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The chain conformation of solution-crystallized polyethylene has previously been confirmed by infra-red 
spectroscopy, using the CD 2 bending bandshape for samples with a minority of the deuterated species ~ 3. The 
method of calculating the i.r. band profile from molecular conformational models is now developed to give a 
more accurate representation of doublet splittings and to include the singlet component. The CH 2 bending 
profile is calculated for samples with a deuterated matrix, and the good agreement with experimental data 
indicates that the same molecular model is applicable for samples with the deuterated polymer as either guest 
or matrix, for identical crystallization conditions. This result implies that isotopic fractionation is 
unimportant under these conditions. 
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I N T R O D U C T I O N  

Isotopically labelled crystals of polyethylene have pre- 
viously been used to establish the conformation of the 
individual polymer molecule 1-3. Two techniques, infra- 
red (i.r.) spectroscopy and neutron scattering, were used to 
obtain a detailed conformational model 2'3 which is 
reviewed below. However, the i.r. technique was restricted 
in its quantitative application to samples where the 'guest" 
species was the fully deuterated polymer (PED) and the 
'host' was normal polyethylene (PEH). In this work, we 
extend the technique to the reverse situation, where the 
normal 'guest' is dispersed in a deuterated matrix. 

The model for crystals grown from xylene solution at 
70"~C is shown schematically in Figure 1. Several features 
are apparent. Firstly the crystal stems are arranged along 
sheets in the {110} direction. These stems do not show 
perfect adjacent re-entry; the fold plane is diluted with 
other molecule(s) to the extent that 50°,o of the lattice sites 
along the {1101 direction are occupied by stems from a 
labelled molecule. There is an occasional fold in a different 
direction, giving rise to another sheet of stems. The 
resulting conformation involves several parallel sheets of 
stems (four in the case of Figure 1). The number of sheets 
increases with the guest molecular weight, with a mole- 
cular weight per sheet of 21 000. The figure of 75°o for the 
probability of adjacent re-entry produces small groups of 
adjacent stems along the fold plane. Splittings in i.r. 
bending vibrations for the guest molecule result primarily 
from interactions between one labelled crystal stem and 
its nearest neighbours in { 1 10~ directions. The magnitude 
of the splitting is related to both the size and shape of the 
group of adjacent stems, so that the conformation shown 
in projection at the top of Figure 1 will produce several 
different doublet splittings. The distribution of these 
splittings is clearly dependent on the details of the specific 
molecular model used. This provides a method of check- 
ing whether the same conformation is present in samples 
with either PEH or PED matrix. 

This extension of the i.r. technique is important, since 
both i.r. and neutron scattering methods rely on the fact 
that the different species generally behave identically: 
they are assumed only to differ significantly in monomer 
mass (and hence vibrational frequencies) and in the 
neutron scattering cross-section of the isotope, it is 
implicit that the two species crystallize in the same way, 
giving rise to the same statistical arrangement of crystal 
stems. However, there is known to be a melting point 
difference between PED and PEH, which may give rise to 
isotopic fractionation because of the different crystalli- 
zation rates 4. Previous i.r. and neutron scattering studies 
have deliberately focussed on rapid crystallization con- 
ditions, in order to minimize fractionation effects. Krimm 
and Ching have argued that these effects are unimportant 
in their i.r. samples, using PEH matrix 5. For the alkane 
system nC36H74/nC36Dv4, they have shown the variation 
in isotopic composition of crystals formed from benzene 
solution with the degree of conversion for various initial 
isotopic compositions. The heterogeneity of crystals 
formed from equilibrium crystallization is greater for 
similar proportions of C36H74 and C3,D~,~. Of particular 
significance here is the finding that the range of guest 
species concentrations within the crystal population is 
greater for a minority of C36074. This dependence on the 
guest isotopic species is a result of their difference in 
melting points, which leads to the first crystals formed 
always being rich in C36 H 74- Any significant fractionation 
in polyethylene mixtures would also be expected to result 
in the hydrogenated species crystallising first. The 
concentration range of the guest species would depend on 
the guest isotope, with differences of chain conformation 
in the two cases. For neutron scattering measurements, we 
have previously shown that solution-grown samples with 
either PEH or PED matrices can be represented by the 
same molecular model ~. We attempt here to show 
whether the same conclusion can be drawn from i.r. 
studies, since measurements on samples with PED matrix 
have not previously been made with the benefit of recent 
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Figure 1 Schematic representation of the molecular conformation of a 
labelled polyethylene chain within the lamella. The large spots in the 
crystal stem projection at the top correspond to the unshaded molecule 
in the perspective sketch. The {1101 direction is horizontal 

developments in instrumentation and analysis. If 
significant fractionation occurs under the crystallization 
conditions adopted (from dilute xylene solution at 70°C), 
a different molecular model would be required to fit the 
neutron scattering and i.r. data for the two systems. On 
the other hand, if one molecular model proves adequate 
for both sample types, then fractionation must be 
unimportant. 

The use of Fourier Transform i.r. (FTi.r.) spectroscopy 
with samples cooled to liquid nitrogen temperatures has 
improved the quality of mixed crystal spectra, and we 
have recently shown that the spectral resolution can be 
further improved by Fourier self-deconvolution 3. This 
technique has confirmed the presence of a large number of 
doublet components within the bending vibrational pro- 
file, and the splittings and relative intensities compare 
favourably with calculations using our statistical model. 
In the present work, we make several advances in the 
calculation of i.r. spectra and in the data analysis. The 
CX 2 (X = H or D) bending vibration appears generally as 
a superposition of various doublet components and a 
central singlet. This latter peak was omitted in our earlier 
calculations 2'3, but here we use the measured sample 
crystallinity, together with information from our mole- 
cular models, to include the singlet in our calculations. 
Secondly, we have previously assumed that all doublets 
show the same frequency for the low frequency com- 
ponents 2'3. Here we utilise the deconvoluted spectra to 
establish the shift in frequencies with doublet splitting, 
which is then incorporated in our models. These two 
modifications to the calculation of spectra greatly im- 
prove their quality, and allow a more detailed comparison 
between calculation and experiment. Finally, we have 
introduced a single parameter to characterize any spect- 
rum, calculated or experimental. This is the second 
moment of the band profile about the central singlet. Each 
doublet consists of one component of higher frequency 
than the singlet and another of lower frequency. Since all 
the relevant information is contained to one side (high or 
low frequency) of the singlet, the moment is calculated 
over the high frequency side only. This provides a simple 
method of comparison between calculated and experim- 
ental data. 

PED matrix doublet splittings 

The mixed crystal i.r. technique was applied at an early 
stage to PED matrix samples as well as PEH matrix 6. In 
solution-crystallized materials, the guest (X) species gave 
rise to a doublet in the CX 2 bending vibration for both 
types of sample, indicating the presence of adjacent stems 
along the II10} direction. More recent low temperature 
measurements have shown that the band profiles are 
complex, with a number of doublet contributions 2'3'v. 
This, in itself, is evidence for the existence of several 
possible environments for guest stems. A more detailed 
analysis was clearly necessary. 

The first stage was the use of coupled oscillator theory, 
with the repeating unit as the two non-equivalent stems in 
the unit cell (i.e. a pair of oscillators). Splittings were 
calculated for finite sheets of adjacent stems, and the 
method was extended to include multiple sheets v. Such 
structures had already been anticipated by the super- 
folded multiple-sheet model for solution-crystallized po- 
lyethylene 8. To apply the coupled oscillator theory to 
these arrays of crystal stems, assumptions were made 
about the type of inter-stem coupling involved and the 
freedom of the boundaries for groups of adjacent stems 7. 
Despite being only a semi-empirical treatment, this 
approach avoids the complexity of more rigorous normal 
mode calculations. 

We have since extended this method to deal with the 
more irregular groups of adjacent stems which arise from 
the statistical model developed for solution-grown po- 
lyethylene crystals 2. The main features of the statistical 
model ~ will now be restated briefly. The molecular stems 
are arranged in sheets along the {110} direction. A 
labelled molecule is diluted by 5~/O along the fold plane by 
other molecule(s), and there is a 75% probability of folding 
to the adjacent site. The one variable used to model 
labelled molecules with different molecular weights is the 
number of parallel sheets of stems, which is allowed to 
increase in proportion to Mw. 

For any statistical model, we can obtain a computer- 
generated set of molecular conformations. It is useful at 
this stage to repeat briefly the terminology introduced in 
ref. 2. The irregular arrangements of guest stems produced 
by the program can be divided into groups of labelled 
stems, in which each stem has a labelled nearest neighbour 
in a { 110} direction. Each group is then transformed into 
an equivalent group, which has a similar number of stems 
to the original group and a similar distribution of { 110} 
interactions. The sheets of stems start in register along a 
{ 110) plane other than the fold plane and are not diluted 
with other molecules. However, there may be different 
numbers of stems in successive sheets. Figure 2a shows an 
example. An equivalent group with equal numbers of 
stems in all sheets is termed a closed group. Groups of this 
kind were analysed by Cheam and Krimm 7, who calcu- 
lated the splittings for different group dimensions. An 
example is shown in Figure 2b. For less regular arrange- 
ments of stems, it is still possible to define part of the 
equivalent group as closed. This part is called a closed 
subgroup. Figure 2a includes, in the terminology of ref. 2, a 
(3 × 2) closed subgroup. An equivalent group may include 
several alternative closed subgroups, and the subgroup 
with the maximum splitting (as calculated from coupled 
oscillator theory v) is used as the basis for calculating the 
doublet splitting for the equivalent group 2. Additional 
stems within the equivalent group, which are not included 
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a b 
Figure 2 (a) An (8,3) equivalent group and (b) an (8 x 3) closed group, 
both shown in projection with the ~ll0~ ~ direction horizontal 

in the closed subgroup, provide additional [110} inter- 
actions which increase the splitting. 

The same methods can now be applied to PED matrix 
samples. We start by calculating the CH 2 bending mode 
splittings for closed groups of stems. A sheet of stems is 
considered as a series of oscillator pairs, arranged along a 
{ll0} plane. The splitting for N such pairs is then 
determined by two other spli t t ings--that  for a single 
oscillator pair and that for an infinite sheet. Using a pure 
PEH sample cooled with liquid nitrogen, the CH 2 
bending doublet was found to have a splitting of 
13.5 cm 1. For a single infinite sheet, the number of 
interactions per stem is halved, leading to a splitting 

13.5 
Av = ~ c m - l = 6 . 7 5 c m  i 

A value of 2.62 cm 1 has been deduced for the splitting 
from an isolated pair of PED stems 7. Scaling this by the 
ratio of infinite sheet splittings for PEH and PED gives an 
isolated pair splitting (Avo) of 3.47 c m -  1 for PEH. (It is 
noteworthy that this value is within 0.1 cm 1 of Av~j2. 
From the argument above, the two values are expected to 
be identical). With these values for Av~ and Avo, we 
calculated splittings for single and multiple sheets in the 
same way as for CD 2 bending modes 7. Splittings for the 
irregular groups generated by statistical models were then 
computed as in the earlier work 2. 

Calculation o[ spectra 
In the previous work, which concerned PEH matrix 

single crystals, a specific molecular model was used as the 
basis for all calculations 2. A computer-generated set of 
molecular conformations, including that shown in Figure 
1, was analysed as outlined above, and the doublet 
splittings were calculated and their components summed. 
The low frequency components of all doublets were 
assumed to coincide in frequency, and the singlet contri- 
bution was omitted from the calculations. A Lorentzian 
lineshape was used to allow for line broadening. It was 
found that better agreement could be obtained using these 
computed spectra and experimental data if the measured 
spectra were first subjected to Fourier self- 
deconvolution 3. The reason is probably the difficulty of 
estimating component  bandwidths where the original 
components  are poorly resolved. The deconvolution 
improves the spectral resolution, so that the correct 
choice of bandwidth for the corresponding computed 
spectra is easily made. 

The self-deconvolution technique allows the frequen- 
cies of individual components  to be determined to a high 
degree of accuracy. Under favourable conditions, one 
doublet may have a significantly higher intensity than any 
other, and the two components  may be unambiguously 
identified. In this way, the frequencies of the two com- 
ponents can be assigned to a particular splitting. In order 
to obtain a range of doublet splittings, it was necessary to 
use both solution-crystallized samples (where the outer- 

most doublet is generally the most intense) and similar 
samples subjected to heat annealing. The latter sample 
type has been studied in detail, and the analysis will be 
presented elsewhere 9. It is sufficient here simply to note 
that, confining ourselves to the temperature range where 
lamellar thickening occurs, the maximum splitting in- 
itially decreases with temperature of annealing. A range of 
splittings is therefore available for the calibration of 
splitting as a function of doublet component  frequencies. 
The results were plotted for both PEH and PED matrix 
samples. In the case of PEH matrix samples, both high 
and low frequency components could be fitted to straight 
lines, using a least squares procedure. The results were 

-1 Yhigh = 1087.4 + 0.64(Av) cm 

rio ~ = 1087.4--0.36(Av) cm i 

where Av is the doublet splitting corresponding to 
components at Vh,gh and v~o W. The singlet frequency had the 
constant value of 1087.8 cm-1 

For the PED matrix samples, neither the high nor the 
low frequency components could be fitted to a single 
straight line, since plots of frequency versus splitting 
showed some curvature. An adequate fit was, however, 
obtained for each component  using two straight lines. For 
splittings Av~<9.1 cm -1, least squares fits produced the 
results: 

vt, ig h = 1466.1 +0.73 (At,) c m -  1 

how = 1466.1 - 0.27 (At,) cm i 

and for Av > 9.1 c m -  l : 

Vhigh = 1470.1 +0.29 (Av) cm 

how = 1470.1 --0.71 (At,) cm-1 

In this case the singlet frequency was 1466.7 c m - i .  
The reason for this difference between the behaviour for 

PEH and PED matrix materials is not clear; the com- 
ponent frequencies can be determined with similar ac- 
curacy in either case and the numbers of calibration 
points used were similar. The relationships quoted above 
nevertheless form an empirical basis for determining the 
frequency components corresponding to any calculated 
splitting. 

In our earlier calculations of CD 2 bending profiles, the 
central singlet component  was excluded 2'3. This com- 
ponent includes contributions from non-crystalline ma- 
terial, isolated labelled stems within the crystal lattice and 
rows of crystal stems with fold directions other than 
{110~. The major reason for omitting this band was the 
apparent sensitivity of frequency position to the type of 
fold arrangement 7. However, the deconvoluted spectra 
presented in this work show no evidence of singlet 
components with different frequencies. The central peak 
shows a constant frequency, with no indication of shoul- 
ders attributable to other components,  and the minimum 
doublet splittings observed show good agreement with 
the calculations for an isolated pair of non-equivalent 
stems. Furthermore, the molecular model which we have 
derived for solution grown crystals of polyethylene does 
not include any significant proportion of folding along 
directions other than {110} 1 . Crystal stems which are 
isolated on {110} planes may have the occasional si- 
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milarly isolated nearest neighbour in, for example, the 
{200} plane. The neighbouring stems would not then be 
connected by a fold. Because of their crystallographic 
relationship, their contribution to the CD 2 bending 
vibration would be a singlet. Our computer-generated 
molecular models can be searched for such sequences, 
along with isolated stems (i.e. stems with no nearest 
neighbours of the same isotopic species). In the calcu- 
lations to follow, both contributions are taken to occur at 
the same (singlet) frequency. 

To include the singlet contribution to the i.r. band 
profile, it is necessary to consider its intensity relative to 
the doublet components. Taking, for example, the CD z 
bending vibration for a sample with PEH matrix, the 
resultant dipole moment change for any CD 2 unit is in a 
direction bisecting the angle DCD. Consider now a row of 
neighbouring PED stems, arranged along the { 110} plane. 
In any a b plane, the C O  2 units from successive stems 
show an alternation in the direction of the dipole moment 
change. The directions for all the C D  2 units within the 
group of neighbouring stems must be used to derive an 
overall direction of change for the group. However, two 
points are evident without the benefit of detailed 
calculations. 

First, the intensity of a doublet is decreased, relative to a 
singlet, by the fact that dipole moment changes from 
n e i g h b o u r i n g  C D  2 units are not all parallel. The calcu- 
lated doublet intensity should strictly be reduced to allow 
for this. However, we have already noted that there are 
various contributions to the singlet. Some of these arise 
from disordered chains and others from chains within 
oriented crystal lamellae. The proportions of these contri- 
butions are variable among different samples, as is the 
degree of orientation of the lamellae. For this reason, the 
singlet contribution has simply been scaled by the total 
number of units from the different structures. Neverthe- 
less, we expect that the calculated singlet intensity will 
generally be somewhat less than for experimental data, 
the discrepancy depending on the detailed sample 
morphology. 

The second point concerns the doublet components, 
and the way in which PED stems are arranged in our 
molecular model. They are distributed along parallel 

1101 crystal planes. If the two stem orientations within 
the unit cell are labelled A and B, then for any group of 
neighbouring PED stems there may be unequal numbers, 
n, and nB, of stems in the two orientations. Clearly, for a 
group confined to 1 sheet with an even number of stems 
(hA+riB), then nA=nB. For an odd number of stems, 
InA --//BI = 1. For larger numbers of sheets, the situation 
can become more complex, and In, - n,I may exceed 1. In 
general, InA -- n~l is likely to be small by comparison with 
nA + riB. The majority of the stems can therefore be 'paired' 
with neighbours of the different orientation and sharing 
the same fold plane. This means that the direction of the 
overall dipole moment change for a group of stems is 
insensitive to the size of the group. To a first approxi- 
mation, we have assumed that the direction of the dipole 
moment change is the same for each group, so that no 
scaling of certain doublets relative to others is necessary. 

For the purpose of the singlet intensity calculation, the 
proportion of non-crystalline chains was calculated from 
d.s.c, measurements of sample crystallinity. Represen- 
tative crystallinities for PED and PEH matrix samples 
were 0.75 and 0.8 respectively. Non-crystalline chains 
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were assumed to give a singlet component with the same 
frequency as the other contributions, and all contri- 
butions were weighted in proportion to the numbers of 
monomer units involved. 

In addition, there is a clear need for a single quantity to 
represent the intensity distribution within a CX z bending 
profile, either calculated or experimental. The outermost 
doublet generally has the maximum intensity for the 
crystals studied here, and its splitting is very sensitive to 
molecular weight for moderate values of molecular 
weight. We have therefore chosen a quantity which is 
sensitive to the largest splittings present, namely the 
second moment of the absorbance distribution. Taking 
the singlet frequency as the origin, similar information is 
contained within the band profile to either low or high 
frequency of this origin. Only the high frequency side of 
the distribution was used for our calculations. The second 
moment was therefore defined as 

v e 

M2= ~AN(v)(v--v~) 2 
v - -  v s 

where AN(v) is the absorbance at frequency v, normalized 
over the interval from the singlet frequency v~ to the high 
frequency limit of the band profile, ve. As noted earlier, it 
has been found that a comparison between calculated and 
experimental data is more satisfactory if the deconvoluted 
experimental spectrum is used, rather than the original 
data. The second moment was therefore calculated for 
deconvoluted data. 

All spectra were recorded with samples cooled to liquid 
nitrogen temperatures in a Nicolet 7199 Fourier Trans- 
form Interferometer. The instrumental resolution was 
1 cm- I  and typically 500 scans were collected for each 
spectrum. Deconvolution was carried out as previously 
described 3, using the Nicolet software. Typical values for 
the deconvolution parameters representing the Loren- 
tzian natural linewidth and the resolution enhancement 
factor were 2.0 cm -  1 and 3.0 for PED matrix samples and 
1.7 cm-1 and 5.0 for PEH matrix. All samples were 
crystallized from dilute solution in xylene at 70°C and 
sedimented, dried and pressed before making i.r. 
measurements. 

PEH matrix results 
In Figures 3 6, we compare experimental data 

(bottom), the same data after devonvolution (middle) and 
calculated spectra (top). In each case the calculated curve 
corresponds to a set of computer-generated crystal stem 
models, each of which has been divided into groups of 
labelled stems. Each such group has then been used to 
derive an equivalent group, and the group doublet 
splitting was then calculated as in previous work 2'3. The 
i.r. spectrum was generated, using the relationships be- 
tween splittings and frequencies quoted above. The singlet 
intensity was obtained by adding the contributions from 
isolated crystal stems and from non-crystalline material, 
the latter being assumed to constitute 20% of the material. 
All peaks were then broadened, using a Lorentzian 
broadening function of half-width 0.5 cm-  1. 

In each case, the calculation shown is based on models 
with the (integer) number of sheets of crystal stems closest 
to Mw/21 000, where Mw is the molecular weight measured 
for the appropriate sample. The figure of 21000 was 
derived for the average molecular weight per sheet from 
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their intensities are generally higher in the computed 
spectra. The intensity of the central singlet (the well 
resolved peak at 1087.8 cm ]), relative to the outermost 
doublet intensities, is in reasonable agreement for calcu- 
lated and deconvoluted spectra, the agreement improving 
with increasing molecular weight. In general, however, the 
calculated singlet intensity is less than the experimental 
value, as predicted above. As another indication of the 
degree of agreement, values for the second moment of the 
intensity distributions are shown in Table 1. The value of 
the second moment  is clearly dominated by the intense 
outermost doublet components,  so that small differences 
in their splittings and intensities for experimental and 
calculated curves are emphasized in the moment. This is 
the chief reason for the higher values of the model 
moments than the experimental moments. By con- 
trast, we can calculate the value of M 2 for another model 
proposed for polyethylene single crystals l°. This model 
uses a lattice theory for the chain packing at interfaces. 
The proportion of adjacent re-entry, the major difference 
compared with our own model, is predicted to be 
less than 20°~;. We have previously calculated the i.r. 
spectrum for such a model, using 19% adjacent re-entry 
and 50"; molecular dilution along the sheet 3. It was 
shown that the outermost doublet splitting was con- 
siderably smaller than for our preferred model, which 
incorporates 75% adjacent re-entry. We calculate a value 
of 3.0 for M2, for a 3-sheet model with 20"0 adjacent re- 
entry and 50% dilution. This figure is clearly considerably 

Figure 3 Bottom: experimental spectrum for sample with 3",, PED of 
Mw=54000 in PEH matrix. Middle: experimental spectrum after 
Fourier self-deconvolution. Top: calculated spectrum for the same 
model as shown in Figure 1. but with 3 parallel sheets of stems 

fitting neutron scattering data to our molecular model ] . 
The only exceptions to this procedure are in Figures 6 and 
7. The molecular weight of the sample illustrated in Figure 
6 (Mw = 386 000) corresponds to 18 sheets. Both neutron 
scattering and infra-red techniques become insensitive to 
the number of sheets as the number increasesl'2: i.r. 
spectra for models with 4 and 11 sheets have, in particular, 
been shown to have remarkable similarities. This reflects 
the similar distribution of sizes of labelled stem groups, 
resulting from the re-entry statistics used in our model. A 
model with 11 sheets was therefore used in order to 
simplify the computat ion of the spectrum in Fiyure 6" any 
differences between models with 11 and 18 sheets will be 
negligible. The molecular weight of the sample in Figure 7 
corresponds to 10 sheets, and a comparison with the 
calculation for the 11 sheet model in Fiyure 6 is adequate. 
The close similarity between the experimental data shown 
in Fiyures 6 and 7 confirms that the i.r. spectrum is 
insensitive to the number of sheets for sufficiently high 
molecular weights. 

The general agreement between deconvoluted experim- 
ental spectra and the calculated curves is seen to be good. 
The outermost doublet splitting (corresponding to the 
components with highest and lowest frequencies) is 
generally within 1 c m -  1 for the two curves, the calculated 
values being consistently larger. The experimental out- 
ermost splittings range from 6.8 to 8.3 c m - ] .  The po- 
sitions of inner doublets are well reproduced, although 

,,&., ,o~.3 ,o&.5 ,o17~ ,oA.9 ,o&, 
Wavenumbers 

Figure 4 Bottom: experimental spectrum for l",, PED of M,~ = 93 300 
in PEH matrix. Middle: deconvoluted spectrum. Top: calculated 
spectrum from model shown in Figure 1 with four sheets 
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1104. i 1099.7 1095.5 1090.9 1086.5 1082J 1077.7 1075.5 1068.9 1064.5 1060.1 
Wovenumbers 

Figure 5 Bottom: experimental spectrum for 1% PED of Mw = 155 400 
in PEH matrix. Middle: deconvoluted spectrum. Top: calculated 
spectrum for preferred model (Figure 1) with 7 sheets 

J 

J 
1104.1 10997 1095.5 1090.9 1086.5 1082.1 1077.7 1075.5 1068.9 1064.5 1060.1 

Wovenumbers 

Figure 6 Bottom: experimental spectrum for 3°/0 PED of)~w = 386 000 
in PEH matrix. Middle: deconvoluted spectrum. Top: calculated 
spectrum for preferred model with 11 sheets 

__/J 
110'4.1 109'9.7 1095.5 109'0.9 1086.5 108'2.1 1077.7 107"5.5 106'8.9 1064.5 1060.1 

Wevenumbers 

Figure 7 Bottom: experimental spectrum for 3% PED of Mw = 216 000 
in PEH matrix. Top: deconvoluted spectrum 

Table I Values for the second moment of the absorbance distribution 
about the singlet frequency for experimental and calculated PEH matrix 
i.r. spectra 

P ED Figure Second Second 
molecular number moment moment 
weight" (this M 2 expt. M z model 
mw × 10 -3 work) (cm -2) Nsh b (cm -2) 

54.0 3 8.0 3 11.2 
93.3 4 7.6 4 13.2 

155.4 5 9.1 7 15.6 
216.0 7 11.3 11 17.3 
386.0 6 12.6 11 17.3 

"Molecular weight determined by g.p.c. 
bNumber of sheets used in molecular model 

smal ler  than bo th  the exper imenta l  value of  8.0 and the 
preferred model  value of  11.2. Differences between o ther  
mode l  and  exper imenta l  values quo ted  in Table 1 are  
general ly  small  by compar i son ,  p rov id ing  further  evid- 
ence for the inadequacy  of the lat t ice theory  model.  

PED matrix results 
Figures 8 - 1 1  show exper imenta l  data ,  deconvolu ted  

spectra  and ca lcula ted  spectra.  The calcula t ions  were 
done  in the  same way as for PEH mat r ix  samples,  with the 
a s sumpt ion  of  25% non-crys ta l l ine  mater ia l  in this case. 
The exper imenta l  spectra  show an add i t iona l  peak  at  
1456cm -1, which has no equivalent  in PEH mat r ix  
spectra.  A band  at  1442 c m -  ~ has been observed for cyclic 
paraffins, but  not  in their  l inear ana logues  i t .  I t  was 
a t t r ibu ted  to a C H  2 bending  v ibra t ion  of  the t ight fold 
conformat ion .  It is possible that  the 1456 c m -  1 band  has a 
s imilar  origin. There  may  be coupl ing  with  the methyl  
g roup  asymmet r i c  bending  mode,  which usual ly  appears  
at s imilar  frequencies. The  i so tope  frequency shift differs 
for the two vibra t ions ,  so tha t  coupl ing  may  be prevented  
in PEH mat r ix  samples,  leading to the absence of a 
co r r e spond ing  peak. Fu r the rmore ,  the relat ively large 
frequency difference between the 1456 c m -  t band  and  the 
mul t ip le t  s t ructure  at  higher frequencies makes  it appea r  
unl ikely  tha t  the 1456cm-~ peak  is associa ted  with the 
mul t ip le t  structure.  
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Figure 8 Bottom: experimental spectrum for 5% PEH of M w = 15 000 
in PED matrix. Middle: deconvoluted spectrum. Top: calculated 
spectrum for preferred model with 1 sheet 
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Figure 9 Bottom: experimental spectrum for 3% PEH of M w = 28 600 
in PED matrix. Middle: deconvoluted spectrum. Top: calculated 
spectrum for preferred model with 2 sheets 

Table 2 Second moment  values for PED matrix samples 

PEH Figure Second Second 
molecular number  moment  moment  
weight (this M 2 expt. M 2 model 
M w × 10 3 work) (cm- 2) Ns h (cm 2) 

15.0 8 16.1 1 8.9 
28.6 9 14.4 2 17.3 
51.0 l0 16.2 2 17.3 
87.0 11 22.6 4 22.9 

In Figure 8, the calculated spectrum (top) corresponds 
to a calculation based on a molecule occupying 1 sheet of 
stems. The deconvoluted experimental spectrum (centre) 
shows a larger outermost splitting, and is better repro- 
duced by a 2 sheet model (Figure 9, top). Experimental 
and calculated values of the second moment, M 2, are 
listed in Table 2, and also show better agreement between 
the 2 sheet model and the experimental spectrum for the 
sample with Mw=15000. In fact, neutron scattering 
results for this sample also indicated best agreement with 
a calculation for more than one sheet of stems 1. The 
deconvoluted data for molecular weights of 28 600 (Figure 
9) and 51 000 (Figure I0) are also in good agreement with 
the 2 sheet model, as regards the positions of doublet 
components and their relative intensities. This result is 
consistent with that from neutron scattering 1, which 
showed a small increase in the number of stems per sheet 
on increasing the molecular weight. However, the calcu- 
lated singlet intensity in Figure 9 is smaller than the 
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Figure 10 Bottom : experimental spectrum for 3'!;i PEH of ~/w = 51 000 
in PED matrix. Top: deconvoluted spectrum 

experimental values in Figures 9 and 10, by comparison 
with the doublet intensities, as was anticipated earlier. 
The same comments also apply to the highest molecular 
weight samples (Figure 11). Model and experimental 
values of M z are in closest agreement for the higher 
molecular weights (Table 2). 

The overall agreement between observed and calcu- 
lated spectra is therefore slightly better for PED matrix 
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Figure 11 Bottom: experimental spectrum for 3% PEH of M w = 87 000 
in PED matrix. Middle: deconvoluted spectrum. Top: calculated 
spectrum for preferred model with 4 sheets 

than for PEH matrix samples. In both cases, the 
agreement is good, and the i.r. results clearly provide 
further support for the molecular model used. 

CONCLUSIONS 

By extending the mixed crystal i.r. technique to samples 
crystallized in a PED matrix, and improving the method 
of calculating i.r. spectra, we have shown that our model 
for the chain conformation presented earlier 1 is applicable 
in general to samples crystallized from xylene solution at 
70°C. This is important in demonstrating that isotopic 
fractionation is negligible under these conditions of 
crystallization. 

It will be shown elsewhere 9 that, under suitable con- 
ditions, isotopic fractionation c a n  be detected with the i.r. 
method. Its absence in this case is further evidence that the 
model chain conformation is representative of molecules 
in the homopolymer. 
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