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High-resolution t3C nuclear magnetic resonance (n.m.r.) spectra of melt-quenched polyethylene and 
polyethylene single crystals are measured by the cross-polarization/magic angle spinning technique. Melt- 
quenched polyethylene and polyethylene single crystals have four small upfield peaks, a shoulder on the main 
peak and three small peaks, respectively. Based on the ~3C n.m.r, resonance lines of cyclic paraffin C64H128 
reported previously, it is concluded that the main peak and the three upfield peaks arise from the trans zigzag 
structure region and the folded structure region, respectively. From these peak intensities, it is estimated that 
the stem length of polyethylene single crystals is approximately 125 A. Taking into account an error in the 
estimation of the small peak intensities, the calculated stem length of 125 A is consistent with the crystal 
thickness (12G150 A) observed directly by electron microscopy. It can be concluded, therefore, that 
polyethylene single crystals mainly contain sharply folded structure. Melt-quenched polyethylene may 
contain sharply folded structure to some extent in addition to loose loops. 
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INTRODUCTION 

Since Keller ~, Till 2 and Fischer 3 independently, in 1957, 
proposed a chain-folding hypothesis from electron dif- 
fraction of polyethylene single crystals, a lot of arguments 
on chain folding in a single crystal have been made by 
means of X-ray diffraction, Raman spectroscopy and 
other spectroscopies. Nevertheless, the configuration of 
the polymer chains in the folded structure region remains 
incompletely solved. The determination of the chain con- 
formation of polyethylene in single crystals is one of the 
most important problems in polymer science, and its 
knowledge becomes fundamental for obtaining infor- 
mation about the conformation of a single polymer chain 
in the crystalline state. Several models have been pro- 
posed to depict the conformation in the folded structure 
region of polyethylene single crystal. Figure 1 shows the 
three models: (a) sharp fold modeP;  (b) switchboard 
model4; and (c) loose loop model s. These models have 
been discussed from various aspects, but it has not been 
conclusively determined which model is the most reason- 
able for the folded structure region in polyethylene 
crystals. 

The purpose of the present work is to clarify which 
model is the most reasonable for the folded structure 
region in polyethylene single crystals and melt-quenched 
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polyethylene. Such an attempt will be carried out by 
means of 13C cross-polarization/magic angle spinning 
(CP/MAS) n.m.r, spectroscopy, which has proved to be an 
excellent means for probing the conformation and dy- 
namics of polymers in the solid state 6. The results of 13 C 
CP/MAS n.m.r, of cyclic paraffin C04H128 (refs. 7-9) were 
used in an attempt to provide insight into the chain-folded 
conformation because such paraffins of long chain lengths 
assume a compact conformation in the solid state with the 
shape of two parallel straight chains bridged at both ends, 
as shown in Figure 2 ~ o, ~l, and this form is closely related 
to the chain-folded structure. 

EXPERIMENTAL 

Materials 

Polyethylene single crystals. For the preparation of 
polyethylene single crystals 12, ffactionated Marlex 50 
polyethylene with Mw=31 000 was used. The poly- 
ethylene was dissolved at 130°C in xylene at a con- 
centration of 0.03%. The solution was kept at 80"~C for 2 h 
for primary crystallization, and then at 102°C for 5 min 
for self-seeding. Next, the solution was kept at 82"C for 2 h 
again and then slowly air-cooled to room temperature. 
Deposited crystals were separated from solution by 
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Figure I Schematic drawing of the conformation models of po- 
lyethylene single crystal: (a) sharp fold model: (b) switchboard model: 
and (c) loose loop model 
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Figure 2 Schematic drawing of the conformation of a cyclic paraffin 

fi l tration,  washed with ace tone  and dried. This sample  
was composed  of lamel lar  single crystals,  as shown in 
F i g u r e  3. 

M e ~ t - q u e n c h e d  p o l y e t h y l e n e .  Unfrac t iona ted  poly-  
ethylene (M,~= 128000) was put  into a glass tube and 
sealed off in vacuum. The glass tube was heated at  150~C 
and then quenched  in d ry - i ce /methano l  (about  - 7 0 ° C ) .  

The crystal l ini ty  of the polyethylene  single crystals  and  
mel t -quenched polyethylene  was es t imated from the 
density. The densities of the samples  were measured  in a 
mixture  of n-hexane and ca rbon  te t rachlor ide  at 25 'C  
(Tab le  1). 

M e t h o d s  

~3C C P / M A S  spectra  were measured  by means  of a 
J N M - F X 2 0 0  (50 MHz)  and GX 270 (67.5 MHz)  spectro-  
meters  with a C P / M A S  accessory.  The sample  ( ~ 300 mg) 
was conta ined  in a bul le t - type ro tor  and  spun at 3 0 0 ~  
4000 rpm. Contac t  t ime is 0.4 6 ms* and  repet i t ion t ime 
5 s. Spectral  width  and da ta  points  were 20 kHz and 8 K, 
respectively. ~ H field s t rength was 12 mT for bo th  C P  and 
decoupl ing  process.  The number  of accumula t ions  was 
5(~1000. ~3C chemical  shifts were ca l ibra ted  indirect ly 
th rough  external  benzene (128.5 p p m  relat ive to TMS). 

Electron mic rographs  of polyethylene  single crystals  
were taken using a J E O L  J E M - 7  electron microscope  
(JEOL). 

R E S U L T S  A N D  D I S C U S S I O N  

F i g u r e  4 shows ~3C C P / M A S  n.m.r, spectra  of cyclic 
paraffin C64H128, mel t -quenched  polyethylene  and poly-  
ethylene single crystals.  Each spec t rum is normal ized  to 
the same total  intensi ty and is p lo t ted  at  ampl i f ica t ion 

Figure 3 Electron micrograph of polyethylene single crystals with 
M,~ = 31 000. Chromium shadowing was done 

Table I 
and melt-quenched polyethylene 

Density 
Sample (g c m  3} 

Polyethylene single crystals, Mw=31 000 0.9814 
Melt-quenched polyethylene 0.9456 

The crystallinity and density of polyethylene single crystals 

Crystallinity 

94.1 
70.4 

* The 13 C CP/MAS spectra of polyethylene samples were measured with 
various contact times in order to optimize the folded structure region. 
We found that contact times of 1 and 2 ms are better for obtaining a clear 
spectrum of the sample. 
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Figure 4 Observed 13C CP/MAS n.m.r, spectra of cyclic paraffin 
C64H12 s ((A) and (A')), melt-quenched polyethylene ((B), (B') and (B")) 
and polyethylene single crystals (M w =31 000) ((C), (C') and (C")). The 
spectra in (b) are amplified, compared with the spectra in (a). The spectra 
(A), (A'), (B), (B') and (C") were recorded with a contact time of 2 ms at 
50 MHz and the others with a contact time of 1 ms at 67.5 MHz. N~ and 
N 2 indicate noise levels for spectra (B") and (C"), respectively 

level. The regions at the base of all of the lines are 
asymmetric. 

Cyclic paraffin C64H12 a has small upfield peaks on the 
main peak. The main peak and two small peaks are 
designated I, II and III, respectively. In a previous paper 7, 
these peaks were assigned using the 7-9auche effect 
concept; peak I, and peaks II and III arise from the 
methylene trans zigzag structure region and folded struc- 
ture regions, respectively. These were interpreted in the 
following manner. As shown in Fioure 2, cyclic paraffins of 
long chain lengths crystallize in a conformation characte- 
rized by two parallel all-trans zigzag strands connected by 
two GGTGG loops ~°J ~, where G and T denote gauche 
and trans, respectively. If this conformation is dynami- 
cally rigid in the solid state at room temperature, then, 
based on the perfect, we would expect loop carbons C(3), 
C(3'), C(4), C(4'), to resonate 17-effect upfield and loop 
carbons C(1), C(I') to resonate 27-effects upfield from the 
all-trans carbons and from loop carbons C(2), C(2'), whose 
next nearest bonds are also both trans. Most recently, 
M611er et al. 9 showed that, for C(2) and C(2') carbons, 
another contribution to the ~3C chemical shift is of 
importance, namely the 'vicinal gauche" (V) effect ~3J4, 
and results in an upfield shift of about 6 ppm compared 
with that of the all-trans carbons. Here, we consider this 
effect in addition to the perfect to assign the loop carbon 
signal. To estimate the chemical shift position for the 
small peaks, we chose, as an example, 7' of - 4  to 
- 6 p p m  is and V of about - 6 p p m .  Thus, for cyclic 
paraffin C64H128, for which the spectrum has peaks I, II 
and III, we could obtain the values of 34, 28-30 and 22- 
26 ppm. The small splitting of peak II into IIa and lib may 
be due to different values of the perfect for C(3) (C(3')) and 
C(4) (C(4')) carbons which arise from the distribution of 
the corresponding dihedral angles. If the 'vicinal 9auche' 
effect is considered, C(2) and C(2') carbons may appear at 

(A') 

(B') 

I 

1"1" b 

L 

N1 

(B") 

b 

(C') / (C") 
N 2  

the ~ 3C chemical shift position for peak II. Thus, the peak 
for C(2) and C(2') carbons may overlap with peak II t  
assigned by M611er et al. 9. The 13 C chemical shift values of 
these peaks are listed in Table 2. 

Melt-quenched polyethylene has four small peaks 
upfield of the main peak. The main peak and four small 

tThe  previous assignment 7 for C(2) and C(2'} may be replaced by the 
present one. 
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Table 2 Observed ~3C chemical shifts (relative to TMS) of cyclic 
paraffin C~4H~2 s, melt-quenched polyethylene and polyethylene single 
crystals in the solid state 

Sample 

Cyclic 
paraffin 
C~4H~2s 33.8 

Melt- 
quenched 
polyethylene 

Polyethylene 
single 
crystals. 
M,~=31 000 33.0 

t3C chemical shift. 6 (ppm} 

Peak l Peak A Peak |Ia Peak llb Peak Ill 

28.7 26.9 22.0 

33.0 31.2 26.5 24.3 21.1 

31.5 26.5 24.5 20.9 

peaks were designated by I, A, IIa, l ib and III, res- 
pectively. The spectrum (B') was measured with a contact 
time of 2 ms at 50 MHz. In order to ascertain the existence 
of these small peaks, the ~3C CP/MAS spectrum of the 
same sample was measured with a contact time of 1 ms at 
67.5 MHz, as shown in spectrum (B"). The signal-to-noise 
ratio for the upfield peaks II and |II  is very low. 
Nevertheless, as seen from spectrum (B"), peak III is 
obviously above the noise level (N~). The existence of III is 
apparently identified. Peak II is at the foot of the intense 
main peak I and is a shoulder on peak A (several 
measurements on this sample show that peak II is a 
shoulder or a peak on peak A). Judging from the chemical 
shift position of these peaks, it is evident that peak A does 
not appear in the spectrum of cyclic paraffin C,4H ~ 28, and 
the chemical shift positions of the other peaks agree with 
those of cyclic paraffin, respectively. It is noted that there 
is a difference of about 1 ppm in chemical shift of peaks I, 
II and III between cyclic paraffin C64H12s and poly- 
ethylene samples. We reported previously 16 that there is 
the difference of about 1 ppm in chemical shift of the trans 
zigzag carbons between n-paraffins and polyethylene, and 
cyclic paraffins, for which the crystallographic forms are 
orthorhombic and triclinic, respectively. We suggested 
that such a difference may be caused by a local change in 
intermolecular interaction which results in going from the 
orthorhombic to the triclinic forms ~6. However, for the 
carbons in the folded structure region, we cannot confirm 
at this stage whether this suggestion is true or not. 
Nevertheless, we consider that molecular packing may be 
one of several reasons for the effect on chemical shift. 

Peak A appears upfield by 2.3 ppm from the main peak 
I. 13 C chemical shift values of peaks I and A agree with the 
respective values reported by Earl and VanderHart ~7'1s, 
Kitamaru et al. ~9, M611er et al. z° and Axelson et al. 2~ on 
melt-crystallized polyethylene. As discussed by them, it is 
indicated that peak I is straightforwardly ascribed to the 
trans zigzag structure region and that the appearance Of 
peak A arises from the methylene carbons in the amor- 
phous state, which are undergoing rapid transitions 
between the conformers, contrary to the behaviour of the 
trans zigzag structure region. According to such a con- 
sideration, the fraction of methylene carbons in the 
amorphous state was estimated to be approximately 0.28 
from the intensity of peak A. This value is very close to the 
value of 0.296 (Table 1) determined from the density of the 
sample. 

Next we consider peaks II and III. Because the chemical 
shift positions of peaks of IIa, IIb and III agree approx- 

Figure 5 A schematic illustration of folded chain conformation for 
melt-quenched polyethylene 2 a. The present work indicates that regions 
a (trans zigzag), b (sharp fold) and c (loose and long loops) contribute to 
peaks I, II + Ill, and A, respectively, in the ~ 3C CP/MAS spectra shown 
in Figure 4 

imately with those of cyclic paraffin C 6 4 H t 2 8 ,  it is 
considered that the appearance of peaks II and III arises 
from the methylene carbons in the folded structure region. 
It may be therefore said that the melt-quenched poly- 
ethylene takes the 'adjacent re-entry' type of macro- 
conformation in addition to loose and long loops in the 
fold surface, as shown in Figure 5. A most recent neutron 
scattering study 22 on the chain conformation of poly- 
ethylene in the crystalline state shows that an 'adjacent re- 
entry' folding is possible in the case of slowly crystallized 
polyethylene. These results do not conflict with our 
present results. 

Next, let us consider the case of polyethylene single 
crystals. As seen from 13C CP/MAS n.m.r, spectra of 
polyethylene single crystals, the intensity of peak A 
decreases considerably, appearing as a shoulder in com- 
parison with the case of melt-quenched polyethylene. This 
is in accord with the result that the percentage of 
crystallinity for polyethylene single crystals (94.1%) is 
considerably higher compared with melt-quenched poly- 
ethylene (70.4~). If we look carefully at the amplified 
spectrum of polyethylene single crystals (Mw = 31 000), we 
can identify the small upfield peaks II and III on the main 
peak, for which the chemical shift positions agree approx- 
imately with those of cyclic paraffin C,4HI2a and melt- 
quenched polyethylene. + The signal-to-noise ratio for the 
upfield peaks II and III is very low as well for the case of 
melt-quenched PE spectrum. Nevertheless, as seen from 
the spectrum (C"), peak III is obviously above the noise 
level (N2). Thus, the existence of peak III is apparently 
identified. Also, peak II is identified irrespective of the 
difficult case that peak II is on the foot of the intense main 
peak. This means that the -xistence of sharp-folded 
structure in polyethylene single. 'stals as well as in cyclic 

.~ We must note the previous results on ~3C CP/MAS n.m.r, spectra of 
polyethylene grown from a concentrated solution (2°oi as compared with 
the present work 10.02%). Owing to the absence of small upfield peaks on 
the main peak, we concluded in t he previous paper 7 t hat the fold carbons 
would not be in a sharp-folded structure with the freezing of molecular 
motion, but would be in the mobile state. 
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paraffin C64H12 s can be identified by 13C CP/MAS 
spectroscopy. It is not denied, however, that there exists a 
small amount of amorphous chain segments in the single 
crystal, as well as in the case of melt-quenched poly- 
ethylene, as is evident from the existence of peak A. By 
using such information about the intensity of the main 
peak and the small upfield peaks II and III, we can 
roughly estimate the stem length for polyethylene single 
crystals where the fractions of peaks I, II and III are about 
0.94, 0.04 and 0.02, respectively. In the calculation we 
assume that all folds are tight folds. The t r a n s  zigzag 
methylene carbons contribute to the main peak I and the 
two methylene carbons (C(1), C(I')) for the sharp folded 
structure region to peak III. According to this assignment, 
the number of carbon atoms in the t r a n s  zigzag chain from 
one fold to the next is estimated to be approximately 100, 
and thus this leads to an estimate of the stem length being 
about 125 A. This magnitude is consistent with the crystal 
thickness (120-150 ,~) measured directly for polyethylene 
single crystals by electron microscopy. 

Finally, it is worthy of note that 13C CP/MAS n.m.r. 
information on the folded structure region and t r a n s  

zigzag structure region leads to the estimation of the 
thickness of the stem length in polyethylene single 
crystals. 
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