of crystallization embrio (ac). In the 

above equations p and Pv are densities of a sub

stance in the condensed (liquid) and vapor sates 

respectively; P is a parachor, M is molecular 

weight, and n is an empirical parameter which, for 

the majority of low-molecular and polymeric 

liquids, has a value in the range of 3 to 4."3- 25 

Writing the above equations for the melt and for 

crystallization nucleus respectively and assuming 

Pv=O and n=4, we obtain: 

(6) 

Recently Wu26 obtained a similar equation. 

We present in Table I the experimental values of 

a1 and a., as well as other data necessary for ap

plying eq 6 to many polymers. Values of a. and 

p, were estimated from their temperature depen

dence plots25 '26 at some arbitrarily chosen tempera

ture, T*=0.9, Tm being roughly midway in that 

temperature interval where the crystallization rates 

for most polymers were measured. We also used 

as Pc the tabulated values of density of a perfect 

crystal calculated from X-ray data27 and which 

were then extrapolated to T* on the assumption, 

dIn PcfdT=- 2 x 10-4 K-1 . Pertinent experimen

tal data for poly(tetrafluoroethylene) being un

available, we used the values of p,, Pc and a. 

at 25ac. To avoid any adverse effect of a specific 

nucleus model where it is a priori assumed a1 * 
a.,"· 3 we studied first the relation between the pro-
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Table I. Values of nucleation parameters and packing coefficients for linear polymers 

()"1 ()"2 p. Pe a., q, K• c A, 
No. Polymer Tm,K 

erg/cm2 g/cc erg/cm2 kcal/mol A2 

Polyethylene 418 12.7 75.0 0.798 0.985 29.1 3.94 0.735 18.2 
0.856• 1.00• 

2 Polypropylene (iso) 449 8.8 44.5 0.784 0.905 24.8 4.4 0.700 34.3 
0.856• 0.938• 

3 Polystyrene (iso) 514 4.2 32.0 0.974 1.018 28.8 6.5 0.705 70.5 
1.112• 1.052• 

4 Polybutene-1 (iso) 403 7.2 15.5 0.860• 0.886• 1.7 0.655 60.6 

5 Poly(chlorotrifluoro- 494 3.9 40.0 1.930• 2.19• 2.9 0.750 31.6 
ethylene) 

6 Poly( tetrafl uoroethylene) 607 250.0 2.40• 25.2• 11.0 0.825 28.2 

7 Nylon 6 500 8.0 65.0 1.07• 1.22" 3.52 0.752 19.9 

8 Nylon 66 545 8.5 45.0 1.07• 1.22• 2.65 0.752 19.9 

9 Polyacrylonitrile b 590 5.1 151.0 1.27• 13.3 0.780 27.7 

10 Poly( dimethylsiloxane) 233 5.2 4.5 1.132 1.06 25.6 1.2 0.605° 58.0 

11 Poly (propylene oxide) 348 5.2 28.0 0.954 1.104 29.4 1.97 0.703 24.5 
I.O• 1.102• 

12 Poly(ethylene succinate)d 382 2.9 47.2 1.358• 2.75 0.720 20.1 

13 Poly(tetramethylene oxide) 330 10.0 115.0• 0.968 1.136 40.7 6.4 0.753 19.3 
0.980• 1.155• 

14 Poly(ethylene oxide) 348 13.0 41.5 1.04 1.286 41.4 2.57 0.723 21.5 
1.13• 1.290• 

15 Poly(ethylene adipate) 343 7.5 45.2• 1.200 1.335 45.6 2.6 0.745 19.9 

16 Poly(methylene oxide) 483 13.5 150.0 

17 Selenium 492 13.8 337.0 

• Values at 25°C. b From ref 72. c From ref 40. 
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Figure 1. Relation between a1a2 and {a0 ) 2• Through

out of this paper numbers at the data points refer to 

polymers listed in Table I. 

duct, 0'1 O'z, and the quantity, (a0) 2 (Figure 1). 

Exluding from consideration the data for poly

tetrafluoroethylene (point 6) and poly(ethylene 

oxide) (point 14), one can conclude that there is a 

trend for an increase in the product a 1a2 with (a0 )
2 • 

The same points also deviate from the trend line 

for other polymers on the plot, a2 vs. 0'0 (Figure 2), 
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1.205• 1.35• 

1.250• 1.495• 

4.28• 4.94• 

d From ref 73. • 
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Figure 2. Relation between a2 and 0"0 , 

17.2 

38.0 

while we observe a clear linear correlation between 

ac and 0'1 (Figure 3) which is described by equation 

0'1 =(0.15 ±0.03)0'0 (7) 

From the data obtained, it becomes evident that 

O'z and 0'1 are independent parameters, and this is 

contrary to Edward' opinion.28 This conclusion 
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Figure 4. Relation between "z and "1• 

is supported by data in Figure 4. 

Comparing eq 7 to Hoffman's equation2 

(8) 

and taking account of eq 6, we obtain (at a=0.1) 

(9) 

The latter relation is similar to the one proposed 

by Hobin,29 

(10) 

where 11Hcoh is the molar cohesion energy of an 

amorphous polymer. Solving eq 9 and 10 for a,, 
we get 

(11) 

The dependence of tabulated30 values of 11Hm 

and 11Heoh is shown in Figure 5. The straight 

lines "a" and "b" in this figure were drawn accor

ding to eq 11 at p./p.=1.1330 and p./p.=1.0931 

respectively. It can be seen that 11Hm increases 
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Figure 5. Relation between !1Hm and f1Heoh· Lines 

"A" and "B" were calculated from eq 11 with p./p. 

=1.3 and 1.09 respectively: a, 1, 4-polybutadiene; b, 
poly(vinyl chloride); c, 1, 4-polyisoprene; d, poly

(ethylene terephthalate). 
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Figure 6. Relation between !1Hmfl1H0 oh and (p./ 

p.)-4 

with 11Heoh• although the lack of quantitative 

correlation between experimental values of these 

parameters and the "theoretical" lines "a" and "b" 

makes one to believe that the assumption, p./ p. = 

const,30 ' 31 never holds. A similar conclusion was 

arrived at on several occasions earlier.32- 34 As 

can be seen from the 11Hm/11H.oh vs. (p.fp.)4 plot 

shown in Figures 6, a proper account of the de

pendence of the ratio, p./ p., on the chemical 

nature of a macromolecule permits one to obtain a 

much improved agreement between the experi

mental data and theoretical predictions (broken 

line in Figure 6) based on eq 11. Especially grati

fying here is the fact that the relation between 

11Hm/11H.oh and p./p. for poly (dimethylsiloxane) 

which was postulated to have the ratio, p./ p., 
below unity,32 ' 33 is in a perfect quantitative agree

ment with eq 11 at p./ p. =0.935. 

Thus, the preceding analysis has shown that the 

density increase due to the formation of a micro

scopic crystallization nucleus in the melt permits an 

understanding only of the numerical values of the 

surface free energy of the lateral faces of the nu

cleus with the aid of eq 6, but to explain the nature 

of the surface free energy of the basal planes, one 

has to take into consideration the specificity of 

the chain-folding phenomenon. According to 
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Hoffman,2 ' 35 the value of a2 is directly related to 

the work, q, necessary for the formation of a single 

fold on the nucleus basal plane, through the fol

lowing relation 

a2=(qf2)A (12) 

where A is the chain cross-sectional area in the 

crystal. Numerical values of A taken from ref 36, 

as well as values of q calculated by eq 12, are also 

included in table I. Analyzing the experimental 

values of a2 for polyethylene, Hoffman2'35 came to 

the conclusion that in the case of a regular (crystal

lographic) folding, q may be approximated as q= 

.n(.:le), where .:l• is the energy difference between 

the gauche- and trans-rotational isomers of the 

<:hain, and n is the average number of gauche

bonds in the fold. Unfortunately, this latter 

relation is of limited use for polymers in which 

structures are fundamentally different to poly

ethylene, since to determine q, one would need 

information both on the energy difference between 

rotational isomers, as well as on the number of 

higher-energy isomers in the fold, although this 

approach might be of use to solve the inverse 

problem: that is, to estimate n from experimental 

values of a2 and .:ls. Attempting then to explain 

the variation of a2 for different polymers, Hof

fman2·37 has also assumed that the stiffening of a 

molecular chain should be accompanied by a simul

taneous increase of both q and the melting tempera

ture, Tm. However, as can be seen from the cor

responding plot in Figure 7 constructed from the 

. data of Table I, no quantitative correlation between 

.q and Tm 0 exists. Therefore, it follows by neces

sity that to establish the dependence of a2 on the 

·chemical nature of the chain repeating unit, some 

Qther approach should be attempted. 
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Figure 7. Relation between q and T m· 
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A detailed analysis of energetics of formation of 

a single crystallographic fold in polyethylene 

single crystals2'38 has shown that the quantity, a2, 

may be expressed as the following sum: 

(13) 

where ab is the energy of chain bending by 180° 

(i. e., the energy necessary to obtain the chain mir

ror image), and a1 is the contribution of "twisting" 

energy required to twist thelchain into a nonparalle 

plane during its incorporation into crystalline lat

tice. Substituting experimental values a2=?Serg/ 

cm2 and a1 = 13 erg/cm2 for polyethylene (cf Table 

I) into eq 13, one finds that the greatest (above 

80%) contribution to a2 is provided by the two 

terms, ab and a, which account for the energy of 

chain incorporation into the lattice. A similar trend 

is also evident for other polymers (cf Figure 4). 

Thus, if one assumes that the energy of chain in

corporation into crystalline lattice varies in propor

tion to the packing density coefficient in the crystal

line state, Ko, then it is reasonable to expect the 

existence of a correlation between a2 and Ke for 

different polymers.39 ' 40 

The values of Ko in Table I for a number of 

flexible-chain polymers were taken from our pre

vious work.36 Ko for poly(dimethylsiloxane) was 

estimated by an empirical equation proposed 

earlier,36 ·39 ·40 since the numerical values of the Van 

der Waals volume for a chain repeating unit of this 
c 'I bl 41,42 polymer so rar were unavaJ a e. 

Ordinary and semi-logarithmic plots of a2 vs . 
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Figure 8. Relation of a2 and log az on Ko; X =5, 7, 

12, 14, 15. 
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K. are shown in Figure 8. It can be readily seen 

that the values of a2 in the range of its variation 

encompassing about two orders of magnitude, are 

correlated to K. through equation: 

log a2(erg/cm2)=7.65K. -3.95 (14) 

at a standard deviation o =0.12. It is pertinent 

here to emphasize the following points. First, 

the data for polytetrafluoroethylene obey eq 14 

which applies to flexible-chain polymers crystal

lizing by chain-folding mechanism. It follows 

therefrom that this polymer should also crystallize 

from the melt in folded-chain rather than in an 

extended-chain conformation*4s. Next, eq 14 

also proved applicable for correlating the experi

mental data of an inorganic polymer, selenium, 

which is capable of chain-folded crystallization, 

too.44
'
45 Taking 1.9 A as a Vander Waals radius 

of selenium,46 we calculated the intrinsic volume 

of the selenium chain repeating unit in the crystal

line state as 69.6 As (this corresponds to three 

atoms in the unit cell).47 Using the values of 

crystallographic parameters for a hexagonal unit 

cell, a=4.36 A and c=4.96 A,47 we obtain the 

unit-cell volume as 82 As, which then yields K.= 

69.6/82=0.848. Substituting the latter value into 

eq 14 we find a2 =355 erg/cm2 , which is virtually 

identical to the experimental figure, 337 erg/cm2• 45 

We may also note in passing that the latter value 

lies near the theoretically maximum value for 

folded-chain polymer crystals, since the limiting 

values of a2 from eq 14 for a system of flexible, 

constant cross-section rods turn out to be 115 

erg/cm2 for a cubic lattice (K. =0. 795) and 985 

erg/cm2 for hexagonal lattice (K. =0.907). Final

ly, recalling that the value, a2 =4.5 erg/cm2 , for 

poly(dimethylsiloxane) which probably has the 

minimal packing. density in the crystalline state 

possible for polymers (K. =0.605), 

also nicely conform to our equation 14, one may 

generalize these findings by stating that the above 

correlation is applicable in the whole range of 

experimental values of a2 and K. for such polymers. 

Analysis of the Preexponential Term, G0 

In periodics, it is a common practice to discri-

* It is worth mentioning that poly(tetrafluoroethyl

ene) was predicted39 •40 to have a "kinetic" value, u2 = 

250 to 280 erg/cm2, two years before this value was 
obtained experimentally .12 
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minate between "fast-crystallizing" and "slow

crystallizing" polymers. To explain the drastic 

differences between crystallization rates from the 

melt encountered in practical work with different 

polymers, various empirical approaches were used,. 

including the notion of differences in chain sym

metry and/or flexibility, in melting temperatures, 

etc.s• 48 However, these criteria as such are of a 

very qualitative nature and have limited applicabi

lity. Turning now to eq 1, one notes that during 

crystallization at low supercoolings (i.e., at Tm > 
T » Tg) the quantity, !:I.E, may be roughly taken as: 

constant for different polymers, thus making the 

major contribution to G for the remaining terms, 

exp ( -AF/kT) and G0 • Therefore, at comparable 

AT's and at G0 =const,2 one should have expected 

the sudden drop in crystallization rate, G, with an 

increase of parameter a2 in the numerator of the 

first term in eq 1. However, experiments show 

an entirely opposite trend,49 - 50 namely, that it is 

those polymers having a2 of the order of 100 

erg/cm2 and above [i. e., polyethylene, poly 

(methylene oxide) and poly(tetrafluoroethylene)} 

which exhibit maximum G's (cf Table II). This 

observation suggests, therefore, that G0::;t:const, 

and one should seek for an explanation of the 

extremely large differences in rates of crystal

lization for various polymers in numerical values 

of preexponential term, Go. 

According to Hoffman's remark,2 unavoidable 

simplifications made in mathematical 

of a given phenomenon in the framework of a 

concrete molecular model, lead to very large discre

pancies between experimental and theoretical 

values of G0 (in fact, deviations as large as some 

orders of magnitude are not uncommon). The 

only theoretically sound attempt to explain the 

observed values of G0 for polymers was undertaken 

so far by Hoffman,2 ' 9 who assumed 

Go=Joho=hokT*/h (15) 

where J0 =kT*/h is the "standard" rate of nuclea

tion in the melt, T* is the temperature of the 

maximum crystallization rate, and his the Planck's 

constant. Values of G0 for polyethylene and 

poly(chlorotrifluoroethylene) estimated from eq 

15 deviate from the experimental ones by one to 

two orders of magnitude which was considered 

satisfactory.2 ' 9 However, this discrepancy can be 

much more pronounced when the data for other 
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Table II. Data obtained from measurements of spherulitic growth rate from the melt 

Polymer G•,min Tg,K c2,K Go, em/sec I:J.Sfk !:J.S, e.u. I:J.Sme.u. 

Polyethylene 6. 7 (22) 253 51.6 1.6 X 106 3.79 7.5 2.34 

160 1012 

Polypropylene 7.0 (49) 258 75 700 0.98 1.95 2.2 

Polychlorotrifluoroethylene 11.7 (41) 325 51.6 1.7 X 104 1.71 3.4 1.14 

Polystyrene 0.15(50} 358 75 15 0.46 0.91 1.95 

Nylon 6 14.4 (46) 335 110 2.43x106 2.08 4.15 1.4 

Nylon 66 14.4 (46) 335 110 1.55x104 2.08 4.13 1.55 

Poly(prypolene oxide) 8. 74(35) 208 95 618 1.07 2.13 1.96 

Poly(ethylene succinate)" 390 1.36 2.7 1.1 

Poly(ethylene adipate) 15.8 (35) 220 1.05 X 104 1.36 2.7 1.26 

Poly(methylene oxide) 1.25(48) 190 51.6 1.05 X 1011 4.47 8.92 3.0 

Selenium 0.17(69) 305 51.6 7.25x106 2.92 5.8 2.55 

• Values in parenthesis denote degree of supercooling (K). " From ref 73. 

polymers are taken into account. 51 For example, 

eq 15 predicts that polymers with high bo's and T*, 

as compared with polyethylene (e. g., isotactic 

polystyrene), should have higher values of Go, 

though in practice a completely different situation 

arises. 51 This discrepancy clearly shows that the 

simple equation 15 cannot account for the specific 

structural peculiarities of the amorphous state of 

·different polymers caused by the intrinsic dif

ferences of their chemical nature. Therefore, in 

place of eq 15 one should write a more general 

expression, 

Go=Go'/(x) (16) 

where the first term, G0 ', is defined by eq 15, and 

the second,/(x), defines the function of some struc

ture-sensitive parameter, x. An equation of 

similar form was used recently by Lauritzen and 

Hoffman. 52 

Some years ago, 31 ' 53 ' 54 we formulated the con

cept of a "quasi-network" of short-range ordered 

regions in isotropic polymer melts arising from 

density fluctuations. In terms of this model, 

these regions of short-range, segmental order are 

the most likely candidates for crystallization 

nucleation in supercooled polymer melts. The 

general expression for the probability of density 

fluctuation in an isolated system has the following 

form55 : 

dw(p)=/(p)dp (17) 

where/(p)=A exp (!J.S/k) is the probability distri

bution density of parameter p, !J.S is the entropy 
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difference between the given (i. e., instantaneous), 

and the equilibrium (i. e., time-averaged) states 

of the system, and A is a constant. It can be 

reasonably assumed that the number of "primary" 

crystallization nuclei in the melt at a given tempera

ture which forms per unit time due to density fluc

tuations (in other words, the nucleation rate 

responsible for numerical value of G0), will depend 

on the probability distribution density, f(p), that 

is 

Go=f(p) and G0 '/(x)=A exp (!J.S/k) (18) 

Setting G0 ' =const=A, we obtain 

f(x)=exp (!J.S/k) (19) 

The latter expression is similar in form to Eyr

ing's definition of activation entropy for transport 

processes as a measure of deviation between 

experimental values of a preexponential term and 

theoretical ones calculated from simple models. 56 

However, as follows from the above discussion, the 

quantity, !J.S, in eq 19 has the physical meaning of 

difference between entropies of a system in non

equilibrium and equilibrium states, respectively. 

Assuming now that the non-equilibrium state cor

responds to the one in which all segments enter the 

quasi-crystalline regions of a short-range order, 

and that the equilibrium state is that of an isotropic 

melt with homogeneous segmental distribution, 

and using the general definition of entropy as a 

measure of order, we come finally to the conclusion 

that !J.S should be a function of a dimensionless 

ratio, (v.-v 0 )/v., where v.=1/p. and V0 =1/pc are 
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polymer specific volumes in the amorphous and 

crystalline states. 

The values of G0 for a number of polymers 

calculated from experimental data on the tempera

ture dependence of spherulitic growth rates from 

the melt2 ' 37 ' 49 ' 51 ' 57 ' 58 are listed in Table II. Since 

the numerical values of G0 are very sensitive to the 

analytic form of an approximation used to define 

A.E, we have employed in the calculations the 

Hoffman's relation,2 

A.£=4120 T/(C+T-Tg) 

with variable parameter C. Values of the ratio, 

(v. -V0 )/v., at 25°C, were evaluated from the data 

in Table I. 

Plots of log G0 and log (log Go) vs. (v. -vc)fva 

1.0 
10 

of6 

D 

0.05 0..10 0./S 0.21J O 

(va-1-C)/Va 

Figure 9. Dependence of log G0 and log (log Go) on 

(v. -V0 )/v •. 

are shown in Figure 9. The data in Figure 9 are 

adequately accounted for by equation (solid line 

in Figure 9) : 

log (log G0)(cm/sec)= -0.5 + lO(v. -vc)Jv. (20) 

at a standard deviation o=9.95 x 10-2• Compar

ing eq 17, 18, and 19 and setting Go'=const= 

5 x 105 em/sec for all polymers,* we get 59 : 

A.S/k= -0.89+ 10(v. -v.)fvc (21) 

The numerical values of the ratio, A.Sjk, calculated 

* This value corresponds to "statistically-average" 

values b0 =6 A and T*=400 K. Errors brought 

about by deviations of experimental values of these 

parameters from "statistically-average" ones by 30-

50%, remain within the limits of standard deviation. 
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by eq 21, are also listed in Table II. Unfortuna

tely, it is rather difficult now to attribute any 

definite physical significance to these values since 

this would require an a priori guess as to the di

mensions of structural "growth segments" depos

ited onto the crystal growth face. However, we 

have tried to find a correlation between the values 

of as per mole of "growth segments" as calculated 

from the ratios, A.Sjk, in Table II, and those of 

the fusion entropy per mole of main-chain bonds, 

A.Sm.3 The resulting plot is shown in Figure 10 

from which it becomes clear that the studied poly

mers can be subdivided into two groups, the first 

of which obeys the relation, 

(22) 

while for the second, 

(23) 

seems to hold. Interestingly, the first group 

consists of polymers with a rather simple, sym

metrical molecular structure (e. g., aliphatic poly

ethers, polyesters, polyamides, and the like), for 

which the inequality, V0 /V. < 0.9, is usually ob

served; but, for the remaining three polymers of 

the second group [polypropylene, poly(propylene 

oxide) and polystyrene] with massive side substi

tuents which crystallize in helical conformation, 

the ratio V0 /V. axceeds 0.9. We may recall here 

that splitting of the plots describing the dependence 

of various polymer properties on conformational 

characteristics of macromolecules having different 

conformations in the crystalline state, is not a rare 

incident.60 ' 61 These results cause one to believe 
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that for polymers of the first group having a higher 

values of G0 and obeying eq 22, the dimensions of 

"growth segments" should be substantially greater 

than the three main-chain bonds, while for the 

second group polymers which have lower values of 

Go, the crystal growth should proceed through 

transport of "growth segments" comparable to 

the single bonds of the main chain. These 

arguments compare favorably to the predictions 

of Lauritzen and Hoffman62 on the existence of 

two mechanisms of polymer crystallization. The 

first of these is characterized by larger values of 

Go and corresponds to continuous deposition of 

long individual "growth segments" onto the crystal 

growth face. But during crystallization by a 

second mechanism (i.e., that with lower G0), the 

growth proceeds through a simultaneous deposi

tion of many small "growth segments" on the 

growth plane and their subsequent slow "incor

poration" into crystalline lattice. It should be 

mentioned here that polyethylene which enters 

our first group of polymers, crystallizes by a first 

mechanism, while the polymer from the second 

group, isotactic polystyrene, obeys the second 

crystallization mechanism. 62 

The above results might be given the following 

tentative molecular interpretation. Density 

fluctuations in supercooled polymer melts are 

"frozen-in" at temperatures where the bulk free 

energy loss, due to the formation of crystallization 

nuclei, over-compensates the free energy gain due 

to formation of the melt-crystal interface. The 

subsequent process of the "growth segments" 

deposition on the nucleus growth face will proceed 

faster in polymers from the first group having 

higher values of the "effective" free volume frac

tion, (va -V0 )/va. However, a similar process in 

the second-group polymers is expected to be much 

slower. These arguments are in a good qualita

tive correspondence to the proposed mechanism of 

transport processes in micro heterogeneous melts of 

flexible-chain polymers. 62 

CONCLUSIONS 

The results of our analysis have shown that the 

experimental values of the surface free energy of 

basal (fold-containing) planes of a crystallization 

nucleus, a2 , quantitatively correlate with the 

polymer packing coefficient in the crystalline state, 

Polymer J., Vol. 10, No.6, 1978 

K0 , in practically the whole range of variation of 

these parameters for flexible-chain polymers. 

This result thus confirms our suggestion that the 

experimental values of a2 reflect mainly the 

contribution of a work required to incorporate 

crystallographically the chain "growth segments" 

into a crystalline lattice. Moreover, this quanti

tative correlation may serve as a practical tool of 

correct assessment of experimental data. For 

example, analyzing the conflicting values of a2 for 

poly(vinylidene fluoride), Mancarelly and Martus

celli63 select as the more probable and the lower 

figure, 65 erg/cm2• However, since this polymer 

has Ke at least comparable to that for poly(tetra

fouroethylene),36 it turns out that higher values, 

239 to 349 erg/cm2, 63 are more appropriate here. 

Our analysis of Martuscelli's data on the kinetics 

of isothermal crystallization from the melt of 

copolymers of dienes and polyesters64 has also 

shown that the regular decrease of a 2 accompany

ing the increase of the double-bonds content in 

the chain can be quantitatively accounted for with 

our eq 14 since the concomitant increase in the 

lateral dimensions of the crystalline unit cell (at the 

constant periodicity along the chain axis) leads 

directly to lower Ke 's. 

Quantitative analysis of the preexponential 

term, G0 , for a number of polymers revealed the 

inadequacy of existing theoretical estimates of this 

parameter and formed the basis for suggestion, 

that Go should depend on the probability of a 

segmental density fluctuation in polymer melts 

expressed empirically as the dimensionless ratio, 

(va -V0 )/va. This suggestion was confirmed by a 

quantitative correlation between G0 and the "ef

fective" free volume fraction, (va -V0 )/Va, in a very 

large (in fact, encompassing about ten orders of 

magnitude) range of variation of experimental 

values of G0 for spherulitic growth rates from the 

melt. By disussing this correlation in terms of a 

classical definition of fluctuation probability as of 

a function of an entropy difference, t:.S, between 

equilibrium and non-equilibrium states of an iso

lated system (that is, isotropic polymer melt), it 

has been shown that dependence of t:.S on fusion 

entropy per main-chain bond is markedly different 

for polymers of a simple molecular structure having 

V0 /Va below about 0.9, on one hand, and for 

polymers with bulky side substituents and V 0 /Va 

above 0.9, on the other hand. This difference is 
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consistent with the concept that the dimensions of 

the "growth segments" for the fisrt group of poly

mers should be substantially greater than those 

for the second group. It also significant that the 

peculiar feature of melt crystallization for polymers 

from the first group [polyethylene, poly(ethylene 

oxide), poly (tetramethylene oxide), etc.] is a very 

pronounced process of "secondary" crystalliza

tion proceeding primarily via mechanism of 

"thickening" of lamellar crystals accompanied by 

the "smoothing" of their basal planes.65- 69 For 

polymers from the second group (polystyrene, 

polybutene-1, polypropylene, and the other helical

chain polymers) the phenomenon of secondary 

crystallization is either entirely absent, 70 or very 

weak, the lamellar height being essentially un

changed.71 

On the basis of these observations, it is tempting 

to speculate on the qualitative mechanism of poly

mer crystallization from the melt. Density fluc

tuations in supercooled polymer melts bring about 

the formation of a quasinetwork of ordered regions 

serving as potential nuclei for crystalline phase. 

The "freezing-in" of fluctuations (i.e., appearance 

of stable crystallization nuclei) will take place 

under conditions of the energy losses during for

mation of a melt-crystal interface. This depends 

mainly on the surface free energy, a2 , becoming 

less than the loss of free energy of the bulk polymer 

due to formation of thermodynamically stable 

crystalline nuclei. For polymers of the first group 

possessing higher values of K 0 , the process of incor

poration of long growth segments into densely

packed crystalline lattice will require higher energy 

for the deformation of the latter. This is reflected 

in the enhanced values of a2 , while the energy 

{and, correspondingly, a2) required for a similar 

process in loosely-packed polymers of the second 

group, should be considerably lower. Moreover, 

rather large values of the free volume fraction, (va 

-vc)/Va, for polymers of the first group are the 

likely prerequisites for significant fluctuations of 

the period of chain folding (that is, dimensions of 

the growth segments) during the initial period of 

crystallization, and their smoothing-out during 

the final (secondary) crystallization stage. Such 

processes should be much less pronounced in poly

mers of the second group having lower values of the 

ratio, (va -V0 )/va. This picture is in qualitative 

agreement both with the available experimental 
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data, 65- 71 as well as with the predictions of a more 

sophisticated molecular theory. 52 

Note Added in Proof 

Recently Miller and Boyer (J. Polym. Sci., 

Polym. Phys. Ed., 16, 371 (1978)) obtained the fol

lowing relationship between a2 and the chain cross

sectional area A 

log Gz=kl-kzlog A 

where k1 and k2 are empirical constants for different 

polymer families, the latter being very close to 

unity. This equation is in quallitative accord 

with eq 14 of the present paper in view of a rough 

correlation between Kc and A (V. P. Privalko, 

Polym. J., 7, 202 (1975)). Moreover, inserting eq 

8 of this paper into expression, Kg=4boa1az Tmf 

kJHm, and taking logarithms, one obtains equa

tion identical to that of Miller and Boyer, viz., 

log a2 =k/ -kz' log A 

wherek/=logKg-log Tm-log(4afk),k/=1 and 

A=b/. Therefore, to estimate a2 using this ap

proach one needs either knowing the numerical 

value of Kg which can not be made on an a priori 

basis, or making a guess on to what polymer 

family a given polymer belongs in order to choose 

the empirical value of k1 from Miller, et al.'s paper. 

In view of these difficulties a straightforward use of 

our equation 14 seems preferable. 
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