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ABSTRACT: Infrared and Raman spectra of polyethylene and polyethylene-d, in the temperature region
5—300 K were measured. Low temperature brings about the sharpening and the shifting of the bands.
Furthermore, new fundamental bands were observed. In particular, all the lattice modes can be observed.
The wavenumber shifts of the bands, especially those of the lattice modes, tend to slow as the temperature
decreases. This tendency is consistent with the dependence of the unit cell parameters a and b. As the
lattice parameters a and b decrease, the intermolecular forces become stronger. The stronger intermo-
lecular forces bring about the sharpening and the shift of the bands. The temperature dependence of the
width of the splitting of the bending and rocking modes is not so large that these might not be a measure

of the intermolecular force.

Introduction

In the previous paper,! the crystal structure analysis
of deuterated polyethylene was carried out in the He
temperature region 10—300 K by neutron diffraction
method. It was clarified that the unit cell parameters
decrease as temperature decreases but the azimuthal
angle ¢ between the molecular plane and the b axis is
45°, independent of the temperature. In other words,
the crystal structure of polyethylene does not change,
and only the intermolecular distance decreases as
temperature decreases.

On the other hand, the infrared and Raman spectra
of polyethylene and deuterated polyethylene are well
characterized.?= It is interested in what change can be
observed on the infrared and Raman spectra of poly-
ethylene and deuterated polyethylene in the He tem-
perature region. The rocking modes® and lattice mode’
on the infrared spectra of polyethylene were observed
at low temperatures, 4 and 100 K, respectively, under
rather low resolution. At low temperature (2 K), the 108
cm~! band was observed in the far-infrared region of
polyethylene and was assigned to the lattice mode (B3,).8
Furthermore, Frank et al.° measured the infrared
spectra of polyethylene in the temperature region 14—
412 K, and they found that the frequencies of lattice
modes and rocking modes is linearly related to the
lattice parameter a. Schlotter and Rabolt reported the
far infrared and Raman spectra of polyethylene with
chain-extended morphology at 10 K.10 In the present
study, the infrared and Raman spectra of polyethylene
and deuterated polyethylene were measured in the
temperature regions 5—300 and 6—300 K, respectively.
As a result, the many fundamentals were newly ob-
served, especially, all the lattice modes were observed.
Temperature dependence of the band frequencies is very
similar to the dependence of the lattice constants, which
corresponds well to the observation for the infrared
spectra of polyethylene by Frank et al.®

Experimental Section

For the polyethylene sample, Metal Box Grade X40 film was
used for infrared and Raman spectra measurements. For
deuterated polyethylene samples (Aldrich and Cambridge
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Figure 1. Temperature dependence of the lattice parameters
a and b and the structural parameter 0: the azimuthal angle
between the molecular plane and the a axis of deuterated
polyethylene.

Isotope Laboratory: high-density polyethylene), film and
powder were used for infrared spectra and Raman scattering
measurements, respectively. For far-infrared spectra measure-
ments, wedge-type films were made in order to avoid interfer-
ence.

Infrared and far-infrared spectra were measured by the
spectrometers JASCO WS/IR-8300 and BIO—RAD FTS-40V,
respectively. Raman scattering measurements were made by
the spectrometer JASCO NR-1800. The samples were cooled
by liquid He by using a cryostat (Oxford). Infrared spectra were
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Figure 2. Infrared spectra of (a) polyethylene and (b) deuterated polyethylene in the temperature region 6—300 K.

measured at 6, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200,
220, 240, 260, 280, and 300 K, and Raman spectra were
measured at 5, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200,
220, 240, 260, 280, and 300 K. Far-infrared spectra were
measured in temperature region of 5—300 K.

Results and Discussion

In Figure 1, the cell parameters, a and b, and the
azimuthal angle between the molecular plane and the
a axis of deuterated polyethylene were shown. These
structural parameters are considered to be almost the
same as in the case of polyethylene, because the
difference between hydrogen and deuterium is not
considered to influence on these parameters. This figure
shows that the intermolecular distances decreases, i.e.,
intermolecular forces increase as temperature decreases
and this tendency becomes slower as temperature
decreases.

In Figure 2, the infrared spectra of polyethylene and
deuterated polyethylene measured in the temperature
range 6—300 K are shown. All the bands are sharpened
as the temperature decreases. This may be attributed
to the fact that the effects of anharmonicity decrease,
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Figure 3. Temperature dependence of the rocking modes on
the infrared spectra of polyethylene.
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Figure 4. Raman spectra of (a) polyethylene and (b) deuterated polyethylene in the temperature region 5—300 K.

as intermolecular forces are strengthened and harmo-
nicity increases. Furthermore, all the bands shift to high
wavenumber, which may be brought about by the
increase of intermolecular forces. These tendencies can
be typically observed on the rocking modes of polyeth-
ylene (Figure 3). The effects of anharmonicity decrease
and the fundamentals retain their intensity and become
stronger as the temperature decreases. Both the rocking
bands shift to the high wavenumber, but the tendency
becomes slower at lower temperature. Here, it should
be noted that the width of splitting of two rocking modes
seems to be constant although the width is frequently
used as a measure of intermolecular force. This corre-
sponds well to the observation by Frank et al.® Both of
720 and 730 cm~! bands are composed of sharp funda-
mental and broad band. The broad bands may be
attributed to the disorder in the crystalline region,
because the sample used in the present study has
almost 100% crystallinity. In Figure 4, the Raman
spectra of polyethylene and deuterated polyethylene
measured in temperature range 5—300 K are shown.
All the bands except for 1412 cm~?! band of polyethylene
and 970, 828, and 824 cm~! band of deuterated poly-
ethylene show the same tendency as in the infrared
spectra. These bands shift to low wavenumber as

Wavenumber/cm™!

Figure 5. Temperature dependence of the 1412 cm~! Raman
band.

temperature decreases. The temperature dependence of
Fermi resonance regionl12 in Raman spectra of poly-
ethylene is shown in Figure 5, which is composed of two
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Figure 6. Far-infrared spectra of (a) polyethylene and (b)
deuterated polyethylene at 5 K.
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Figure 7. Low wavenumber region of Raman spectra of (a)

polyethylene and (b) deuterated polyethylene in temperature
region 5—300 K.
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Figure 8. Schematical representation of the lattice modes of
polyethylene (PEH) and deuterated polyethylene (PED).
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Figure 9. Temperature depdendence of wavenumbers of
lattice modes on (a) the infrared and (b) Raman spectra of
polyethylene and deuterated polyethylene.

bending modes and the overtone of rocking mode. The
band 1412 cm™! shifts to low wavenumber as temper-
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Table 1. Observed and Calculated Frequencies of
Polyethylene
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Table 2. Observed and Calculated Frequencies of
Deuterated Polyethylene

mode species obsd calcd® mode species obsd calcd®
v12(0) Ag 2846 2845 v1%(0) Ag 2103 2050
v1°(0) Bag 2838 v1°(0) Bag 2046
v13(o) Biu 2850 2874 v13(7T) Biu 2095 2091
Vlb(ﬂ) BZu 2877 Vlb(ﬂ) BzU 2094
122(0) Ag 1442 1437 v2%(0) Agy 970 974
v2°(0) Bag 1468 1445 v,°(0) Bag 984
v22(7r) Biu 1475 1489 v23(T) Biu 1094 1094
v2°() Bou 1468 1479 v2°(7) Bau 1088 1086
v32(0) Bsu 1173 1175 v33(0) Bau 890 889
v32(0) Ay 1184 v3°(0) Ay 894
v33(7) Bog 1412 1413 v33(7r) Bog 1257 1270
1/3b(7[) Blg 1408 ng(f[) Blg 1269
14%(0) Ag 1134 1127 v43(0) Ay 1149 1154
v4°(0) Bag 1127 v4°(0) Bag 1156
v43(7r) Bzg 1062 1056 v43(7T) Bzg 828 831
v4°(77) Bag 1051 v4°(o7) Big 824 825
v52(0) Ag 136 171 v53(0) Agy 106 134
Vsb(o) ng 109 138 Vsb(o) ng 82 109
v52(or) Biu 80 76 v53(7T) Biu 75 71
vs2(7r) Bou 109 138 vs°(o7) Bou 103 99
v62(0) Ag 2881 2899 v63(0) Ag 2200 2146
v6°(0) Bag 2904 v6°(0) Bag 2149
v62(7T) Biu 2920 2919 v62(7T) Biu 2194 2160
’Veb(n’) BZu 2917 Veb(]r) BZu 2159
v7%(0) Ag 1172 1164 v7%(0) Agy 992 999
v7°(0) Bzg 1164 v7°(0) Bag 1001
v73(or) Bag 1295 1303 v73(7T) B2g 917 922
V7b(7[) B]_g 1308 V7b(ﬂ) Blg 926
vg2(0) Bsu 1050 1059 vg?(0) Bau 746 749
vg(0) Ay 1053 vg°(0) Ay 745
vg@(or) Biu 735 749 vg3(T) Biu 529 540
Vsb(ﬂ) BzU 722 737 ng(f[) BZu 522 531
an(O) Bgu 0 Vga(o) B3u 0
vg°(0) Ay 59 v9°(0) Ay 55
vo?(mr) By 0 vo?(oT) By 0
’ng(f[) BZu 0 ng(f[) BZu 0
a See ref 2. a See ref 2.

ature decreases. This shows that the stronger intermo-
lecular interaction does not necessarily bring about the
shift to high wavenumber as temperature decreases.
This may be attributed to the fact that the stronger
intermolecular interaction brings about the different
ratio of the coupling of modes.

In Figure 6, the far-infrared spectra of polyethylene
and deuterated polyethylene at 5 K are shown. Two
bands, 109 and 80 cm~! and 103 and 75 cm™! are
observed for polyethylene and deuterated polyethylene,
respectively. These two bands are assigned to the lattice
modes of By, and By, which are translational modes
parallel to the a and b axes, respectively. In Figure 7,
the low wavenumber region of Raman spectra of poly-
ethylene and deuterated polyethylene in the region
5—300 K are shown. Two bands can be observed at low-
temperature region: at 5 K, 136 and 109 cm™! for
polyethylene, and at 6 K, 106 and 82 cm™! for deuter-
ated polyethylene. These two bands can be assigned to
the librational lattice modes of Ag and Bgsg. In Figure 8,
all the lattice modes are schematically shown. Temper-
ature dependences of lattice modes are plotted in Figure
9. The tempearture dependences are very similar to
those of the lattice constants (Figure 1). The tempera-
ture dependence of the lattice modes are strongly related
to the intermolecular interactions. This corresponds well
to the observation in the infrared spectra of polyethylene
that the frequency shift is linearly related to the thermal
expansion of the lattice parameter a.® The assignment
of all the bands of infrared (5 K) and Raman (6 K) are
given in Tables 1 and 2 in comparison with the calcu-
lated values reported by Tasumi and Shimanouchi.?

Tasumi and Shimanouchi? calculated the normal
coordinates by taking only the few short-range hydro-
gen—hydrogen interactions into account and discussed
the shape of the intermolecular hydrogen—hydrogen
potential function. At low temperature, longer range
hydrogen—hydrogen interactions should be taken into
consideration in addition to the hydrogen—carbon and
carbon—carbon interactions.
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