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ABSTRACT: The existence of nonintegral folding chain (NIF) crystals in a series of poly(ethy1ene oxide) 
(PEO) fractions with molecular weight ranging between 3000 and 23 000 has been observed through time- 
resolved synchrotron small-angle X-ray scattering (SAXS), differential scanning calorimetry (DSC), and 
transmission electron microscopy (TEM) experiments. It has been found that with increasing molecular 
weight the isothermal thickening and/or thinning processes which lead to formation of the final integral 
folding chain (IF) crystals are increasingly hampered. At sufficiently high molecular weights, NIF crystals 
may be permanently retained. The thermodynamic driving force for these processes is discussed. An 
explanation of the NIF to IF transformation consists of both a thermodynamic reason (Gibbs free energy 
change) and a kinetic effect (chain diffusional motion and chain fold number). Of additional interest, the 
fold length of initial NIF crystals increases with crystallization temperature (or decreasing supercooling) for 
each fraction as commonly observed in polymer lamellar crystals with a relationship of 1 = CZ + C1/AT. 
However, the slope C1 increases with molecular weight instead of remaining constant as theoretically predicted. 
This may be caused by a change of the fold surface free energy due to loose folds, chain ends, and hydrogen 
bonding in the NIF crystals. 

Introduction 
One of the experimental approaches to help understand 

polymer crystal growth is to study the crystal growth 
behavior of a series of pure oligomers or low molecular 
weight fractions and connect growth mechanisms of these 
smaller molecules to  macromolecules. A pioneering series 
of studies was conducted on low molecular weight poly- 
(ethylene oxide) (PEO) fractions by Kovacs et al.1-5 They 
investigated isothermal crystal growth behavior, lamellar 
thickening, and crystal melting of single PEO lamellar 
crystals grown from the melt. The molecular weight range 
studied was between 2000 and 10 OOO. In the low super- 
cooling region, these low molecular weight PEO fractions 
are in the form of integrally folded (IF) single lamellar 
crystals. The presence of IF crystals implies that the chain 
hydroxyl end groups are rejected from the crystal interior 
and located at  the surface layers of the lamellae. It has 
been further observed that the folded-chain crystals in 
these PEO fractions are metastable with respect to the 
extended-chain crystals. For a given molecular weight, 
the number of folds (n) per molecule depends not only 
upon the Crystallization temperature (T,) but also upon 
the crystallization time (tJ. As T, and t ,  increase, the 
lamellar thickness increases in a stepwise manner due to 
the quantized reduction of n until there is full chain 

A parallel study was conducted by Booth's 
research group. Furthermore, they also synthesized a 
variety of different end groups such as a l k o ~ p ~ ~  and ac- 
etoxy.s Resulb similar to those for PEO fractions have 
been reported for these end-group modified polymers. 

Nevertheless, how chain molecules behave during IF 
crystal formation remains an unanswered question. The 
first observation of nonintegral folding chain (NIF) crystals 
was recently reported for n-alkanes crystallized from the 
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melt by Ungar and KellergJo and solution by Organ et al.ll 
In low molecular mass PEO fractions, we have also 
observed the existence of NIF crystals over wide crystal- 
lization temperature regions and for various molecular 
weighb.l2-l7 It is evident that the IF crystal is derived 
from isothermal thickening or thinning of the NIF crystal. 
The NIF crystal is thermodynamically the least stable 
state but grows the fastest. Isothermal thickening and 
thinning processes may occur within crystals a t  low 
crystallization temperatures or even on the crystal growth 
surface at  high temperatures. This leads to a conclusion 
that in these pure oligomers and low molecular weight 
fractions the crystal growth is a compromise between the 
thermodynamic driving force and kinetic pa th~ay .~J7  

Since our purpose is to study the polymer crystal growth 
mechanism through investigation of low molecular weight 
PEO fractions, in this paper we attempt to understand 
the molecular weight effect on crystal growth behavior in 
these fractions. In particular, we focus on changes of the 
fold length of NIF crystals with isothermal crystallization 
temperatures, times, and fold numbers. 

Experimental Section 
Materials. Six low molecular weight PEO fractions were 

purchased from Polymer Laboratories, Ltd., as standard materials 
and refractionated in our laboratory. Their molecular weights 
are 3000, 4250, 7100, 10 500, 12 600, and 23 000, respectively, 
withpolydispersities of 1.02,1.03,1.04,1.04,1.05, and 1.05. These 
PEO fractions possess hydroxyl end groups (-OH). Table I lists 
the melting temperature for each fraction*&l9 as yell as the average 
chain length which was calculated from 1 = M,/158.2.4 

Instrument and Experiments. In this study, time-resolved 
synchrotron small-angle X-ray scattering (SAXS) experiments 
were carried out at the Oak Ridge National Laboratory beam- 
line, X-14, a t  the National Synchrotron Light Source (NSLS). 
X-14 is a general purpose scattering line.20 Equipment on this 
line has been described in detail in the first two papers of this 
series. In brief, the synchrotron X-ray beam was focused through 
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Table I 
Molecular Characterizations and Melting Temperatures of 

Six PEO Fractions 

(M" ) (MwIMd length, nm T,, O C  

mcl wt polydisp_ersity av chain 
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Polymer Synchrotron SAXS PEO MW 3000 

T,=46OC 

3000 1.02 18.9 58.7 
4 250 1.03 26.9 61.1 
7 100 1.04 44.9 64.0 
10 500 1.04 66.4 65.4 
12 600 1.05 79.6 65.6 
23 000 1.05 145.4 67.0 

a dynamically bent Si crystal monochromator with a beam size 
of 0.1 X 1.0 mm (VXH) at  the sample position. The X-ray 
wavelength was 1.5498 A controlled through the monochromator 
set at 8.000 keV. A position-sensitive proportional counter 
(PSPC, Ordella 1020) was used to record the scattering pattern. 
A Mettler hot stage (FP-52) was situated on a Huber goniometer 
with the PSPC for isothermal experiments. The temperature 
was calibrated with standard melting materials during the beam 
radiation, and the precision of control was f0.5 "C. The minimum 
time between placement of the sample in the hot stage and the 
start of data collection was approximately 0.9 min. Lorentz 
correction was made by multiplying the intensity, I (counts per 
second), with s2 (s = 2 sin @/A), where his the wavelength of the 
synchrotron X-ray). For low molecular weight PEO fractions, 
crystallinities approach 100% even for the highest molecular 
weight fraction (MW = 23 OOO) studied (about 95 % )?l Therefore, 
the long spacings observed by SAXS were assumed to be 
representative of the lamellar crystal fold length without further 
correction. 

PEO fractions of about 40 mg each were placed in rectangular 
aluminum cups and heated to 30 OC above their melting tem- 
peratures (Table I). The specimens were then quickly quenched 
to 40 OC where crystallization occurs rapidly. They were reheated 
very slowly at  a heating rate of 0.1 OC/min to a self-seeding tem- 
perature, TB, 0.5 "C lower than the melting temperature and held 
isothermallyfor2Omin. Atthispoint in time,mostofthematerial 
was molten except for a very small amount of extended-chain 
crystal produced through the previous quenching. The specimens 
were then quickly moved to another hot stage at a predetermined 
crystallization temperature for isothermal experiments. This 
self-seeding technique was previously used by Kovacs et al.' and 
is a very reproducible procedure. SAXS measurements began 
at 0.9 min after sample switching. 

Differential scanning calorimetry (DSC) measurements were 
carried out on a TA thermal analysis system 9OOO. The DSC was 
calibrated in both temperature and heat flow scales at different 
heating rates (0.5-80 OC/min) using standard materials. The 
same self-seeding procedure was applied as in the SAXS 
experiments prior to isothermal crystallization. Successive 
heating scans follow without prior cooling after the complete 
crystallization of the samples (about 6 times longer than the 
exothermic crystallization peak time). 

Transmission electron microscopy (TEM) experiments were 
also conducted on the PEO fractions in order to determine the 
lamellar thickness of the crystals independently. The PEO 
samples were crystallized by the same procedure as for SAXS 
and DSC, followed by surface replication using heavy metal (Au/ 
Pt, 40/60) and carbon. The detailed procedure has been described 
in ref 22. A JEOL JEM-12OU transmission electron microscope 
with a 100-kV accelerating voltage was used in this study. 

Results 
Existence of NIF Crystals. Figures 1-4 show time- 

resolved synchrotron SAXS data for four PEO fractions 
with different molecular weighk of MW = 3000, 10 500, 
12 600, and 23 OOO at crystallization temperatures of 46, 
50,50, and 54 "C, respectively. For the PEO (MW=3000) 
fraction (Figure l), a scattering peak with a fold length of 
13.1 n m  is clearly observed at tc = 1.4min. Wi th  increasing 
crystallization time, this scattering peak intensity de- 
creases, and  two other scattering peaks at 19.0 and 10.0 
nm gradually develop. A t  t ,  = 11.4 min, t h e  initial 

4 8 12 
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Figure 1. Set of time-resolved synchrotron SAXS data for PEO- 
(MW=3000) crystallized at 46 "C. 
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Figure 2. Synchrotron SAXS data for PEO(MW=lO500) 
crystallized at 50 O C .  

scattering peak has almost totally disappeared and the 
peak at 10.0 n m  has become the dominant scattering peak 
with another small scattering peak at 19.0 nm. Since the 
fold lengths of 19.0 and 10.0 nm correspond to those of the 
IF(n=O) and IF(n= l )  crystals, respectively, the initial 
scattering peak of 13.1 nm is recognized as an NIF crystal. 

With increasing molecular weight, the SAXS pattern 
becomes increasingly complicated since multiple IF crys- 
tals may coexist. For the PEO(MW=4250) and PEO- 
(MW=7100) fractions, the synchrotron SAXS results have 
been reported in the first and second parts of thi~series.'~J~ 
Figure 2 shows the results for t he  PEO(MW=10500) 
fraction crystallized at 50 OC. At t ,  = 0.9 min, a fold length 
of 18.1 n m  can be observed. This fold length exists in all 
the SAXS curves within the experimental time scale. 
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Figure 3. Synchrotron SAXS data for PEO(MW 
crystallized at 50 "C. 

I I I 

Polymer Synchrotron SAXS PEO MW E 23,000 

T, 154 'C A 

E=-- :I I 
4 8 12 

( s = 2 a i n ~ / ~ ) x 1 0 3  

Figure 4. Synchrotron SAXS data for PEO(MW=23000) 
crystallized at 54 "C. 

However, the intensity of this fold length increases first 
and then decreases a t  a longer time. On the other hand, 
a new scattering peak at  22.0 nm appears a t  tc  = 4.2 min 
and grows monotonically with increasing time. Note that 
a twice-folded chain crystal for this fraction possesses a 
fold length of 22.1 nm. An isothermal thickening process 
is thus evident in this case. Two other weak scattering 
peaks at  11.5 and 8.9 nm may be the second-order 
scattering of the previous two peaks of 22.0 and 18.1 nm 
(in particular, their intensity developments closely cor- 
respond to the scattering peaks at  22.0 and 18.1 nm, and 
their ratios are all close to constant for each pair of 
scattering peaks). Figure 3 shows the SAXS data for the 
molecular weight increased to 12 600 and crystallized a t  
50 "C. At t ,  = 0.9 min, a broad scattering peak centered 
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Figure 5. DSC heatingtracesfor thePEO(MW=12 600) fraction 
crystallized at different temperatures (heating rate 0.5 OC/min). 

a t  22.7 nm can be identified. With increasing time, the 
intensity of this peak grows and the peak position gradually 
shifts toward 26.0 nm at  t ,  = 115.6 min. This fold length 
is still about 0.5 nm shorter than the fold length of IF- 
(n=2) crystals for this fraction, 26.5 nm. At  a long enough 
crystallization time one would expect that the fold length 
of this NIF crystal may finally stabilize at the fold length 
of the IF(n=2) crystal. 

A similar isothermal thickening process can be observed 
in the case of PEO(MW=23 OOO) crystallized a t  T, = 54 
"C, as shown in Figure 4. A gradual but continuous 
increase of the fold length with time can be seen. However, 
in this case the fold length of the NIF crystal (28.4 nm) 
lies between IF(n-4) and IF(n=5) crystals. Their cor- 
responding fold lengths are 29.1 and 24.1 nm, respectively. 

Differential scanning calorimetry (DSC) measurements 
for the completely crystallized PEO(MW =12 600) fraction 
are given in Figure 5. It is evident that a t  low crystallization 
temperatures below 42 "C, two melting peaks can be 
observed one main peak a t  62.5-63.5 "C and a small 
shoulder around 61-62 "C. Starting at  T, = 42 "C, three 
melting peaks appear. The highest melting peak at  64-65 
"C gradually develops with increasing crystallization tem- 
perature. Surprisingly enough, a t  T, = 56 "C this high 
melting peak suddenly almost disappears. This is similar 
to the cases of PEO(MW=4250) and PEO(MW=7100) 
where abnormal crystal melting behavior was found.16J7 
Further increasing the crystallization temperature to 57 
"C gives rise to a major melting peak at  64.3 "C. This 
peak corresponds to the high melting peak, which was 
observed a t  T, = 54 "C and almost disappeared at  T, = 
56 "C. At even higher crystallization temperatures, only 
one high melting peak exists; it is in the vicinity of 65 "C. 
A slight increase of this melting temperature to 65.7 "C 
can also be found when the crystallization temperature is 
further increased. 

Figures 6 and 7 show relationships between the melting 
and crystallization temperatures for both the PEO- 
(MW=12 600) and PEO(MW=23 OOO) fractions. In each 
case it is clear that below a certain crystallization tem- 
perature only two melting peaks can be observed. Above 
that, multiple peaks exist. In particular, for the PEO- 
(MW=23 000) between T, = 50 and 56 "C, as many as four 
melting peaks are evident. Their heats of fusion vary with 
crystallization temperature. Furthermore, only one melt- 
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Figure 7. Relationships between the melting and crystallization 
temperatures for the PEO(MW-23 OOO) fraction. 

ing temperature peak displays significant T, dependence, 
with the others relatively independent of T,. These T,- 
dependent melting peaks are associated with NIF crystals 
(see below). For the PEO(MW=23 000) fraction, above 
T, = 57 "C, the high melting peaks disappear. Only one 
peak remains, corresponding to the continuous increase 
of T,. Further increasing T, does not bring back the high 
melting peaks. 

Changes of NIF Crystal Fold Lengths with Tem- 
perature and Molecular Weight. Figures 8 and 9 are 
relationships between the fold length (lamellar thickness) 
and crystallization temperature for two fractions (MW = 
3000 and 7100). The data in these figures are from 
observations of both SAXS (points) and TEM (bars). It 
is clear that, besides the fold lengths of the IF crystals, a 
NIF crystal exists, and its fold length increases contin- 
uously with crystallization temperature. For the PEO- 
(MW=3000) fraction, the fold length of the NIF crystal 
is always in between those of the IF(n=l) and IF(n=O) 
crystals. However, for the case of the PEO(MW=7100) 
fraction the fold length of the NIF crystal is in between 
the IF(n=2) and IF(n=l) crystals below T, = 52 "C and 
in between the IF(n=l) and IF(n=O) crystals above T, = 
52 "C. In the vicinity of T, = 52 "C, the fold length of the 
NIF crystal is approximately the same as that of the IF- 
(n=l )  crystal. 

Figure 10 summarizes the fold length changes of the 
initial NIF crystals for six PEO fractions with reciprocal 
supercooling (supercooling A T  T m  - T,; T m  in Table I). 
The data of PEO(MW=4250) and PEO(MW=7100) frac- 
tions are taken from refs 16 and 17, and the others are new 
results reported in this work. It is interesting that for 
each fraction the fold length increases linearly with 
reciprocal AT. Furthermore, the slope of these lines 

L A  
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Figure 8. Relationships between the fold length (lamellar 
thickness) and crystallization temperature for PEO(MW =3OOO). 
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Figure 9. Relationships the same as those in Figure 8 for PEO- 
(MW=7100). 
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Figure 10. Relationships between the fold length change of 
NIF crystals and reciprocal supercooling. 
increases with the molecular weight. Nevertheless, the 
intercepts are almost constant a t  around 6.5-8.0 nm. It 
has been found that the fold length of NIF crystals shows 
a linear relationship with the reciprocal of the molecular 
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Figure 11. Ratio of Al/AlO (for the definition, see text) changes 
with respect to log tc at different temperatures (T,) for the 
isothermal thinning process of PEO(MW=7100). 
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Figure 12. Relationships the same as those in Figure 11 for the 
isothermal thickening process of PEO(MW=4250). Note that 
the ratios are greater than zero because of the denominator of 
L(1F) - L(N1F) instead of L(N1F) - L(1F). 

weight a t  constant supercooling. One can thus extrapolate 
the reciprocal molecular weight to zero (molecular weight 
to infinity) to obtain the fold length of NIF crystals of an 
infinitely long chain length. The dashed line in Figure 10 
represents these extrapolated data; a linear relationship 
with a slope of 270 nm OC and an intercept of 8.5 nm is 
found. 

Changes of NIF Crystal Fold Length with Time. In 
order to study the kinetics of isothermal thickening and 
thinning processes for different molecular weight PEO 
fractions, a comparison of the kinetics a t  a constant 
reference must be made. We define a ratio of [L(NIF) - 
L(t)]/[L(NIF) - L(1F)I = AlIAlo to represent the change 
of the NIF crystal fold length with time, where L(t)  is the 
fold length at  time t, L(N1F) is the fold length of the initial 
NIF crystal, and L(IF) is the fold length of the final IF 
crystal reached through either isothermal thickening or 
thinning. This ratio indicates the percentage of the fold 
length change relative to the total difference between the 
initial and the final states. 

Figure 11 shows the ratio of All A10 change with respect 
to log t ,  a t  different crystallization temperatures for the 
isothermal thinning process of the PEO(MW=7100) 
fraction. Two-step changes of the ratio values can be 
identified and correspond to the thinning process during 
and after crystallization, respectively.16J7 It is evident 
that the slope (d(A1IAlo)ld lot t,) of the second step in 
Figure 11 decreases with increasing isothermal crystalli- 
zation temperature. This indicates that with increasing 
temperature the isothermal thinning process slows down. 
On the other hand, a similar relationship can be plotted 
for the isothermal thickening. It is shown in Figure 12 for 
PEO(MW=4250) as an example. For isothermal thick- 
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Table I1 
Slopes of Isothermal Thickening and Thinning Processes 

for Different PEO Fractions 
MW T c ,  O C  d(Al/Alo)/d log tc 

3000 46 
48 

4 250 42 
44 
46 
48 
50 
52 
54 

7 100 42 
44 
46 
54 
56 
44 

10 500 50 
56 
46 

12 600 50 
56 

23 000 50 
54 

0.61 [thickening to IF(n=O)l 
1.22 [thickening to IF(n=O)l 
0.69 [thinning to IF(n=l)I 
0.48 [thinning to IF(n=l)] 
0.44 [thinning to IF(n=l)l 
0.41 [thinning to IF(n=l)] 
0.42 [thickening to IF(n=O)l 
0.87 [thickening to IF(n=O)I 
2.06 [thickening to IF(n=O)l 
0.43 [thinning to IF(n=2)] 
0.41 [thinning to IF(n=2)1 
0.34 [thinning to IF(n=2)] 
0.68 [thinning to IF(n=1)1 
0.47 [thinning to IF(n=1)1 
0.46 [thickening to IF(n=l)l 
0.31 [thinning to IF(n=2)1 
0.41 [thinning to IF(n=l)] 
0.30 [thickening to IF(n=2)1 
0.25 [thickening to IF(n=2)1 
0.32 [thickening to IF(n=l)l 
0.11 [thickening to IF(n=5)1 
0.12 [thickening to IF(n=4)] 

ening, the slope of the second step increases with the 
crystallization temperature. Table I1 lists the slope data 
of isothermal thickening and thinning processes for each 
PEO fraction at  different crystallization temperature. It 
is clear that the rate of the transition kinetics is reduced 
by the increase of the chain length and/or fold number. 

Discussion 
This is perhaps the first opportunity to investigate the 

crystal growth behavior of NIF crystals in a systemic 
manner through a series of low molecular weight PEO 
fractions. The significance of this study is not only to 
understand the crystal growth mechanism of these frac- 
tions but also to extend our knowledge of polymer crystal 
growth. Our discussion focuses on three aspects: 

1. What is the thermodynamic driving force of the 
isothermal thickening and thinning processes? 

2. How seriously is the thickening or thinning process 
hampered with increasing molecular weight and chain fold 
number? 

3. Can we find a correlation between the NIF crystal 
growth in the low molecular weight PEO fractions and 
high molecular weight PEO crystal growth? 

The experimental evidence from SAXS (Figures 1-4), 
DSC (Figures 5-7), and TEM (Figures 8 and 9) should 
leave little doubt about the existence of NIF crystals in 
low molecular weight PEO fractions. From LAM Raman 
spectroscopy, Krimm's group has also found these NIF 
crystals (which they designated "fractional IF crystals") 
in low molecular weight PEO fractions.24 In particular, 
the DSC results indicate that only one melting peak has 
alarge T, dependence (the lowest one). This melting peak 
corresponds to the NIF crystal. Other higher melting 
peaks resulted from annealing and perfection (through 
thickening and/or thinning) during heating. However, the 
isothermal thinning process may still be a puzzle since a 
tilted chain molecule will form a lamellar crystal of smaller 
thickness but with the same fold length. A decrease of 
the lamellar thickness may possibly be caused by some 
kind of tilting process rather than a shortening of the fold 
length. In the low molecular weight PEO fractions the 
NIF crystals crystallized first, and the overall crystalli- 
zation at  low crystallization temperatures ends after only 
a few minutes.12J3J6J7 Therefore, further thickness changes 
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low crystallization temperatures (say, AT > 12 "C) such 
motion occurs within the crystals, while at high crystal- 
lization temperatures the motion may also take place on 
the growing surface. This molecular diffusional motion 
depends not only on how many repeating units move 
together but also on the fold number per chain molecule 
in the initial NIF state. The former may be described by 
means of an energy term needed for such motion [vd, where 
5 is the friction coefficient per repeat unit, Y is the number 
of repeat units moving together, and d is the distance for 
the motion. If one considers the fold number effect as in 
the latter case, the motion may involve two or more chain 
stems moving simultaneously and exhibits a cooperative 
nature. Determination of a quantitative description of 
this phenomenon is still under investigation. One may 
expect that an activation energy of the diffusional motion, 
E,, could be helpful. Phillips and Rensch reported such 
an activation energy for thickening in low molecular weight 
poly(ecapro1actone) to be 418 kJ/m01.~~ Since this energy 
can break a single carbon-carbon covalent bond, one must 
conclude that it represents a cooperative motion. 

Therefore, the Gibbs free energy change during the 
thickening or thinning is 

AG = AG(N1F-IF) + E ,  (5) 
where AG(N1F-IF) represents the difference between 
the Gibbs free energies of the initial NIF crystal and of 
the final IF crystal. This term is negative as indicated in 
eqs 1 and 3, in contrast with the activation term E,, which 
is positive. Which process will occur faster, either thick- 
ening or thinning, thus depends upon the compromise 
between the thermodynamic contribution and the kinetic 
effect. With increasing molecular weight, one expects that 
the difference between G,(NIF) and G,(IF) decreases. On 
the other hand, E, increases due to increasingly large- 
scale cooperative motion (in particular due to the in- 
creasing fold number). As a result, the thermodynamic 
driving force quickly vanishes and the fold length of NIF 
crystals may remain as a permanent state with only local 
isothermal thickening as in the case for most high mo- 
lecular weight polymer crystals. 

Turning to a discussion of the results shown in Figure 
10, i t  is evident that the fold length of NIF crystals has 
a linear relationship with the reciprocal of the supercooling 
(AT): 

L(N1F) = C, + C,/AT (6) 

This relationship has been predicted by nucleaton 

! T MW = 3000 
MW = 4250 
MW I 7100 T T  

MW i 12600 T .  A MW I 23000 

e MW . iosoo 
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A A  PEO 
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30 20 10 0 

Supercooling (AT) 

Figure 13. Relationships between the ratio of L(NIF)/L(n=O) 
and supercooling for six PEO fractions with different molecular 
weights. 

observed from SAXS basically occur in the solid state 
through annealing and perfection. The tilting process in 
the solid state, if it happens, needs a large amount of mo- 
lecular cooperative motion in the crystals as well as an 
extra formation volume to allow this kind of motion. On 
the other hand, the isothermal thinning process is pro- 
nounced in the low crystallization temperature region 
where the NIF crystals are thermodynamically less stable 
than the IF crystals (see below). 

To explain the isothermal thickening and thinning 
processes, both thermodynamic and kinetic effects need 
to be taken into account. The thermodynamic stability 
of the crystal can be represented by its Gibbs free energy, 
G,. The fold length of the lamellar crystal is L. Two 
possibilities exist. The first case is that the NIF crystal 
is the least stable crystal, but its fold length is in between 
those of two sequential IF crystals: 

(1) G,(NIF) > G,(IF,n=i+l) > G,(IF,n=i) 

L(IF,n=i) > L(N1F) > L(IF,n=i+l) 

and 

(2) 
where i = 0, 1, 2, .... Therefore, isothermal thickening 
may occur throughL(N1F) towardL(IF,n=i) or isothermal 
thinning through L(N1F) toward L(IF,n=i+l). 

The second case is that in which both the thermody- 
namic stability and fold length are in between those of 
two neighboring IF crystals: 

(3) G,(IF,n=i+l) > GJNIF) > G,(IF,n=i) 

L(IF,n=i) > L(N1F) > L(IF,n=i+l) 

and 

(4) 
Isothermal thinning is thus forbidden, and only the 
isothermal thickening process can take place. Equations 
3 and 4 represent a common observation of polymer lamel- 
lar crystals that lamellar thickness is proportional to 
thermodynamic stability. 

Two conditions allow the first case (eqs 1 and 2) to be 
included. First, chain end defects may be included within 
the crystal interior. Second, the lamellar crystal surfaces 
for the NIF crystals may be very irregular and rough due 
to loose folds and cilia. Both effects reduce the thermo- 
dynamic stability of the NIF crystal, allowing the condition 
described by eq 1 to exist. 

Either of the observed thickening and thinning processes 
must involve chain molecular motion and in particular 
diffusional motion along the crystallographic c-axis. A t  

(7) 

where I,* is the initial lamellar thickness (or more precisely 
the length of the stems between the two fold surfaces) and 
Ahf and T, are the equilibrium heat of fusion and melting 
temperature, respectively. ue represents a fold surface 
free energy, while u is a lateral surface free energy. bo is 
the thickness of one chain monolayer along the crystal 
growth direction, and k is the Boltzmann constant. In the 
case of low molecular weight PEO fractions, it has been 
predicted that IF crystals may be developed through NIF 
crystals.28~30,31 Our experimental observations have qual- 
itatively verified this prediction. Nevertheless, a quan- 
titative description is more complicated by the fact that 
the fold length of each fraction at  constant supercooling 
is not a constant, but rather it increases with molecular 
weight (Figure 10). 
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Table 111 
Different Fold Lengths of IF Crystals of Six PEO Fractions 

fold lengths, nm 
molwt n = O  n = l  n = 2  n = 3  n = 4  n = 5  n = 6  n - 7  n = 8  n = 9  n-10  

3000 19.0 9.5 
4 250 26.9 13.4 (9.0) 
7 100 44.9 22.4 15.0 11.2 (9.0) 

10 500 66.4 33.2 22.1 16.6 13.3 
12 600 79.6 39.8 26.5 19.9 15.9 
23000 145.4 72.7 48.5 36.3 29.1 

If one assumes that the fold lengths of NIF crystals are 
representative of Zg*, u values can be calculated from their 
intercepts, which all indicate a value of around 6.5-8.0 
nm. In the more elaborate and more accurate approxi- 
mations that permit fluctuations of the fold 6 is 
roughly 1.5 times larger than kT/(bou). In the tempera- 
ture range from -67 (the glass transition temperature of 
PEO) to 70 "C, the a value varies between 1.0 and 2.0 
erg/cm2. Calculations based on eq 7 alone yield a a value 
between 0.8 and 1.5 erg/cm2 in the same temperature range. 
This value is surprisingly lower than that of other polymers 
such as polyethylene (a r 12 However, this 
value is very close to that derived from the extended- 
chain crystal growth kinetics of low molecular weight PEO 
fractions.34 This may be an indication that the lateral 
surface free energies for the NIF and IF crystal growths 
are not very much different. On the other hand, one can 
calculate the fold surface free energy from the slopes of 
these linear relationships. Since the slope increases with 
molecular weight, the fold surface free energy correspond- 
ingly increases. It should be noted that the melting tem- 
perature and heat of fusion used here should also be those 
of the NIF crystals. Nevertheless, we found that a change 
in the melting temperature does not significantly vary the 
calculated uevalues. Yet, the decrease of the heat of fusion 
of NIF crystals with molecular weight gives rise to a larger 
difference of ue for PEO(MW=3000) and PEO(MW= 
23 OOO) fractions mainly by decreasing the ae of PEO- 
(MW=3000). A detailed calculation leads to a ae value of 
31 erg/cm2 for PEO(MW=3000) and = 93 erg/cm2 for 
a PEO with infinite chain length. ue values of the other 
fractions lie correspondingly in between these two values: 
ue = 50 erg/cm2 for PEO(MW=4250), ue = 69 erg/cm2 for 
PEO(MW=7100), ue = 73 erg/cm2for PEO(MW=10 500), 
ue = 76 erg/cm2 for PEO(MW=12 600), and = 86 erg/ 
cm2 for PEO(MW=23 OOO). This is similar to  the case of 
low molecular weight polyethylene fractions. One may 
treat the observed fold surface free energy as the sum- 
mation of the effects of cilia and In the present 
case, any hydrogen-bonding contribution needs to be 
included. Hence, the cause for the changing slope in Figure 
10 may be attributed to the variation of fold surface free 
energy. However, the true value of Zg* is experimentally 
undetermined. A very short-time synchrotron SAXS may 
provide further experimental evidence. These kinds of 
SAXS observations in polyethylene have recently been 
reported.35 The lack of true I,* may introduce some error 
in the calculation of surface free energies u and ue. The 
different forms of the crystals grown from the melt (the 
NIF or the IF crystals) may also lead to the variation 
between the ne data reported here and others.3928 

From Figures 8 and 9, one can qualitatively observe the 
molecular weight effect on isothermal thickening and 
thinning processes. However, quantitative separation of 
the effect of the diffusional molecular motion and the 
number of chain folds is difficult. This is due to the fact 
not only that a t  constant supercooling the fold number in 
NIF crystals increases with molecular weight but also that 

11.1 9.5 (8.3) 
13.3 11.4 10.0 (8.8) 
24.2 20.8 18.2 16.1 14.5 13.2 

the friction coefficient and cooperative molecular motion 
is temperature-dependent instead of supercooling-depend- 
ent. 

Experimentally, isothermal thickening and thinning 
processes are observed by a change in the fold length of 
the initially formed NIF crystal to that of either of the two 
nearest sequential IF crystals. It is certainly important 
to look closely at  the differences between these fold lengths 
since they are associated with the different thermodynamic 
states of those crystals. Table I11 gives all the possible 
fold lengths of IF crystals for these fractions. It is clear 
that with increasing molecular weight the difference 
between the sequential fold lengths of IF crystals which 
result from the initial NIF crystals decreases. For example, 
this difference is 13.5 nm for PEO(MW=4250) between 
the fold length of IF(n=O) and IF(n=l) crystals, while for 
PEO(MW=7100), it decreases to 7.4 nm which is in 
between the IF(n=l) and IF(n=2) crystals. Further 
increasing the molecular weight leads to 5.5 nm for the 
PEO(MW-10 500) fraction (between IF(n=2) and IF- 
(n53) crystals),4.0nmforthePEO(MW=12 600) fraction 
(between IF(n=3) and IF(n=4) crystals), and 3.4 nm for 
thePEO(MW=23 000) fraction (between IF(n=5) andIF- 
(n=6) crystal). This difference between the fold lengths 
of two neighboring IF crystals will become vanishingly 
small a t  higher molecular weights. This indicates that 
the isothermal thickening or thinning process slows down 
with increasing molecular weight. This is due to the 
decrease of the difference in Gibbs free energies between 
the initial and final states, if one expects that the 
thermodynamic stability of the lamellar crystal is pro- 
portional to its thickness when the molecular weight is 
sufficiently high. As a result, the NIF crystal fold length 
will remain nearly constant. This is perhaps why the fold 
length of the polymer lamellar crystal shows a continuous 
increase with crystallization temperature. 

When the continuous change of the fold length from 
NIF to IF crystals is observed, one can compare absolute 
values of the slopes as listed in Table I1 by including the 
molecular weight and the fold number differences. In the 
case of the same fold number with different molecular 
weights, for example, comparing the thinning processes of 
PEO(MW=4250) at 42 and 44 "C with those of PEO- 
(MW=7100) at  54 and 56 "C, the absolute values of the 
slopes for thinning from NIF to IF(n=l) crystals are only 
slightly lower for those of the PEO(MW=4250) fractions. 
Further comparison can also be made for the thinning 
processes of PEO(MW=lO 500) and PEO(MW=lZ 600) 
at  56 "C to IF(n=l) crystals. This indicates that the 
friction coefficient has a smaller effect on the molecular 
motion in this temperature range. As long as the number 
of folds are the same, the transition kinetics (the slopes) 
gradually decreases with increasing molecular weight. 
Similar observations hold for the isothermal thickening 
processes. On the other hand, it is evident that, with 
increasing the fold number, the transition kinetics di- 
minishes as listed in Table 11. 
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Conclusion 
Low molecular weight PEO fractions serve as a bridge 

for the understanding of polymer crystallization which 
was originally extended from the crystallization of small 
molecules. An interesting feature of the crystallization is 
the initial growth of NIF crystals in these fractions, 
followed by an isothermal thickening or thinning process 
to form IF crystals. The unique observation of the 
isothermal thinning process is critically dependent upon 
the thermodynamic stability of NIF crystals, which is 
associated not only with fold length but also with chain 
end defecb within the crystals, as well as the nature of the 
chain fold surface. The fold length of NIF crystals is 
proportional to the reciprocal of the supercooling for each 
fraction as predicted by nucleation theory, but the slopes 
of these linear relationships are different. The detailed 
kinetics of isothermal thickening and thinning processes 
illustrate the effects of chain diffusion distance along the 
c-axis and chain fold number. With increasing molecular 
weight, these processes are increasingly forbidden, and 
NIF crystals may remain permanently as a final metastable 
crystalline state. 
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