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ABSTRACT: The low-frequency Raman spectrum of unannealed, drawn (20X, 60 "C) polyethylene displays 
a LAM-1 band whose shape and breadth are extraordinary relative to LAM-1 for other forms of crystalline 
polyethylene. From the shape of this band a distribution of lengths of straight-chain segments was derived. 
A value of 90 A was obtained for the most probable length of an extended segment. This value is about one-half 
that of the long period determined for similar drawn samples using small-angle X-ray scattering. Part  of 
the difference between the Raman and SAXS values may be accounted for in terms of the breadth and 
asymmetry of the distribution of straight-chain segment lengths. The presence of a large concentration of 
straight-chain segments having lengths less than 100 A and the unusual breadth of the distribution relative 
to the most probable length indicate a fundamental difference between the morphology of the unannealed 
drawn sample and that of solution- or melt-crystallized samples. The distribution of lengths displays a tail 
that is probably associated with tie chains. Annealing the sample moves the distribution curve to longer lengths 
and broadens it although its general shape and the high degree of alignment of chains parallel to the fiber 
axis are preserved. 

Introduction 
The unique properties of polyethylene in the drawn state 

and the diversity of models proposed to explain them' 
make this material a particularly appropriate subject for 
study by new structural methods. In this paper we report 
on a low-frequency Raman investigation of the morphology 
of a highly drawn polyethylene fiber. One kind of mor- 
phological information that can be determined by this 
technique is an approximate distribution of the lengths 
of straight-chain segments, Le., lengths of segments that 
are fully extended. This distribution can be derived from 
the shape of the LAM-1 (longitudinal acoustic mode, k = 
1 member) band as has been described earlier in a study 
on the extrudate of this same polymer.2 

Much of what is known at the molecular level about 
long-range order in drawn samples has resulted from 
diffraction studies, particularly those involving small-angle 
X-ray scattering (SAXS). The Raman method differs from 
SAXS in its sensitivity to long-range conformational order 
associated with single chains and its insensitivity to 
long-range structural periodicity. For SAXS the reverse 
situation occurs. Hence the two techniques yield com- 
plementary data. For well-ordered systems such as solu- 
tion-crystallized polyethylene, the observed value of the 
periodicity of the crystal-amorphous alternation deter- 
mined by SAXS is normally close to the most probable 
length of the straight-chain segments determined by the 
Raman method after account has been taken for the 
possibility of chain tilt.3p4 For the drawn sample studied 
here, however, the SAXS periodicity is nearly twice the 
most probable straight-chain length determined from an 
analysis of the LAM-1 band. Possible reasons for the large 
difference between these values will be discussed. 

In this paper we will use L to denote the length of a 
straight-chain segment determined by Raman scattering 
and C to to denote the long period determined by SAXS. 
Experiment a n d  Theory 

Raman spectra were measured by using a computer-controlled 
double monochromator (Spex 1401) with a cooled photomultiplier 
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(RCA 31034A).24 The control system, photon-counting system, 
and automated polarization analyzer have been previously de- 
~ c r i b e d . ~  The high-intensity background associated with the 
exciting radiation (5145 A) was largely removed by using an 
iodine-vapor cell in conjunction with a tuned etalon inside the 
cavity of the laser. Elimination of iodine lines from the spectrum 
was accomplished by ratioing, a t  successive frequency intervals, 
the intensity of radiation scattered from the sample and the 
intensity of radiation from a white-light source! All spectra were 
measured with 1-cm-' slits. 

The sample was prepared by drawing polyethylene at 60 O C  

to an extension ratio of 20 at  a rate of 5 mm/min. The resulting 
fiber was about 0.2 mm by 1.0 mm in cross section. 

A right-angle scattering geometry was employed. The sample, 
whose ends were semirigidly fixed, was positioned in front of the 
slit so that its draw axis c was perpendicular to the plane defined 
by the monochromator axis and the vertical path of the exciting 
radiation. Two kinds of spectra, cc and cd, were measured. For 
both, the excitation was polarized parallel to the c axis while the 
scattered light was either parallel (cc spectrum) or perpendicular 
(cd spectrum) to c. Since the polyethylene chains are highly 
oriented parallel to the fiber axis, the LAM-1 band could be 
isolated from its background by subtracting a scaled cd spectrum, 
which does not show LAM-1, from the cc spectrum. This pro- 
cedure is described in more detail elsewhere.2 It  was unnecessary 
to deconvolute the observed LAM bands for slit effects since band 
half-width exceeded the slit width by at  least a factor of 10. 

The distribution of lengths of straight-chain segments is related2 
to the shape of the LAM-1 band according to 

where f ( L )  is the distribution, C is a constant, Z,OW is the observed 
Raman intensity of the LAM-1 band a t  frequency v (in wave- 
numbers), and B, is a Boltzmann factor defined 

(2) 

where T is the temperature of the sample. The frequency of 
LAM-1 of an extended chain of length L is given approximately 
by 

B ,  = 1 - exp(-hcu/kr) 

v = 3093/L (3) 

where v is in cm-' and L is in A.2 
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Figure 1. Observed low-frequency Raman spectra of a sample 
of unannealed drawn polyethylene at 26 "C (sample drawn 20X 
at 60 "C). At the top are the cc and cd spectra as measured; at 
the bottom is the cc spectrum corrected for background. (The 
bands near 78 and 66 cm-' are plasma lines.) 

Observed LAM-1 Spec t ra  
Unannealed Sample. Polarized Raman spectra of an 

unannealed sample a t  room temperature in the region 
below 88 cm-' are shown at the top of Figure 1. The sharp 
bands near 78 and 66 cm-' result from laser plasma lines. 
The intense LAM-1 band near 16 cm-' appears in the cc 
spectrum but not in the cd spectrum due to the high degree 
of parallel alignment of the extended chains relative to the 
c axis. 

Subtraction of a scaled cd spectrum from the observed 
cc spectrum gives the background-corrected spectrum at 
the bottom of Figure 1. We have used the highest value 
for the scaling factor that is possible without leading to 
negative intensity in the region near 4 cm-'. Although 
slightly smaller values for this factor may be admissible, 
their use would affect (increase) intensities significantly 
only in the region below 8 cm-'. 

Compared with LAM-1 bands observed for other types 
of polyethylene, the LAM-1 band for the drawn sample 
is remarkably broad. Its half-width of 24 cm-' may be 
compared with a value near 7 cm-' for an extruded sample? 
5 cm-' for an unannealed solution-crystallized sample, and 
the maximum value of about 15 cm-' that is attained by 
annealing a solution-crystallized  ample.^ 

A second unusual feature of this band is its asymmetry, 
the result of a long tail that extends to frequencies higher 
than 60 cm-l. The presence of this tail cannot be attrib- 
uted to a high degree of conformational disorder for the 
following reasons. The dominant feature in the low-fre- 
quency region of the Raman spectra of conformationally 
disordered chains such as found for the long n-alkanes in 
the liquid state and for molten polyethylene is an intense 
broad band between 250 and 200 cm-1.8 The spectrum of 
the drawn sample, both unannealed and annealed, does 
not display this band. In addition, bands in other regions 
of the Raman spectrum that are characteristic of confor- 
mational disorder are not observed for the drawn sample. 
Thus we conclude that the sample is highly ordered and 
crystalline, a conclusion that is in accord with results de- 
rived with other techniques.l 

A background-corrected cc spectrum of the unannealed 
drawn sample is shown at the top of Figure 2. The same 
spectrum, after being converted through eq 1 to a distri- 
bution of straight-chain lengths, is shown at  the bottom 
of this figure. Two additional stages of conversion, in- 
termediate between these, are included to emphasize the 
fact that temperature and frequency corrections by them- 
selves are responsible for most of the differences between 

80 64 48 32 16 0 
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Figure 2. Raman spectrum of unannealed drawn polyethylene 
successively corrected. Starting from top: (a) background cor- 
rected; (b) Boltzmann-factor corrected; (c) expressed in terms 
of scattering activity; (d) expressed in terms of a distribution 
of lengths of straight-chain segments. 

the observed spectrum and the spectrum expressed as a 
distribution of lengths. This is apparent when the relation 
between the observed intensity I;bsd and the Raman 
scattering activity I," is considered: 

The scattering activity If, integrated over the LAM-1 
band, is directly related to elements of the derived po- 
larizability tensor of the straight-chain segments and is 
essentially independent of temperature and frequency. It 
is therefore appropriate to express the Raman spectrum 
in terms of In Figure 2b the observed spectrum 
corrected for temperature is shown, and, in Figure 2c, the 
spectrum corrected for both temperature and frequency, 
i.e., expressed in terms of Z,,". We note that 

f ( L )  = A'vI," (5) 

which, when compared with eq 1, shows that the functions 
f (L)  and I," are more closely related that are f(L) and I,"M. 
We note also that in the sequence shown in Figure 2 the 
maximum moves to significantly higher frequencies (16, 
22, 33, and >34 cm-') at each step. 

The distribution of straight-chain lengths as a function 
of L is shown in Figure 3. The data used to determine 
f ( L )  are those shown in Figure 2 corrected for the con- 
tribution of LAM-3 intensity to LAM-1. This contribution 
was estimated according to the procedure outlined in ref 
2 and w a ~  significant at  frequencies above 30 cm-', Le., for 
L < 100 A. As a result of this correction, the maximum 
of f (L)  moved from about 80 to about 90 A. 

The uncertainty in f ( L )  resulting from experimental 
error in the measured Raman intensity, indicated in Figure 
3 by the dashed line, becomes increasingly large in going 
to shorter straight-chain lengths. This occurs because at 
higher frequencies the uncertainty in the measurement of 
I:bsd increases and is in turn amplified by the factor v2B, 
in eq 1. Consequently the value of f (L)  is essentially un- 
determined for L < 80 A. 

Annealed Sample. The spectrum of the sample at  
room temperature was measured before it was annealed 
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L ( a )  
Figure 3. Distribution of lengths of straight-chain segments for 
unannealed drawn polyethylene derived from the spectrum shown 
in Figure 2. The long period determined by SAXS is indicated 
by the arrow. (The dashed line represents an estimate of the 
uncertainty in the distribution based on the SIN  ratio in the 
spectrum. The units of f(L) are arbitrary.) 

c rn-' 
Figure 4. Observed low-frequency cc and cd Raman spectra of 
unannealed and annealed drawn polyethylene. Spectra are for 
the same sample successively annealed in situ. 

and then again, in situ, each time after it was annealed a t  
a higher temperature. During annealing the sample con- 
tracted slightly (-5%). The resulting spectra are dis- 
played in Figure 4, where it may be seen that, after an- 
nealing a t  the highest temperature, the sample scattered 
less of the exciting radiation, as evidenced by the loss of 
intensity in the laser plasma lines. Presumably this loss 
resulted from a reduction in the size or number of scat- 
tering voids in the sample. With regard to LAM-1, the 
effect of annealing was to shift its peak position to lower 
frequencies and to decrease its half-width. The distribu- 
tions of straight-chain lengths shown in Figure 5 were 
derived from LAM-1 after it was corrected for LAM-3. 
These curves along with that for the unannealed sample 
(Figure 3) were arbitrarily scaled to give the same value 
at the maximum so that only the relative shapes of dif- 
ferent distributions can be compared. 

The peak positions and half-widths of LAM-1 and f ( L )  
are listed in Table I for the unannealed and annealed 
samples. 
Chain Alignment 

Chain alignment parallel to the draw axis can be mea- 
sured by Raman or wide-angle X-ray (WAXS) methods. 
With a higher degree of alignment, the Raman method 
becomes more sensitive while the WAXS method becomes 

Figure 5. Distribution of lengths of straight-chain segments for 
drawn annealed polyethylene derived from the spectra shown in 
Figure 4. Curve A is for the sample annealed at 100 "C for 60 
min; curve B is for the same sample further annealed at 120 "C 
for 60 min and then at 127 "C for 80 min. (The dashed line 
represents an estimate of the uncertainty in the distribution based 
on the SIN  in the spectra. The units of f ( L )  are arbitrary.) 

crn-I 
Figure 6. C-H stretching region of the Raman spectrum of a 
sample of randomly oriented solution-crystallized polycrystalline 
polyethylene. 

Table I 
Observed LAM-1 Frequencies and Half-Widths 

(in cm-') for Drawn Polyethylene and Peak Position 
and Half-Width of the Distribution of Lengths of 

Straight-Chain Segments (in A ) 

unannealed 16  2 4  90 90 
annealed 60 min 15.5 20 115 118 

at  100 "C 
annealed 80 rnin 11 11 182  155 

at 127 "C 

less so. The low-frequency Raman spectra of the drawn 
sample, both unannealed and annealed, indicate a high 
degree of chain alignment. However, quantitative mea- 
surement in this region is difficult. In principle, the ratio 
of the intensity of LAM-1 in the cd spectrum to  that in 
the cc spectrum can be used as a quantitative measure of 
chain alignment since, for the case of perfect alignment, 
LAM-1 will not appear in the cd spectrum at all. However, 
LAM-1 is very broad and its intensity is difficult to de- 
termine. 

To  measure chain alignment we used the 2885- and 
2850-cm-' C-H stretching bands which are shown in Figure 
6 for a sample of randomly oriented polycrystalline poly- 
ethylene. The ratio of the intensities of these two bands 
is a measure of alignment since the 2885-cm-' band is not 
allowed in the cc spectrum when all chains are parallel to 
c.'OJ1 This may be seen in Figure 7 for a sample of ex- 
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The value of the most probable length of a straight-chain 
segment derived from the Raman measurement is essen- 
tially model independent. As we have seen earlier, if the 
observed Raman spectrum is corrected solely for frequency 
and temperature, i.e., not converted to a length distribu- 
tion, the peak of the LAM-1 band corresponds to a chain 
length of about 95 A (Figure 2). Conversion to f (L)  reduces 
this value by only 5-15 A. Thus, frequency and temper- 
ature corrections by themselves lead to a most probable 
length that is much less than the long period found by 
SAXS. 

The situation for the drawn sample may be contrasted 
with that for solution- and melt-crystallized polyethylene. 
In these latter cases, approximate values of L,, derived 
from eq 3 by using the peak frequency of LAM-1 and a 
value of the constant a in that equation determined from 
crystalline n-alkane LAM-1 frequencies are generally in 
good agreement with measured values of C.13J4 

We will now consider some factors which, when taken 
into account, tend to reconcile L,, and e. 

We note that L,, is the most likely value of the 
straight-chain segment length and not the average value 
La, and that the average value is more closely related to 
the long period. Because f (L )  is asymmetric, La, is con- 
siderably larger than L,, (Figure 3). We find La, to be 
125 A. This value is probably on the low side because 
contributions from lengths larger than 300 A were ignored 
and because, if our measurements are in error, this error 
will most likely have the effect of reducing the value of f(L) 
in the long-length region.2 Therefore we estimate La, to 
be in the range 125-130 A. 

The value of C reported12J5 for the drawn sample was 
obtained from Bragg's law, using a scattering angle from 
an observed SAXS curve I(8). In general, it is necessary 
to correct the observed scattering curve to give the true 
scattering profile Z(s) through the equation 

I ( s )  = PI(8)  (6) 
where s = 2X-' sin 8 and where 8" is the "Lorentz factor" 
in which n assumes a value ranging from 0 to 2, depending 
on the nature of the sample.16 Any value of n greater than 
zero will result in a shift of C toward a smaller value. There 
is controversy in the literature concerning the value of n 
appropriate for a drawn fiber.16 The shift resulting from 
the correction will be small in any case since, for the ex- 
treme value n = 2, it amounts to less than 30 A. Therefore 
C must be in the range 150-180 A. 

The remaining difference between the Raman results 
(125-130 A) and the SAXS results (15CL180 A) may reflect 
in part the presence of an amorphous component and the 
effect of disorder in the lamellar periodicity on the position 
and shape of the SAXS curve. The effect of such disorder 
is a subject that has been considered by a number of au- 
thors.lGm The most general treatment is by Ho~emann, '~  
who derived expressions for scattering curves based on a 
paracrystalline model in which fluctuations in the thick- 
ness of both the amorphous and crystalline layers occur. 
The effects of these fluctuations are to cause the scattering 
curves to shift position, broaden, and lose intensity, effects 
that are more pronounced for higher order reflections. The 
precise way the scattering curves are affected depends 
critically, however, on the relative amplitude and distri- 
bution of the fluctuations. 

The "direct" method for analyzing SAXS curves for 
partially crystalline polymers reported by Strobllg is ap- 
plicable to structures that are relatively well ordered, such 
as unannealed solution-crystallized polyethylene. For such 
samples, the ranges of lamellar thicknesses derived from 
SAXSlg are consistent with the distribution of straight- 

EXTRUDED 

ORAWN 
ANNEALINO 

crn-1 

Figure 7. C-H stretching region of the cc spectra of highly 
oriented polyethylene: extruded; unannealed drawn; annealed 
(127 O C )  drawn. 

truded polyethylene which is highly aligned. Also shown 
in this figure are the cc spectra of a drawn sample, both 
unannealed and annealed. We note that the relatively 
narrow 2885-cm-' band is superimposed on an unrelated 
intense and broad band.l0 Contributions from this broad 
background were excluded in determining the peak in- 
tensity of the 2885-cm-' band. 

The relative intensities of the 2885- and 2850-cm-l bands 
indicate that the chains in the fiber are highly aligned, 
although somewhat less so than in the case of the extru- 
date. It appears that the process of annealing has little 
effect on the degree of alignment. 

A quantitative estimate of alignment may be derived 
from the value of the peak-height intensity ratio 
1(2885)/1(2850) (which we designate as r ) ,  provided we 
assume a one-parameter model that describes an alignment 
distribution. Two models were considered. The methods 
of computing the averages associated with these models 
are found in the Appendix. 

In one model we assume that the system consists of two 
components, one having perfectly aligned chains and the 
other randomly aligned chains. The fraction of random 
chains necessary to give r a calculated value in the range 
of values (0.08-0.18) observed for the unannealed fiber is 
3-7% and for the annealed fiber (129 "C), 4-970. 

A second model was considered in which all chains make 
the same angle 8 with the fiber axis. For the unannealed 
sample, 8 = 8 - 1 2 O  while for the annealed sample, 8 = 
9-14O. For comparison, we estimate that 8 = 3-6' for the 
extrudate. 

Distribution of Lengths of Straight-Chain 
Segments 

Comparison with SAXS Measurements on the Un- 
annealed Sample. In the case of the unannealed sample, 
the distribution of lengths of straight-chain segments has 
its maximum L,, in the region 80-100 A. This length is 
approximately one-half the value of the long-spacing 4 ,  
which is reported from SAXS measurements to be 180 A.12 
This difference between the Raman and SAXS measure- 
ments is a t  variance with an earlier study on similar drawn 
samples which indicated that the length derived from 
LAM-1 was significantly greater than that from SAXS.13 
In this earlier work, however, the most probable length was 
computed from eq 3 by using the frequency at  which IyOM 
is a maximum. The value of L,, derived in this manner 
will be significantly larger than that obtained from the 
distribution curve calculated with eq 1, in which case IyObed 
is weighted by u2By. 
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chain segment lengths determined for similar samples from 
low-frequency Raman mea~urements.~ The same approach 
applied to the drawn sample is made difficult by the ab- 
sence of an accepted model and by the large fluctuations 
in lamellar thickness for the fiber relative to those for the 
solution- and melt-crystallized polymer. 

The effect on SAXS curves of paracrystalline-type 
fluctuations has recently been reviewed by Crist,16 who 
very clearly demonstrated that the finite coherence length 
of the long-period structure severely reduces the maximum 
of the scattering intensity and makes it eventually unob- 
servable. A variation of the extended length of the chains 
in the crystal lattice, i.e., the fluctuation and the uneven- 
ness of the boundary between the crystalline and amor- 
phous layers, mainly affects the intensity but not very 
much the position of the scattering maximum. Hence 
SAXS is a very inadequate tool for the investigation of the 
distribution of the length of extended chain sections in the 
crystal blocks, in contrast with the LAM Raman scattering 
method, which measures just this distribution. 

Finally, the presence of conformational defects within 
the lamellar stems is yet another factor that would tend 
to affect the Raman and SAXS in a different manner. 
Such defects would interrupt the all-trans segments to 
produce shorter, vibrationally uncoupled segments. It 
appears that a relatively low concentration of such defects 
could shift L,, to significantly lower values and account 
for the presence of the high concentration of straight-chain 
segments having lengths less than 100 A. This model will 
be discussed separately.21 

S t r u c t u r e  of t h e  Unannealed and  Annealed Sam- 
ples. The distribution of lengths of straight-chain seg- 
ments observed for the unannealed drawn sample differs 
from that for other states of polyethylene in indicating the 
presence of a large fraction of extended chain segments 
whose lengths are less than 100 A. Annealing even at  
relatively low temperatures (100 "C) results in some re- 
duction in the number of these chains. Further annealing 
at  higher temperatures (127 "C) virtually eliminates the 
shorter chains and leads to a distribution curve resembling 
that of an extruded sample.2 These facts support the view' 
that the morphology of the unannealed drawn fiber is 
fundamentally different from that of the solution- and 
melt-crystallized polymer and that this difference is di- 
minished through annealing. 

A unique morphology for the unannealed fiber is also 
indicated by the fact that the half-width ALl12 of the 
distribution is anomalously large when compared with 
values for samples prepared in other ways. In a study to 
be reported separately,7 we have found that for solution- 
and melt-crystallized polyethylene the value of the ratio 
AL1,2/Lm, varies significantly with Lm,. For L,, in the 
vicinity of 100 A, the ratio is small, for example, 0.1-0.2 
for solution-crystallized samples. In contrast, a value near 
1.0 is found for the unannealed fiber. 

The value of AL, 2/Lmar remained near 1.0 after the 
sample was annealedat 100 "C. However, after annealing 
at  127 "C the distribution became more symmetric and 
shifted to higher L values. The ratio ALlj2/Lm, was 
consequently reduced to near 0.85 (Table I), a value that 
is now in line with the values around 0.7 observed for 
annealed solution-crystallized samples. 

The distribution of straight-chain lengths for the un- 
annealed fiber is characterized by a tail that extends to- 
ward long lengths and, in this way, resembles the distri- 
bution for the polymer in its extruded statee2 This tail, 
which is not present in the case of the solution-crystallized 
polymer, is probably associated with the extended "taut" 
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Table I1 
Raman Scattering Activities for C-H Stretching Modes 

of Crystalline Polyethylene* 
mode 

chain d- d' 
orienta- (2885  (2850  

sample tion c m - ' )  cm- ' )  
fiber (cc aligned 0 % ' 2  

Poly- random 2I9f l  01'2 + Z/,P'2 

spectrum) 

crystalline 

random 4/414y !Iz + '/43p" 

* z refers to  the chain axis. 

tie chains responsible for the high moduli of the fiber and 
the extrudate. The tail persisted after the fiber was an- 
nealed at 127 "C. Because of experimental uncertainties 
partly associated with corrections for background intensity 
in the low-frequency (<8 cm-') region, it was not possible, 
as had been originally hoped, to determine whether or not 
there was a change in the number of tie chains. This 
measurement is of importance because it bears on our 
understanding of the relation between annealing and 
tensile properties. Thus, it has been observed that a drawn 
sample annealed with its ends fixed suffers a smaller loss 
in its initial high elastic modulus than a sample annealed 
with its ends free.22 Presumably the greater loss in mo- 
dulus for the free-end case results from a greater loss in 
the number of effective tie chains, i.e., those which are fully 
extended. In our experiment, the sample underwent some 
slight shrinkage (-5%) during annealing. It appears, 
however, to have been sufficiently constrained to prevent 
a sizable loss of tie chains, thus accounting for the per- 
sistence of the tail after annealing. On the other hand, it 
may be that the "effective" tie chains have lengths so great 
(>600 A) that their LAM-1 frequencies are beyond the 
spectral region (<5 cm-') where accurate measurements 
are possible at present. In any case it is clear that further 
measurements are needed. 

Summary 
(1) The low-frequency LAM-1 band of drawn poly- 

ethylene has a shape that distinguishes it from LAM-1 
observed for other forms of the polymer: it is exceptionally 
broad and displays an intense high-frequency wing. 

(2) The unique shape of LAM-1 results from a high 
concentration of short straight-chain segments whose most 
probable length L,, is about 90 A. 

(3) The value of L,  (90 A) is about one-half the length 
E of the long period measured by SAXS for similar drawn 
samples. The difference between these values is reduced 
when the average length La, of the straight chains is used 
for comparison rather than L-. The remaining difference 
between the Raman value (125-130 A) and the SAXS 
value (150-180 A) may be associated with the effects of 
lattice disorder on the X-ray scattering curve. Another 
possible contribution to this difference, which would, in 
addition, account for the presence of the high concentra- 
tion of short straight-chain segments, involves the presence 
of conformational defects within the lamellar stems.21 

(4) The shape of the distribution of lengths of 
straight-chain segments together with the changes in the 
shape observed upon annealing the sample shows that the 
morphology of the unannealed sample is fundamentally 
different from that of solution- and melt-crystallized 
samples. 

(5) The distribution curve shows a tail extending beyond 
500 A; this tail appears to persist after annealing (127 "C) 
the sample with its ends fixed. 
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(6) The extended chains of the unannealed sample were 
highly aligned in the direction parallel to the draw axis. 
The average angle of deviation was near loo. Annealing 
the sample at  127 O C  did not increase the average angle 
by more than 2’. For comparison, the average angle of 
deviation for an extruded sample was found to be about 
4.50. 

Acknowledgment. R.G.S. thanks Stephen J. Krause 
of the Department of Materials and Metallurgical Engi- 
neering at  the University of Michigan for valuable dis- 
cussions concerning the interpretation of SAXS and 
WAXS data. 

Appendix 
To estimate some average deviation of the extended 

chains from perfect alignment with respect to the fiber 
axis, we used the peak intensities of two C-H stretching 
bands: the antisymmetric mode at 2885 cm-l, which is 
designated as d- and belongs to symmetry species Blg, and 
the component of the symmetric mode at 2850 cm-’, which 
is designated as d+ and belongs to species Arlo Peak 
intensities have been used since it may be assumed that 
the shape of a given band is essentially the same for all 
samples. The calculation has been carried out for two 
models. 

Two-Component Model. This model consists of ex- 
tended chains having random orientations and extended 
chains having perfect alignment with the fiber axis. We 
wish to compute the relative fraction of the components. 
For this purpose we need the relative peak intensities of 
the 2885- and 2850-cm-’ bands for the randomly oriented 
polymer (Figure 6). The relative intensities of bands for 
the fiber cannot be compared directly with those for the 
polycrystalline sample because the Raman scattering ac- 
tivities associated with the bands differ for the two sam- 
p1es.l’ The relative intensities of these modes in terms of 
scattering activities are given in Table I1 for the fiber and 
polycrystalline  ample.'^!^^ Relative values of the terms 
in the expressions for the d- intensities have been deter- 
mined from measurements on a highly oriented uniaxial 
sample of extruded polyethylene: cr,i2(d+) = 1.3, d2(d+) 
= 2.88, and plzd+ = 6.70. The intensity ratio I(2885)fZ- 
(2850) was found to be equal to 2.00 for the polycrystalline 
sample. This leads to fY2(d-) = 39.3. From the cc spectrum 
of the fiber we can measure the ratio r = 1(2885)/1(2850). 
Letting x represent the fraction of randomly oriented ex- 
tended chains, we have 
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axis. Starting with the sample geometry used to measure 
the cc spectrum (see section on Experiment and Theory), 
we note that a rotation of the sample about any axis 
perpendicular to c introduces into the observed spectrum 
a dd component. On this basis we may write 

I(e) = I(cc) cos2 6 + I(dd) sin2 0 (A-2) 
where 9 is the angle between the chain and fiber axes. 
Then 

r =  
Iobsd(2885) - P(2885) cos2 8 + Idd(2885) sin2 8 

Iobsd(2850) P(2850) cos2 6 + Idd(2850) sin2 8 
- 

(A-3) 
With intensity ratios measured for extruded polyethylene, 
this equation may be expressed 

r = 4.40/(cot2 e + 3.84) 
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