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ABSTRACT: The phase structure of lamellar crystalline polyethylene is investigated in detail by high-resolution 
solid-state 13C NMR, utilizing different pulse sequences for spectrum detections. I t  is concluded that samples 
crystallized from the melt consist of the lamellar crystalline phase, a crystalline-amorphous interphase, and 
an isotropic amorphous phase, whereas samples crystallized from dilute solution consist of the lamellar crystalline 
phase and a noncrystalline overlayer. These component phases are explicitly characterized in terms of the 
chemical shift and the spin-lattice and spin-spin relaxation times. 

Introduction 

Lamellar crystalline polyethylene contains a noncrys- 
talline part to some extent, whether it is crystallized from 
the melt or from dilute solution. A question arises as to 
whether this noncrystalline content is in a disordered 
amorphous state or in any particular ordered state due to 
the coexistence of lamellar crystallites. This problem has 
been extensively studied for several decades. It has been 
found by 'H broad-line NMR investigations that samples 
crystallized from the melt (hereafter referred to as bulk 
crystals) generally consist of three regions: the crystalline 
region with molecular chains oriented perpendicular to the 
wide faces of the lamella, the noncrystalline interfacial 
region with limited molecular mobility, and the noncrys- 
talline interzonal region with liquidlike molecular mobil- 
ity.'-s Polyethylene samples crystallized from dilute so- 
lution (hereafter referred to as solution crystals) consist 
of lamellar crystals and noncrystalline overlayers with a 
negligibly small amount of noncrystalline interzonal ma- 
terial with pronounced molecular 

It has also been found that both bulk crystals and so- 
lution crystals contain a noncrystalline part that can be 
detected by 'H scalar-decoupled 13C NMR.6.7 The 13C 
spin-lattice relaxation time TIC is almost the same at room 
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temperature for the two series of samples, whereas the 
spin-spin relaxation time T2c of the solution crystals is 
much shorter than that of the bulk crystals. Therefore, 
one can assume that the noncrystalline overlayer in solu- 
tion crystals does not consist of regularly folded methylene 
sequences connecting adjacent crystalline sequences; such 
an overlayer must comprise methylene sequences randomly 
connecting crystalline sequences. The molecular chains 
forming the noncrystalline overlayer can execute local 
molecular motion, as suggested by TIC being equal to that 
of the noncrystalline interzonal material in the bulk 
crystals, but the chain motion and the long-range con- 
formation are restricted as shown by the very short T2c. 

However, an objection was raised concerning our 'H 
broad-line spectrum analysis: the contribution from the 
noncrystalline material in the polyethylene samples should 
not be analyzed in terms of two components, as done in 
ref 1-4, but should be treated as one component.* Until 
now we were not in a position to respond to this criticism, 
since 'H broad-line NMR spectroscopy is not sensitive 
enough to solve this problem. We report here evidence of 
the presence of two kinds of noncrystalline components. 
Moreover, we had previously no firm evidence that all of 
the noncrystalline components in the samples studied were 
detected by the above-mentioned 'H scalar-decoupled 13C 
NMR spectroscopy. The application of solid-state high- 
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Table I 
Samples and Their Characterization 

crystalline components noncrystalline components 

sample (1 - A)J (1 - MBLb parameter (34.4 ppm)C (33.0 ppm)c (31.3 ppm)c (31.0 ppmY 
crystallinity monoclinic orthorhombic interfacial rubbery 

Bulk Crystal 
M" = 3 x 106 0.620 W d  ==O 0.66 

TIH/s 1.87 
T1cIs 2560, 263, 

ul/2/HZe 18 

TzC/ms 
Mu = 248000 0.761 0.755 Wd 0.06 0.70 

h/2/HZe 50 18 
T I H I S  2.20 
TlCIS 2750, 111, 

0.18 

1.61 
.I  0.37 

0.044 
0.16 

2.04 
.3 0.41 

85 

86 

0.16 

0.39 
0.37 
2.4 
0.08 

0.50 
0.41 

38 

37 

-0 
Solution Crystal 

M, = 91 000 0.834 0.780 Wd 0.09 0.68 
u1/2/HZe 60 20 
T i d S  1.90 
T,c/s 220, 21, 2.0 0.46 

0.23 

1.90 
133 

Crvstalline fractions from densitv measurements. * Crvstalline fractions from 'H broad-line NMR analysis. Chemical shifts from Mel%. 
Mass fractions. e Half-widths of t i e  resonance lines. 

. 

resolut ion 13C NMR m i g h t  be expected to solve these 
problems. The combination of dipolar-decoupling (DD), 
magic-angle sp inning  (MAS) and cross-polarization (CP) 
techniques  p e r m i t s  one to d e t e c t  chemical  sh i f t s  and 
magnet ic  re laxat ion p a r a m e t e r s  that are direct ly  related 
to the chain conformation and dynamics in each phase of 
the structure under investigation. Indeed, in t h e  CP/ 
DD/MAS 13C NMR spectra of polyethylene, a crystalline 
l ine corresponding to t h e  average of the pr incipal  values  
of the chemical  shift tensor of trans-trans methylene  se- 
quences is clearly observed.+" Furthermore,  an absorption 
line assigned to the noncrystal l ine methylene  sequences 
wi th  h igh  molecular  mobil i ty  is observed for both series 
of samples." 

T h e  purpose of this paper is to elucidate  the phase 
s t r u c t u r e  of lamellar polyethylene crystallized in  t w o  
different  ways, mainly using the differences in  t h e  longi- 
t u d i n a l  and t ransverse  magnet ic  re laxat ion p h e n o m e n a  
a m o n g  d i f fe ren t  phases of the samples s tudied .  

Experimental Section 

Samples: A molecular weight fraction of linear polyethylene 
(PE)  with M ,  of 248000 and an unfractionated P E  with M ,  of 
3 x IO6 were isothermally crystallized a t  130 "C for 4 weeks after 
melting a t  160 "C for 5 h and a t  129 "C for 23 days after melting 
a t  200 "C for 1 h under vacuum, respectively. A molecular weight 
fraction with A& of 91 000 was isothermally crystallized a t  85 "C 
for 24 h from 0.08% toluene solution under _a nitrogen atmosphere. 
The viscosity-average molecular weights M ,  were obtained from 
the relation given by Chiang.'* The degrees of crystallinity were 
determined from density measurements and the broad-line proton 
NMR line-shape analysis as described el~ewhere. ' .~ These values 
are listed in Table I together with the I3C NMR data obtained 
in this work. 

13C NMR. 'H DD/MAS 13C NMR measurements were carried 
out a t  room temperature with a JEOL JNM-FXPOO spectrometer 
operating a t  a field strength of 4.7 T. The radio frequency of 50.1 
MHz yielding a field strength El of 6.0-6.5 mT (yB1/27r = 
64.1-69.4 kHz) was used for detection of 13C resonance. The 'H 
DD field was 1.4 m T  (59.5 kHz). MAS was carried out a t  a rate 
of 3.3-3.5 kHz with a bullet-type rotor made of poly(ch1orotri- 
fluoroethylene) whose volume was about 0.3 cm3. The chemical 
shifts relative to tetramethylsilane (Me&) were determined from 
the CH line (29.50 ppmI3) of solid adamantane. The pulse se- 
quences used are schematically shown in Figure 1. Pulse sequence 
I is usually used to obtain I3C spectra without cross-polarization. 
If the waiting time T I  after the acquisition of an FID is appro- 
priately set, one can obtain the spectrum containing partial or 
total contributions from the components in the structure. Pulse 

Figure 1. Pulse sequences used in this work. 

sequence I1 was used to observe the FID under the DD condition 
after relaxing the transverse magnetization without 'H decoupling 
for a given time interval rt. It  is possible to eliminate the con- 
tribution from a rigid or less mobile component (associated with 
a shorter T2c) by a proper choice of T ~ .  

The T,c values longer than several tens of seconds were 
measured by the pulse sequence with CP developed by Torchia,14 
while the Tic's shorter than a few seconds were measured by the 
standard saturation-recovery pulse sequence without CP. The 
spin-lattice relaxation times T1H of the 'H magnetization were 
also obtained by pulse sequence I11 [H(1800-r-900)-CP-C(FID)], 
where one measures the I3C magnetization that appears through 
the CP process after relaxation of the 'H magnetization during 
the time T .  

Results and Discussion 
A. DD/MAS I3C NMR Spectra and T I C  Values. 

Figure 2 shows DD/MAS NMR s p e c t r a  obta ined  b y  
pulse  sequence  I for  t h e  bulk  crystal  wi th  fiv of 3 X lo6 
(A) and the solution crystal (B). Since the q's were chosen 
to be longer than 5 t imes  t h e  longest TIC for  each sample 
(see T a b l e  I), these spectra reproduce  t h e  cont r ibu t ions  
f rom al l  s t ruc tura l  components .  In the s p e c t r u m  of the 
bulk  crystal  t w o  d is t inc t  l ines  a p p e a r  at 33 and 31 p p m .  
The 33 p p m  value corresponds to the average of the 
principal values of the chemical shift tensor for trans-trans 
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Figure 2. DD/MAS 13C spectra of-PE samples obtained by pulse 
sequence I: (A) bulk crystal with M ,  of 3 X lo6, 71 = 17 OOO s; (B) 
solution crystal with M ,  of 91000, T ]  = 1500 s. 

methylene sequences of polyethylene or n-paraffins in 
orthorhombic crystal The 31 ppm value is close 
to that observed for polyethylene in solution." Therefore 
we simply assign those lines to the crystalline and the 
noncrystalline components, respectively, although more 
detailed assignments will be given below. On the other 
hand, in the spectrum of the solution crystal (Figure 2B) 
the noncrystalline line is less resolved in comparison with 
the crystalline line at 33 ppm. This fact is due to the high 
degree of crystallinity of this sample. 

In order to inquire whether each resonance line com- 
prises a single component, we have measured Tic's by the 
pulse sequence developed by Torchia14 or by the standard 
saturation-recovery pulse sequence. The Tlc values thus 
obtained are listed in Table I. It is seen that the crystalline 
component a t  33 ppm has three different Tlc's, 1.0-2.0, 
20-260, and 220-2750 s in each sample.ls Similar results 
have already been reported for different polyethylene 
samples,'0~'9~20 although the component with the shortest 
Tlc value was incorrectly assigned as the noncrystalline 
component.'0 On the contrary, the noncrystalline com- 
ponent for all samples studied has a single Tlc value as 
short as 0.4-0.5 s, which is in good agreement with the 
results obtained a t  room temperature by 'H scalar-de- 
coupled 13C NMR spectro~copy.~ This indicates that the 
noncrystalline region is homogeneous in the relatively 
high-frequency molecular motion determining the Tlc 
value. 

B. Detection of the Interfacial and Amorphous 
Noncrystalline Components. As is well-known, the re- 
laxation of the 13C magnetization of macromolecules where 
the only nuclei with spins are 13C and 'H predominantly 
arises from the time fluctuation of the dipole-dipole in- 
teraction between the 13C nuclei and neighboring protons. 
However, the detailed mechanism of the relaxation is di- 
rection-dependent.21 The longitudinal relaxation is at- 
tributed to the wc and wc f wH frequency components of 
the fluctuation, where wc and wH denote Larmor fre- 
quencies of 13C and 'H, respectively. On the other hand, 
the transverse relaxation proceeds also by the contribution 
from the zero-frequency component of the fluctuation. 
Accordingly, since the transverse relaxation is sensitive to 
a slower molecular chain motion, different noncrystalline 
components can be more clearly characterized by exam- 
ining this relaxation process. This holds true even in the 
case when the components have the same TIC values as a 
result of the equivalent high-frequency chain motion. 

13C chemical shifts and the resonance line shapes, which 
depend on the relatively slower motion, are also very 
sensitive to the differences in the structure of the non- 
crystalline region. Moreover, 'H spin diffusion can be 
utilized in discriminating the interfacial noncrystalline 
component from the amorphous component with rubber- 
like molecular mobility. Next we detect the interfacial and 

I , , , ,  I , , ,  

35 30 
ppm from TMS 

Figure 3. Partially relaxed spectra of the bulk crystal with A& 
of 3 X lo6, taken by inversion-recovery pulse sequence (180'- 
~-90"-10 s)120 with different T ' S .  

amorphous components in the three procedures, taking 
into account the points mentioned above. 

1. Longitudinally Relaxed Spectra. Figure 3 shows 
the longitudinally relaxed spectra of the bulk crystal with 
A?" = 3 X lo6 measured by the inversion-recovery pulse 
sequence (T-T-T/2-10 s)120 with varying 7 values. The 
waiting time after the a / 2  pulse was set to 10 s in this case. 
Hence, the contributions from the crystalline components 
with Tic's of 263 and 2560 s are eliminated due to the lack 
of time for recovery of the respective magnetizations. 
Therefore, we can observe the relaxation process of the 
noncrystalline line a t  31 ppm in the partially relaxed 
spectra more clearly. For example, see the spectrum taken 
at H = 0.40 s, an enlargement of which is shown at the right 
side of Figure 3. The 33 ppm line is still in the negative 
z direction, while the 31 ppm line has already appeared 
in the positive z direction. It should be noted here that 
a downfield shoulder is visible on the 31 ppm line. This 
suggests the presence of another noncrystalline line with 
a different chemical shift, which will be later assigned to 
the interfacial component. Thus, it is evident that the bulk 
crystal contains two noncrystalline components with dif- 
ferent chemical shifts and almost the same Tic's. 

As far as the solution crystal is concerned, no particular 
relaxation phenomenon implying the presence of multiple 
noncrystalline components was detected by the procedure 
used for the bulk crystal. 

2. Transverse Relaxation. Figure 4 shows stacked 
spectra for the bulk crystal with A?fv of 3.0 X lo6 obtained 
by pulse sequence I1 with T] = 3.5 s and different values 
of Tt. Here, the contributions from the crystalline com- 
ponents with the T1c values of 263 and 2560 s are elimi- 
nated because of the short values of T ~ .  The spectrum 
taken with Tt = 0.5 ps is assumed to contain all noncrys- 
talline components and a part of the crystalline component 
with TIC = 1.7 s. It is seen that with increasing T~ the 
contributions from the crystalline and noncrystalline 
components with shorter transverse relaxation times rap- 
idly disappear, leaving only the contribution from the 
noncrystalline component with a longer transverse relax- 
ation time. Thus, at T~ = 100 ps only a single peak remains 
at  31.0 ppm. With a further increase of T ~ ,  this single line 
gradually decreases in intensity, whereas the line shape 
remains essentially unchanged except for a slight narrow- 
ing. I t  should be noted here that the single line is closely 
approximated by a Lorentzian distribution function in each 
spectrum and that the peak position remains at 31.0 ppm 
in spite of the slight narrowing of the line width. There- 
fore, this line can be assigned to the amorphous non- 
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S t  / ms 
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35 30 
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Figure 4. Partially relaxed spectra of the bulk crystal with Mv 
of 3 X lo6, measured by pulse sequence I1 with T~ = 3.5 s. The 
T ~ S  are (A) 0.5, (B) 20, (C) 60, (D) 100, (E) 140, (F) 500, (G)  2000, 
and (H) 4000 ks. 

crystalline component with the rubberlike, pronounced 
chain motion. 

Figure 5 shows the semilogarithmic plot of the peak 
height of the line at  31 ppm pictured in Figure 4 as a 
function of T~ The overall decay curve (the bottom line 
in Figure 5) can be clearly resolved into two parts, a rapid 
decay within 50 ps and a subsequent slow decay. The 
initial slope of the slower decay yields T2c = 2.4 ms, and 
the T2c of the rapid decay has been estimated to be 44 ps 
by the usual decay analysis as shown at  the top of Figure 
5. Such an analysis of the decay curve into two compo- 
nents with different T2c's is more plausible than simply 
introducing a wide distribution of relaxation times because 
the T2c values thus obtained differ by a factor of about 
50. These two decays do not contain any contribution from 
the crystalline component, because the superposition of 
the crystalline 33 ppm line on the line a t  31 ppm is neg- 
ligibly small even in the spectra taken with short T~ values 
(cf. Figure 4). It has therefore been confirmed that there 
exists two noncrystalline components with very different 
Tzc values. The component with T,c = 2.4 ms is recog- 
nized as the amorphous component that appears as a single 
Lorentzian line in Figure 4. The other component, with 
T2, = 44 ps, is much less mobile than the amorphous 
component. Therefore, this component can be assigned 
to the interfacial noncrystalline component in considera- 
tion of the lamellar structure of this sample and also 'H 
spin diffusion, as shown later. 

I t  should be pointed out here that the large deviation 
of the slower decay from a straight line does not indicate 
the existence of multiple components whose respective 
decays are described as single exponentials. The reason 
is that  even in the molten state of polyethylene the 13C 
transverse relaxation does not follow a simple exponential 
decay.22 A similar nonexponential 'H transverse relaxation 
was also observed in the same system.23 In such a viscous 
system, the time scale required for the measurement of the 
transverse relaxation is very short in comparison with that 
for the time fluctuation of the local magnetic field that 
causes this relaxation. This may be the origin of the ob- 
served nonexponentiality of the transverse decay. It is 
therefore concluded that the slower decay characterizes 

T,, = 0 OLL ms 

1 ° Q  \ 

' -0.1 
0 2 L 6 e 

t t  I ms 

Figure 5. The 31 ppm peak height as a function of T ~ ' s .  This 
peak occurs in the spectra shown in Figure 4. 

the meltlike or rubberlike amorphous noncrystalline com- 
ponent, as assigned above. 

Figure 6 shows the partially relaxed spectra of the so- 
lution crystal obtained in the same way as for the bulk 
crystal by pulse sequence I1 with T I  = 3.5 s and varying 
values of T ~ .  Since the contributions from the crystalline 
components with the Tlc values of 21  and 220 s are re- 
moved from these spectra, the noncrystalline line is clearly 
recognized at  31.3 ppm. In contrast to the case of the bulk 
crystal, both absorption lines a t  33 and 31.3 ppm rapidly 
disappear with increasing rt without leaving any non- 
crystalline component with longer Tzc at  31.0 ppm. See, 
for example, the spectrum taken with T~ = 140 ps. Even 
if it is enlarged 16 times, only a broad line centered around 
31.3 ppm is recognized. There is no narrow line corre- 
sponding to the noncrystalline line at  31.0 ppm observed 
for the bulk crystal (see Figure 4D-H). It is therefore 
concluded that the noncrystalline region of the solution 
crystal is composed of a monophase of less mobile chains 
that have a somewhat trans-rich chain conformation as 
suggested by the higher chemical shift.24 

3. 'H Spin Diffusion. We have measured T~H's by 
pulse sequence I11 to determine whether 'H spin diffusion 
occurs between the respective components that  were de- 
tected in the previous sections. The T1H values obtained 
are listed in Table I. Only one T I H  has been obtained for 
the 33.0 ppm line in each sample, although the line has 
three different Tlc values. This indicates that the proton 
spins rapidly diffuse throughout the crystalline region, 
resulting in averaged T1H values. On the other hand, the 
noncrystalline 31.3 and 31.0 ppm lines of the bulk crystals 
evidently have different values of TIH, indicating that spin 
diffusion does not significantly occur between these two 
components. This fact provides evidence that the non- 
crystalline region in the bulk crystals comprises two sep- 
arate phases that cannot exchange their 'H spins, probably 
due to the significant difference in molecular mobility. 
Moreover, it should be noted that T1H of the 31.3 ppm 
noncrystalline line is very close to that of the 33.0 ppm 
crystalline line. This means that there is a significant 'H 
spin diffusion between these two components. This fact 
verifies directly the assignment of the 31.3 ppm noncrys- 
talline line to the crystalline-amorphous interphase. 

In relation to the solution crystal as is shown in the table, 
the same TIH of 1.90 s is obtained for both the crystalline 
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Figure 6. Partially relaxed spectra of the solution crystal taken 
by pulse sequence I1 with q = 3.5 s. The values of rt are (A) 0.5, 
(B) 20, (C) 60, (D) 100, (E) 140, and (E') 140 ws. The last spectrum 
is enlarged 16 times. 

and the noncrystalline 31.3 ppm lines, suggesting enhanced 
'H spin diffusion between the two components. This 
provides direct evidence that the noncrystalline phase 
forms a crystallite overlayer with restricted molecular 
mobility. 

C. Line-Shape Analysis. As has been shown in the 
foregoing sections, the crystalline region comprises three 
components with different T1c values in both bulk crystal 
and solution crystal. On the other hand, the noncrystalline 
region consists of two phases with different molecular 
mobilities in the bulk crystal, whereas it forms a single 
phase with relatively low mobility in the solution crystal. 
We analyze the total spectra shown in Figure 2 in terms 
of the contributions of these components in order to de- 
termine the mass fractions. 

To this end, we have first determined the line shape of 
the interfacial component centered at  31.3 ppm by the 
subtraction of spectra; the procedure is shown in Figure 
7. Here, spectrum A (the same as shown in Figure 4A) 
represents the contributions from all noncrystalline com- 
ponents and a minor contribution from the crystalline 
component with Tlc = 1.7 s. When the rubbery non- 
crystalline component (spectrum B; the same as shown in 
Figure 4E) is subtracted from spectrum A, spectrum C of 
the interfacial noncrystalline component can be obtained. 
Since this difference spectrum may be resolved by com- 
puter into two Lorentzians, the line shape of the interfacial 
component can be assumed to be a Lorentzian centered 
at  31.3 ppm. From this result, spectrum A has been an- 
alyzed in terms of three Lorentzians by least-squares fit- 
ting; the line width and the peak height of each component 
have been varied while keeping the peak positions of 33.0, 
31.3, and 31.0 ppm constant. It is seen in Figure 7C that 
the curve composed of the three Lorentzians agrees well 
with the observed spectrum. 

The total spectrum containing all the components has 
been analyzed in terms of three Lorentzians centered at  
33.0, 31.3, and 31.0 ppm on the basis of results obtained 
for the short T1c components. Although the crystalline 
line at  33.0 ppm comprises three components with dif- 
ferent Tic's, the line has been assumed to be a single 
Lorentzian. The result is shown in Figure 8, where the 
integrated intensity fractions of the respective components 

P, 

36 3L  32 30 28 

Figure 7. Analysis of the spectrum of the bulk crystal with Mv 
of 3 X lo6. A and B correspond to A and E in Figure 4, re- 
spectively, C is the difference spectrum (A - B), and D is the 
spectrum analysis. 

ppm f rom TMS 

integrated intensity f a t i a n  

A 66% 
0 18% r C 16% 

iP 
- -  
p , , , 1 1 1 1  / I , ,  l l , l , ~ , , l , l , , ~  

36 34 32 30 28 
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Figure 8. Component analysis of the total spectrum shown in 
Figure 2A. This spectrum represents the contribution from all 
components of the bulk crystal with M,  of 3 X lo6: (A) crystalline 
component at 33.0 ppm; (B) interfacial component at 31.3 ppm; 
(C) rubbery component at 31.0 ppm. 

are also shown. It is seen that the composite curve indi- 
cated by a dotted line reproduces well the observed 
spectrum. The integrated intensity fraction of the crys- 
talline line is in good accord with the degree of crystallinity 
estimated by the 'H broad-line NMR analysis; the latter 
also coincides with the value obtained from density mea- 
surement~. '-~ Therefore, this result reconfirms the as- 
signments of the 33.0 ppm line to the crystalline compo- 
nent and the 31.3 and 31.0 ppm lines to the noncrystalline 
components. 

A similar line-shape analysis was performed for the bulk 
crystal with Mv = 248000. In this sample an additional 
crystalline line appears a t  34.4 ppm that is assignable to 
trans-trans methylene sequences in the monoclinic crystal 
form.25,26 Therefore, the spectrum was analyzed in terms 
of four Lorentzians with different peak positions and line 
widths for two crystalline and two noncrystalline lines. 
Reasonable curve fitting was obtained also in this case. 
The mass fractions and line widths of the respective com- 
ponents are summarized in Table I together with the TIC 
and TIH values. It is evident that this bulk crystal has a 
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Figure 9. Component analysis of the total spectrum of the 
solution crystal shown in Figure 2B: (A) crystalline component 
at 33.0 ppm (orthorhombic crystals); (A') crystalline component 
at 34.4 ppm (monoclinic crystals); (B) noncrystalline component 
at 31.3 ppm. 

similar morphological structure, containing two different 
noncrystalline components, to that of the bulk crystal with 
Mv = 3 x IO6 except for the existence of a small amount 
of monoclinic crystals in the former. 

Figure 9 shows the result of a line-shape analysis for the 
solution crystal. Since the monoclinic crystalline line is 
also recognized at  the same position (34.3 ppm) as for the 
bulk crystal with A& = 248 000,26 the spectrum has been 
analyzed in terms of three Lorentzians for two crystalline 
and one noncrystalline lines. The composite curve of the 
three components is in good agreement with the observed 
spectrum. In this case the total fractions of the crystalline 
components coincide well with the degrees of crystallinity 
determined by other methods. 

D. Phase Structure. 1. Bulk Crystals. In Figure 
10 the mass fractions of the crystalline, interfacial, and 
rubbery components are plotted against molecular weights 
together with the corresponding data obtained by 'H 
broad-line line-shape analysis.'~~ It is evident that the 
results of the 13C NMR analysis agree well with the results 
of the 'H broad-line analysis. We have shown above that 
the 13C NMR spectra can'be unambiguously resolved into 
these components with the differences in chemical shifts 
and spin relaxation rates. It is therefore concluded that 
the 'H broad-line line-shape analysis is also a reasonable 
method to resolve the 'H spectra into its components. As 
a result, the previous of the phase structure 
of the polyethylene samples is also applicable to the results 
obtained in this work. 

As can be seen in Figure 10, the rubbery component is 
negligibly small in the samples with Mv C 30 000, where 
the average ratio C c / x  of the lamellar crystal thickness to 
the extended molecular chain length is more than about 
l/q. Most of the noncrystalline region must be composed 
of short methylene sequences. The mobility of such short 
sequences is thought to be much restricted by the crys- 
talline region, resulting in the absence of the rubbery 
component with liquidlike mobility. However, with further 
increase of molecular weight the rubbery component ap- 
pears together with a pronounced decrease in the degree 
of crystallinity. Since the C c / x  value decreases substan- 
tially, molecular chains penetrate several lamellar crys- 
tallites or participate repeatedly in the same crystallites. 
This fact and the concomitant decrease in crystallinity may 
release a part of the noncrystalline component from the 
restriction caused by the crystalline region. As a result, 
the rubbery component will appear in the center of the 
noncrystalline region. 

We have estimated the thickness Ci of the interfacial 

interfacial 
I A -10.2 

t, 
I '  
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M" 
Figure 10. Mass fractions of crystalline, interfacial, and rubbery 
Components of bulk crystals as a function of molecular weight 
M,: (0) 13C NMR analysis (this work); (0) 'H NMR analysis (ref 
3). 

phase by the following equation assuming the lamellar 
structure: 

ti = tc+i/2Xc (1) 

where x ,  and xi  are the fractions of the crystalline and 
interfacial components, respectively. In this calculation 
we used the t, values obtained by Voigt-Martin and 
Mandelkern2' and Bassett et for linear polyethylene 
samples crystallized under almost the same conditions as 
ours. It has been found that ti is about 34 8, for the bulk 
crystals with molecular weights of 20 000-110 000. This 
value corresponds closely to the thickness (15-20 A) of the 
crystalline-amorphous interphase that was deduced by 
Flory et al. from their theoretical calculation based on the 
lattice as well as from the analysis of the small- 
angle neutron scattering re~ul ts .~" '  For higher molecular 
weights, the thicknesses become larger and tend to ap- 
proach an asymptotic value of about 80 A for samples with 
molecular weights over lo6. Such a thick interface may 
be partly due to the overestimation of the lamellar sizes, 
which were approximately estimated from the data re- 
ported by others. In particular, thinner crystallites that 
are produced during gradual cooling after the isothermal 
crystallization at 129 or 130 "C are also of great importance 
in the critical characterization of the interphase. We plan 
to determine the lamellar sizes by the direct electron 
microscope observation using such a method as per- 
manganic etching.32 

Mandelkern and 0 t h e 1 - s ~ ~ ~ ~ ~  recently reported, based on 
the method developed by Strobl and H a g e d ~ r n , ~ ~  that the 
semicrystalline structure of polyethylene can be analyzed 
in terms of crystalline, interfacial, and liquidlike amor- 
phous components by Raman spectroscopy. However, they 
found that as much as 20% or more of liquidlike compo- 
nent is involved, even in solution crystals,34 whereas our 
13C NMR analysis indicates that the crystallite overlayer 
is not composed of such a mobile component but of the 
interfacial component with restricted molecular mobility. 
This disagreement may arise from inconsistency of the 
assignments of the interfacial and amorphous components 
by the two spectroscopies. We are planning to make a 
careful comparison of the two analyses using the same 
polyethylene samples. 

In the 'H broad-line analysis'-4 the crystalline contri- 
bution was analyzed in terms of a single component with 
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lution crystals is not significantly affected by the presence 
of monoclinic crystals. 

Conclusions 
The characteristic phase structure of semicrystalline 

polyethylene with a lamellar structure has been elucidated 
by the 13C solid-state NMR as being composed of a la- 
mellar crystallites, a crystalline-amorphous interface, and 
an isotropic amorphous phase as specified below. 

(1) I t  is found by examining the partially relaxed 13C 
NMR spectra in the longitudinal and transverse directions 
that the absorption spectra of polyethylene samples 
crystallized from the melt consist of crystalline lines at 33.0 
and 34.4 ppm from Me,Si. These lines are assignable to 
the orthorhombic and monoclinic crystal forms, respec- 
tively. Moreover, there are two noncrystalline lines at 31.3 
and 31.0 ppm. 

(2) The noncrystalline 31.0 ppm line represents a 
well-separated liquidlike amorphous phase in the structure; 
this assignment is based on the fact that the chemical shift 
is close to that observed for this polymer in solution and 
associated with Tzc as long as 2.4 ms and with T1H dis- 
tinctly different from that of the other noncrystalline line 
at  31.3 ppm. 

(3) The noncrystalline 31.3 ppm line represents the 
crystalline-amorphous interface with a trans-rich chain 
conformation with restricted chain motion. This conclu- 
sion follows from the value of the chemical shift and the 
very short Tzc of the order of 0.044 ms. A T1H value close 
to that of the crystalline 33.0 ppm line provides evidence 
that this line is contributed by the structural component 
directly adjacent to the lamellar crystallites. 

(4) The 31.3 ppm line has a Tlc of about 0.4 s, equal to 
that of the 31.0 ppm line, although the T2c of the former 
is much shorter. This leads to the conclusion that the 
crystalline-amorphous interface involves molecular chain 
motion equivalent to that occurring in the liquidlike 
amorphous phase as long as we are concerned with local 
chain motion in the frequency range corresponding to the 
Larmor frequencies of 13C or 'H. 

(5) For samples crystallized from dilute solution only one 
noncrystalline line could be recognized at  31.3 ppm in 
addition to the two crystalline lines a t  33.0 and 34.4 ppm. 
The character of this 31.3 ppm line resembles that of the 
31.3 ppm line that is assigned to the crystalline-amorphous 
interface in the bulk crystals. It is concluded accordingly 
that solution crystals are generally composed of lamellar 
crystallites and interfacial overlayers without any appre- 
ciable amount of liquidlike amorphous component. 

(6) The molecular chain conformation in the overlayers 
is quite restricted, as revealed by the substantial width and 
the short TZc of the 31.3 ppm line. However, since Tlc is 
as long as about 0.5 s, roughly equivalent to that of the 
liquidlike amorphous component in the bulk crystals, it 
is concluded that the chain conformation in the overlayers 
is not as restricted as suggested by the regularly folded 
reentry of the molecular chain in the adjacent crystalline 
sequences of the same (110) plane. 
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