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| VIBRATION SPECTRA OF POLYETHYLENES

AND LONG CHAIN PARAFFINS

INTRODUCTION

There is a growing interest in the structure and properties of

macromolecules, which constitute many substances occurring in living |
s&stems and also constitute commercially synthesized plastics and resinsl
The naturally occurring macromolecules are in general very complex, and
investigation of the structurally simple polyethylenes may provide tools
for unravelling more complicated molecules. Synthetic macromolecular
substances exhibit a certain amount of random non-uniformity of structure
among individual molecules; e.g. long chains may vary in length and may
branch differently from molecule to molecule. The average structure can
to some extent be controlled by the choice of catalyst and conditions of
polymerization.

It is of practical importance to be able to measure these
variations of structure. It is found in the case of polyethylenes that
those physical properties that are of practical importance are greatly
influenced by the extent to which a given sample will crystallize. This
is in turn greatly influenced by such factors as branching and chain
length. Various features of the infrared spectra of polyethylenes have

been used empirically as a means of determining such structural propertiés
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las percent crystallinitym;nd amount of branching, although the direct 7
physical relation between structure arnd spectrum has not been fully unde%—
stood. It is desirable to have a theoretical correlation of spectrum ané
structure in order to check the validity of these empirical methods.
The vibration spectra of polyethylenes and long-chain paraffins
are of interest from the theoretical viewpoint because of their remark-
able simplicity for such large molecules. This has suggested that normal
vibrations and selection rules for these compounds in the crystalline
state may be derived by the methods used for molecular crystals, but with
the modification that one methylene chain passes through many unit cells.
Results of X-ray diffraction experiments confirm this, and show that two
chains pass through a unit cell and two methylene groups from each chain
ilie within the cell. 4 method utilizing the crystalline space group has
'been developed by Bhagavantam and Venkatarayudu1 and extended by Halford,
Hornig,3 and Winston and Halford.% The symmetry of the unit cell is de-
scribed by the factor group which is formed by the cosets of the trans-

lation subgroup of the space group. In the present work this factor

group will be referred to as the unit cell group. Halford has suggested

another method, which uses the site group, a subgroup containing elements

which leave the center of gravity of a molecule invariant. It is a
l

1s. Bhagavantam and T. Venkatarayudu, Theory of Groups and Its
Application to Physical Problems (Bangalore City: The Bangalore Press,

1951).

“R. S. Halford, J. Chem. Phys. 14, 8 (1946).

3D. F. Hornig, J. Chem. Phys. 16, 1063 (1948).

“4. winston and R. S. Halford, J. Chem. Phys. 17, 607 (1949).
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gsubgrc;ap of both the space group and the molecular point group. Normal

-
t
i

vibrations and selection rules. are derived by assuming that the molecule
has the symmetry described by the site group. This gives a description
of the infrared and Raman spectra which neglects the effects caused by

the presence of more than one molecule in the unit cell. The relations

between the site group and space group methods are discussed by Winston

and Halford. Tobin” has extended the work of Winston and Halford so thal
it may cover chain molecules and their crystals. The symmetry of a chair
molecule in extended configuration is described by a one-dimensional

space group, called a line group. There is then a factor group of the

line group which is analogous tn the unit cell group. This simplifidaticn
is a convenience in determining the fundamentals of an isolated chain
molecule, but it is not adequate for explaining the spectra of crystals

!

of chain molecules. Being based on the assumption of exten&éd configu—~

ration, the line group approximation is probably too ideal to treat chain
molecules in the liquid state, in which the molecules are likely to be
bent or coiled. Since the crystal structure of methylene chains is fairly
simple, it is quite feasible to use the space group analysis. Not much

labor is saved by using the site group approach, and it will not be con-
sidered further. However, the line group approximation will be used as

?n apprvoach to the space group interpretation of the spectra.

One of the polyethylenes studied in the present work, Merlex

50, has a high molecular weight, little branching, and is highly crystal-

line, being probably the most nearly ideal polyethylene (from the

|
| |
| M. C. Tobin, J. Chem. Phys. 23, 891 (1955).




L

'
|

structﬁ;al viewpoint) so far produced. The aims of the present work |
have been to obtain Raman data and improved infrared data, to assign the

ifundamental frequencies of the methylene chain, and to interpret the

%spectrum of Marlex 50 in accordance with what is understocd of its struc-+
ture. It has been assumed that the crystalline portions of Marlex 50

exhibit only the unit cell which was described by Bunn.6

8. Bunn, Trans. Faraday Soc. 35, 482 (1939).
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| CHAPTER I
PREVIOUS EXPERIMENTAL WORK

Crystal Structure of Polyethylenes

and n-Paraffins

Unit Cell
In the-solid state, long chain n-paraffin molecules have been
found to pack as cylindrical rods.l Miller? first determined the unit
cell from X-ray diffraction studies on CpgHgge This unit cell has been
found to hold for many long chain compoundé, though several variants
have been found. These are summarized by Daniel,3 Bunn# found that

the Muller unit cell was valid for polyethylene. This cell, depicted in

Figure 1, is orthorhombic with ap = 7.40, bo = 4.93, and co = 2.534 Ang-
Ltrom units. The space group is Ppgp or Vhlé. Two methylene chains pass
through the cell and two methylene groups from each chain lie within the
cell. The molecular axes are perpendicular to the basal plane (00l) of
the cell. The four carbon atoms in the cell are located at (x, -y, 1/4),

(-x, ¥, 3/‘#)9 (—=x + 1/2: -y * 1/2: 3/14-), (x + 1/29 y + 1/2, l/l-l'): where

V. Daniel, Adv. in Phys. 2, 450 (1953).
2. Mualler, Proc. Roy. Soc. (London) A, 120, 437 (1928).
3Daniel, loc. cit.

4C. Bunn, Trans. Faraday Soc. 35, 482 {1939).

5
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:x = 0.038 ap and y = 0.065 bo. The carbon-carbon bond length is 1.53 A, ]
and the angle between such bonds is 112°. The planes of the two carben
!

|
chains passing through the unit cell make an angle of 82° with each

!

1

'other.

Degree of Crystallinity
The ideal polyethylene molecule is a normal paraffin with a
lchain containing at least one hundred and preferably several hundred .
carbon atoms. Actual polyethylenes are not homogeneous compounds; thé
molecules in a given sample will not have a common molecular weight, but

will spread over a range of molecular weights. The average molecular

weight can be adjusted by the choice of catalyst and conditions of poly-

l
merization, or by subsequent treatment. The actual molecules are not

all straight chains, but contain varying amounts of branching. The
amount of branching in a sample of polyethylene also varies with catalyst
and conditions of polymerization. Also the molecules of some polyethyl-
enes, such as Marlex 50, have a vinyl end group. Other polyethylenes
contain double bonds arbitrarily distributed along the chain or short
branches ending in a vinyl group.

A pure lohg chain normal paraffin will usually exist as a
crystalline powder, but the lack of uniformity of polyethylene molecules

prevents them from becoming completely ordered. There are regions in a

polyethylene sample where the chains are well ordered, in a crystalline

bhase. Between these regions the chains form a less ordered amorphous
j

phase. One chain may pass through several crystalline and amorphous
;

iagionsl__mhe_crysialline_ragions_are_fgund_ig_m&aauzg_azggnd 140 to
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1400 iﬁforg;arious polyethylenes. The physical properties of polyethyl—f
'enes are found to depend considerably on the relative amounts of the

crystalline and amorphous phases.

E Several methods have been developed for determining the per-
cent crystallinity of polyethylenes, based on X-ray diffraction, nuclear
magnhetic resonance, or the intensities of certain infrared bands that
seem to be characteristic of the crystalline phase alone. There appears
to be & negativ; correlation between branching and percent crystallinityr5
The amount of branching can be estimated from the intensities of bands
that are characteristic of the methyl groups.

The various methods indicate that long chain normal paraffins
are almost completely crystalline and that most polyethylenes are betwsen
LO and 65% crystalline. The Marlex polyethylenes, developed by Phillips
Petroleum Company, have a very low amount of branching and are found to
be highly crystalline. For example, Marlex 50 is generally about 93%
crystalline,

Krimm and Tobalsky6 find that polyethylene films can be
stretched carefully to a 500% increase over their original length. For
stfetch up to 20% the size of crystalline volumes remain the same. At |

1004 stretch the size of crystallites is reduced from about 140 A to 104

A. Between 30 and 2007 stretch, preferred orientation of the crystallin

W

volumes was observed, with the chain axes inclined 64° to the direction

of stretch. Between 200 and 500% stretch the chain axes gradually turn

SRugg, Smith, and Wartman, J. Polymer Sci. 11, 1 (1953).

OS. Krimm and A. V. Tobalsky, J. Polymer Sci. 7, 57 (1951).
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Eﬁggmﬁarallelism with the direction of stretch. ¥hen the polymervis f
' i

%ighly stretched, the cross section of the crystalline volumes is found

ko be about 59 A.

|
!
1
| The Vibration Spectra of n-Paraffins

General Features
The spectra ot isomeric forms of a given paraffin differ ap~-
preciably,7 but the spectra of a series of hydrocarbons of similar struc=
ture show remarkable uniformity. Empirical correlations have been made
between various structural features and bands in the infrared spectra of
hydrocarbons by Colt.hup,8 by McMurry and Thornton,9 and in several papers

by Sheppard, Simpson, and Sutherland.lo’ll’12:13

The Raman Spectra of Normal Paraffins
; Much experimental difficulty is encountered in attempting to
obtain Raman spectra of normal paraffins in the solid state. No Raman

data have been obtained for polyethylenes previous to the present work.

However, Simanouti and Mizushima have reported data for crystalline

7c. 0. Ahonen, J. Chem. Phys. 14, 625 (1946).

8. B. Colthup, J. Opt. Soc. am. LO, 397 (1950).

H. L. McMurry and V. Thornton, Analyt. Chem. 24, 318 (1952).
10y, Sheppard, J. Chem. Phys. 16, 690 (19.48).

11N. Sheppard and G. B. B. ¥. Sutherland, Proc. Roy. Soc.
(London) A, 196, 195 (1949).

12y, u. Simpson and G. B. B. M. Sutherland, Proc. Roy. Soc.
(London) 199, 169 (1949).

133, B. B. M. Sutherland and D. M. Simpson, J. Chem. Phys. lﬁ,
153 (1947).
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normal paratfins from butane to decane, dodecane, and cetzne..* These
data will be shown in Figure 7 along with some of the data obtained in

the present investigation.

One striking feature about the Kaman spectrum of a typical nory

in the solid state. The spectra of the homologous series in the solid
state show remarkable regularity. As the chain length increases, each
band approaches a limiting frequency and, after the first few members of
the homologous series, the spectra are found to be essentially independ-
ent of chain length. Frequencies of the bands and other details of the

spectra will be given in a later chapter.

The Infrared Spectra of Noﬁmal Paraffins
and Polyethylenes

There are four strong bands in the infrared spectra of normal
paraffins that appear in the spectra of all compounds containing methyle:
chains. Except for the shortest chains, these bands are located near 72|
em~t, 1470 em™t, 2845 cm™, and 2920 em™t. In short chain paraffins a
band near 1380 cm™t is strong, but it becomes relatively less intense
with increasing chain length.

The first two of these bands are found to be doublets in the
solid state, with peaks near 720, 730, 1463, and 1473 cmfl. In the

liquid state the higher frequency components disappear in both cases.

This phenomenon will be discussed in greater detail later. There are

many weak bands between 750 cm™F and 1400 cm™l. 1In the liquid state

mal paraffin is its relative complexity in the liquid state and simplicity

|

e

7

|
i
|
L

L —simanouti—and S, Mizushima, J. Chem. Phys. 17, 1102 (1959
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E;st of them are troad and almost identical in different compounds. In
|

|
!the solid state the bands are sharper and more charactsristic of the indi—
Lidual compounds. Two spectral regions are worthy of discussion: that
‘between 1300 and 1380 cem~l and that between 1180 and 1300 cm~1.

Five bands are found between 1300 and 1380 cm~l in normal para{-
fins. Four of these, near 1305, 1340, 1353, and 1368 cmfl, are greatly
enhanced in the liquid state. .The last three disappear almost completely
in the solid state (1340 appears in some paraffins having odd chain
}ength). The 1340 em™t band is not observed in paraffins with longer
chains than Cp)Hs50 and the 1368 band is not found in paraffins shorter
than C2OHL2.15 In polyethylenes these bands {except 1340) appear very
distinctly in the solid state but are stronger in the liqﬁid state .16
The intensity of the 1378 cm™l band does not differ markedly
|between phases., Its relative intensity decreases with chain length, and
it is much less prominent in polyethylenes than in paraffins. This is
consistent with its interpretation as a methyl group fundamental. In
many early studies of polyethylene this band was not resolved from its
neighbors and the absorption of the entire region was used to determine
methyl content. The behavior described above, reported by Rugg, Smith,
and Wartmanl? and also observed in the present work, indicates that this

is the only band in the region considered that is associated with the

15American Petroleum Institute Hesezrch Project 44, Catalog of

Selected Infrared Absorption Spectrograms, (Washington: National Bureau
of Standards).

t
|
|

E

wam__w,~_lZLQQL_§it.

léRugg, Smith, and Wartman, J. Polymer Sci. 11, 1 (1953).




12

hethyl grouﬁcénd that the others are due to methylene vibrations. This

is supported by the fact that Pimentel and Klemperer18 found a band at ‘

1362 cmL in the spectrum of n-octane-1,1,1,8,8,8-dg.

f In the crystalline state, substances containing long methylene
chains have a sequence of sharp bands between 1180 and 1300 em L. The
number and separation of thése bands appear to depend on chain length.
The sequence is very weak in n-paraffins but is quite pronounced in chain
molecules with polar end groups. The sequence has been observed by
Sinclair, lcKay, and Jonesl? in fatty acids and related compounds con-
taining chains ot 10 to 19 methylene groups, and by Gunthard, Heinemann,
and Prelog20 in diketones and esters of dicarboxylic acids containing
chains of 14, 18, 22, 24, 34, and 42 methylene groups. Jones, McKay,
and Sinclair reported only three bands for lauric acid, between 1195 and
:12A0 cm™l. There was a regular increase in number until heneicosanoic
acid, for which they found nine bands between 1185 and 1314 em™t. In
spectra of dimethyl esters of long-chain dicarboxylic acids with chain
lengths of 18, 22, 24, 34, and 42 carbon atoms, Giinthard, Heinemann, and
Prelog found 6, 6, 8, 10, and 11 bands in the series. They determined
the average wave number difference between the bands. From their figures
it can be seen that the product of the number of carbon atoms in the

chain and the band separation in cm™l has a nearly constant value, namely

183, ¢, Pimentel and W. A. Klemperer, J. Chem. Phys. 23, 376

(1955).

| 19sinclair, McKay, and Jones, J. Am. Chem. Soc. 7k, 2575 (1952).

' ) 2OGiinthard, Heinemann, and Prelog, Helv. Chim. icta 36, 1147
(1953).
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betweed_655 and 660. They plotted band separation versus chain length for
their data on dicarboxylic acid esters, and also for the acids studied by
3ones, McKay, and Sinclair. The data for the monocarboxylic acids lie on
a different, lower, curve than those for dicarboxylic acids. This indi-f
?ates that the product of band separation and chain length might be a con-
stant, but of smaller magnitude thar in the case of dicarboxylic acids.
§ Jones, McKay, and Slnclalr find that the positions, widths,
?nd relative intensities are not temperature dependent. This is cited
%y'Primas and Gunthard?l as evidonce that these bands are due to funda-
%ental vibrations. The data of Jones, McKay, and Sinclair indicate thati

i
I
'

the character and intensity of the series is modified by the nature of

f the end group. Hexadecanol and octadecanocl show evidence of two over-

t
lapping series. The characteristic appearance of the sequence is lost

|
in 9,10,12,13~tetrabromostearic acid but the bands are clesr and sharp

;n 2-bramostearic acid. In solid films of oleic, linoleic, and llnolenic
?cids the spacings and intensities are irregular. These acids have a
houble bond of cis configuration near the center of the chain. In elaidic
acld the double bond has trans configuration; and the spectrum closely
resembles that of a saturated acid ot shorter chain length, as if the tuo

;segments on each side of the double bond behave as independent units,

Polarization of the Infrared Spectrum
Polyethylene films oriented by stretching were studied with

polarized infrared radiation by Elliott, Ambrose, and Temple,22 by

2ly, primas and H. H. Gunthard, Helv. Chim. Acta 36, 1659 (1953).
23Elllott Ambrose, and Temple, J. Chem. Phys. 16, 877 (1948).
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Sutherland and Jones,23 and by Rugg and co-wnrkers.24s25 The four stroné

]

bands were all fcund to be polarized perpendicular to the direction of
stretch, i.e., to the chain axis. Ferguson?® has found that their di-
chroic ratios differ somewhat. The bands at 1368 and 1352 are polarized
parallel to the chain axis, while the band at 1378 em™! does not appear |
to be polarized. The band near 1305 cm~l possibly is slightly polarized
parallel to the direction of the chain axis.

With a reflecting infrared microscope, Cole and Jones27 obtained
the spectrum of a single crystal of eicosanoic acid, viewed approximately
parallel to the chain axes. Examination ﬁith polarized radiation showed
that the two components of the 725 cm~L doublet were almost completely
polarized perpendicular to each other. The sequence of bands between
1180 and 1300 em~l was found to be polarized in the same way as the 720

em~ Tt

componernt,

From the spectrum of many single crystais of n'036H7A similarly
oriented on a rock salt plate, Krimm?8 also found the two components of
the 725 em™L doublet to be polarized perpendicular to each other and to

the chzin axes. He found similar characteristics for the 1470 em~1

doublet.
I

rext

23g., B. B. M. Sutherland and A. V. Jones, Nature 160, 567 (1947).
2hRugg, Smith, and Atkinson, J. Polymer Sci. 9, 579 (1952).
25Rugg, Smith, and Wartman, J. Polymer Sci. 11, 1 (1953).

26E. E. Ferguson, private communication.

| 274. R. H. Cole and R. N. Jones, J. Opt. Soc. Am. 42, 348 (1952).
| 283, Krimm, J. Chem. Phys. 22, 567 (1954). -
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| Effects of Deuteration
|

}trum of a deuterated n-paraffin. They report that isotopic shifts show
;the bands near 725 and 1470 cm~1 to be due almost entirely to motion of
hydrogen atoms.

Pimentel and Kelmperer3l obtained the infrared spectrum of

CD3-(CH2)6~CD3. Though there is both methyl and methylene absorption in

for both methyl and methylene frequencies in the 1370 cm™t

was a band at 1362 cm~l in the deuterated compound. They interpreted
other, weaker bands as being due to methyl, methylene, or mixed methyl

and methylene motion.

Splitting of Infrared Bands

As first observed by Thompson and Torkington,32 the band near

|

J

720 cm—1 and 730 em™L. Ls the temperature is raised; the 730 em~1 com-
ponent decreases in intensity until it disappears at the melting point.

In the liquid state only the 720 cm—t component persists, somewhat
|

294. Sheppard and G. B. B. M. Sutherland, Nature 159, 739 (194

30r, s. Stein and G. B. B. M. Sutherland, J. Chem. Phys. 22,
1993 (1954).

31g. . pimentel and W. A. Klemperer, J. Chem. Phys. 23, 376

(1955).
| 324. w. Thompson and P. Torkington, Proc. Roy. Soc. (London)

sutherland and co-workers2%,30 have obtained the infrared spec-

the 1470 em~l region, they found isotopic shifts which indicated no inter—

725 em™L in polyethylene is a doublet in the solid state, with peaks near

S

action between end group and chaln frequencies. They found much evidence

region. There

184, 3 (1945).
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broadened. Attempts have been made to correlate the phenomenon with the !
extent of crystallinity in the solid state .33 Many workers have investi
gated the effects of heating, cooling, and cold drawing on the behavior
of the doublet.34»35,36 A thorough investigation of its nature has been
reported by Stein and Sutherland,37 and qualitative theoretical calcula-
tions have been made by Stein.38 Stein and Sutherland obtained the inte:
grated extinction coefficients of the two components and plotted their
ratio as a function of temperature. They found this to correlate with
a plot of crystallinity as a function of temperature made by Richards.>?
Previous interpretations assumed the two components to be independent,
one being characteristic of the crystalline phase and the other of the
amorphous phase. 3tein and Sutherland concluded that, though the 730

-1

cm — component was associated entirely with the crystalline phase, both

phases contributed to the 720 et component., In polyethylenes the 720

|
cm~L component was stronger but the difference was less for more crystalL
line samples. In spectra of pure crystalline n-paraffins, they found the
intensities to be essentially equal. In paraffins the 730 cm™L component

disappears a few degrees below the melting point. The intensity wvariation

33811i0tt, smbrose, and Temple, J. Chem. Phys. 16, 877 (1948).
3hging, Hainer, and McMahon, J. Appl. Phys. 20, 559 (1949).
351.. Robert and J. Favre, Compt. rend. 234, 2270 (1952).
36Rugg, Smith, and Atkinson, J. Polymer Sci. 9, 579 (1952).

3Th. s. Stein and G. B. B. M. Sutherland, J. Chem. Phys. 22,
11993 (1954).

38R. 5. Stein, J. Chem. Phys. 23, 734 (1955).
3%8. B. Richards, J. Appl. Chem. 1,370 (195L)._

'
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was found to be completely reversible with respect to temperature. There
was no frequency shift with temperature, except when the samples were
cooled to within 10° of liquid nitrogen temperature. The 730 cm™l com-
iponent was then observed to become appreciably sharper and to shift about
3 em~! toward higher frequencies. The other component exhibited a similar
but smaller shift of about 0.5 cm™l and remained diffuse.

Stein and Sutherland compared the temperatures at which the
730 em-1 component disappeared in various paraffins with the temperatures
at which MullerdO observed discontinuous changes in the X-ray diffraction
patterns of these crystals. They found that paraffins normally liquid
at room temperature, when cooled to iiquid nitrogen temperature, in most
cases exhibit splitting of the 725 em~L band, but not always in the same
simple manner. The frequency of the component characteristic of the
crystalline phase varied from 728 to 737 cmfl, and in some cases there
were three components of the band.
Stein and Sutherland observed that the band near 1470 el also
becomes a doublet in the crystalline phase, having two peaks near 1464
em™L and 1473 cm™l. When the paraffins are melted these peaks are re-
placed by a single broader peak centered near 1466 cm™L, They obtained
the spectrum of a completely deuterated paraffin and found that the fre-

quencies of the two doublets and also their separations changed by a

r

factor lA/-; giving peaks atv 518 cmfl 521 cm l 1086 cm™ , ‘and 1093 cm~l.

This indicated that these bands arise from vibrations due almost entirely

40p, Miiller, Proc. Roy. Soc. (London) A, 120, 437 (1928); 127,

417 (1930); 138, 514 (1932); 154, 624 (1936); ;_5__8_, 103 (1937); 166, 36
(1938); 174, 137 (1940); 178, 227 (1941).




'to vibration of hydrogen atoms, and that no interactions with skeletal
or lattice modes are involved.

From observations with polarized radiation on oriented poly-
ethylene films, Rugg, Smith, and Atkinsontl found both components of
the bands near 725 and 1470 em™t to be polarized perpendicular to the
chain axis. Observations on single crystals have shown the two components
of a band to be polarized perpendicular to each other. This was observed
for the 725 cm™L band in eicosanoic acid by Cole and Jones®? and for both
the 725 cu L band and the 1470 cu™t band in n-C3gHy, by Krimm.%3

Rugg, Smith and Atkinson found that when a film of polyethylene
is stretched, the intensity of ths 730 cm~1 component decreases with re~

spect to that of the 720 cm™l component. Stein and Sutherland reperted

that the ratio of extinction coesificients is 0.7 for an unstretched poly-
ethylene film and O.4 when the film is stretched. They also observed
that in the stretched state the 730 cm—1 component is polarized to a much
greater extent than the 720 cm™1 component. ithen the stretched film was
annealed at the melting point (without being held in the stretched posi-
tion), the intensity ratio was restored to its original value. Rugg,
Smith, and Wartmank4 found that, while the 720 em™L component remained
polarized perpendicular to the direction of stretch, the 730 cm~1l com-

ponent became polarized parallel to this direction. X-ray investigations

blRrugg, smith, and Atkinson, J. Polymer Sci. 9, 579 (1952).
424, R. H. Cole and R. N. Jones, J. Opt. Soc. Am. 42, 348 (1952).

43s. Krimm, J. Chem. Phys. 22, 567 (1954).

bhpngg, smith, and Wartman, J. Polymer Sci. 11, 1 (1953).
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reported by Zrimm4) showed that oriented polyethylene, when annealed, |

reorients itself with the chains perpendicular to the direction in which
the film had been stretched,

| Two methylene chains pass through the accepted crystallographic
unit cell (Figure 1), and corresponding normal vibrations of these two
chains may occur either in phase with each other or 1800 out of phase.
Stein#® has attempted to explain the splitting as due to the interaction
of nearest-neighbor hydrogen atoms of the two chains when they are vi-
brating in phase or out of phase. His qualitative calculations show
that for the 725 cm™L band the out-of-phase component should be at a fre-
quency slightly higher than the frequency for a single chain, and that
the in-phase component should be at a considerably higher frequency.
The lower, out-of-phase frequency should be polarized parallel to the b
axis of the crystal and the higher, in-phase frequency should be polar-
ized parallel to the a axis of the crystal. This is in agreement with
the observations of Krimm. Stein'!s treatment when applied to the band
near 1470 cm~1 indicates, on the other hand, that the lower frequency com-

ponent should be due to the in-phase vibration and should be polarigzed

parallel to the a axis. This is not in agreement with the observations

»d

of Krimm, who observed opposite polarization behavior in n-C3gHyy, Steir
attributes this difference to the modified unit cell that was found for
n~C3pHy,, in which the chain axes are slightly inclined with respect to

the basal plane of the cell.

k35, Krimm, J. Chem. Phys. 22, 567 (195L4).

L6y, s. Stein, J. Chem. Phys. 23, 734 (1955).
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! Stein's equations show the separation to be proportional to th%
frequency, thus indicating that isotopic substitution should change the i
separation by the same factor that it changes the frequencies. This is i
in agreement with the results of Stein and Sutherland for a deuterated

paraffin. The force constant of interaction depends on the distance be-
tween the chains. The frequency shifts of the components of the band

when the sample is near liquid nitrogen temperature can then be accounted
for by contraction of the lattice. Stein's equations predict that the
730 em~l component should be considerably more temperature dependent than
the 720 em™t component. At the transition temperature of paraffins, a

five to ten percent increase in one dimension of the unit cell decreases

the interaction force constant so that the splitting becomes negligible.

Rotational Isomerism
The greater complexity of the Raman spectrum of a normal paraf-
fin in the liquid state compared‘to that in the solid state can be ex-
plained by rotational isomerism. This was first suggested by Kohlrausch
and K6ppl.h7 Internal rotation may occur about carbon-carbon bonds,

producing many different configurations of the chain, such as the cis;

itrans, and gauche configurations of butane. These various configurations

differ in stability. In the solid state one form is predominantly stable.

Evidence indicates that this is the planar extended form.%48,49 4t higher

th. W. F. Kohlrausch and F. Képpl, Z. physik. Chem. B. 26,
209 (1934). |

48;, Mmuller, Proc. Roy. Soc. (London) A, 120, 437 (1928).

4%, J. Rosenbaum, J. Chem. Phys. 9, 295 (1941).
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temperatures other forms becore sufficiently stable in the liquid state ]
so that enough of the sample assumes these other forms to make their
spectra observable. By observing the Raman spectrum of n-butane over a
temperature range, Szasz, Sheppard, and Rank have made assignments of
bands to two isomeric forms and have arrived at a value for the energy

50

difference between them. Mizushima and Simanouti have done similar

work with n—pentane.51

5OSzasz, Sheppard, and Rank, J. Chem. Phys. 16, 704 (1948).
5ls. Mizushima and T. Simanouti, J. Am. Chem. Soc. 71, 3411

(1949).




CHAPTER II

PREVIOUS THEORETICAL WORK

Calculation of Methylene Chain Frequencies

It is relatively easy to determine and interpret bands due to
end groups and substituents in compounds containing methylene chains,
but progress at interpretation of the bands characteristic of the chain
itself has been slow. This is due in part to the large number of pos-
sible normal vibrations of the chain. This number increases with chain
length, but in general the number of observed bands decreases with in-
creasing chain length. The vibrations of the chain can be divided into
three categories: (1) those primarily due to stretching of the C-H
bonds, (2) those primarily due to changes of C-C-H and H~C-H angles, and
(3) those primarily due to deformations of the carbon skeleton. The
bands due to vibrations ot the first category occur in a region separate
from that of the others. The infrared-active C-H stretching frequencies

1

of hydrocarbons have been studied by Fox and Martin.~ There is overlap-

ping of the regions occupied by the frequencies characteristic of the
other two categories of vibration. Several workers have attempted to
unravel these regions with the aid of theoretical calculations. Earlier

workers attempted to calculate the frequencies due to skeletal deformations

13, J. Fox and A. E. Martin, Proc. Roy. Soc. (London) 175, 208

(I9LOY.
22
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'and neglected entirely the motions of the hydrczen atoms. The symmetry }

coordinate method of Wilson? opened the way for interpretation and cal- |

culation of fundamentals due to vibration of hydrogen atoms.

The assumptions and methods of the various theoretical treat-
ments will now be summarized, and this will be followed by a discussion
of the present situation with regard to the interpretation of hydrocarbon
spectrae.

It has been observed that many substituents, when introduced
into the end group of a hydrocarbon chain, will give rise to a few char-
acteristic bands without appreciably altering the original spectrum of
the hydrocarbon. However, some substituents show no characteristic fre-
quency and do appreciably alter the original spectrum. This led Bar-
tholomé and Teller> to attempt calculation of the natural frequencies
of a methylene chain. They used a greatly simplified model and made the
following assumptions:

1. The forces which appear with the displacement of atoms
from their equilibrium positions are assumed to be simple harmonic.

2. The potential energy of an atom is assumed to depend only
on the positions of atoms that are bound to it by valence bonds. The
angles in the chain are taken to be tetrahedral angles. Nothing is as-
sumed concerning the spatial position.

3. Groups such as CH3~, -CHo-, -OH, etc., are treated as mass

points having the masses of the groups.

%. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941).

3. Bartholomé and E. Teller, Z. physik. Chem. B. 19, 366 (193?).
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Bartholomé and Teller showed that there is a frequency range, E

l
i

outside of which vibrations do not propagate along the chain but decay
exponentially along it. When the vibrations will not propagate along
the chain, end group frequencies appear in the spectrum; otherwise the
original spectrum is altered only slightly. For a hydrocarbon chain
considered to consist entirely of methylene groups they found this range
to be from 836 to 1185 em~l. ¥ithin this frequency range, spectroscopic
data often show more bands than are expected from the model. The con-
stancy of the characteristic frequencies and in a few cases their small
shift is reproduced by the theory. Great deviations occur oniy in the
case of derivatives of methane. An analysis of methylene chain frequen-
cies based on similar assumptions was made by Barriol.ks?

Parodi® continued the calculations of Bartholomé and Teller
in order to compare the results with more recent experimental data. He
took into account the fact that the end groups have different masses
from the methylene groups and found the limiting frequencies of skeletal
vibrations to be 1060 and 755 cm™l.

Kassell attempted to consider the interaction of vibraticn
with internal rotation about the C-C bonds, which is relatively large
for chains of four or more carbon ztoms due to the change of shape of

the carbon skeleton. He neglected hydrogen atoms, treated only states

43. Barriol, J. phys. et Radium 10, 215 (1939).

( ) 5J. Barriol and J. Chapelle, J. phys. et Radium (Ser. 8) 8, 8
1947).

6, Parodi, J. phys. et Radium 2, 58 (1941).

ZL- S. Kassel, J, Chem. Phys. 3, 326 (1935).
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in which the total angular momentum of the molecule is zero, and used 7

the simplest possible valence force potential. With these assumptions |
he set up the Hamiltonian for the C) chain and solved the wave equation
numerically. His results indicate that the planar configuration is of
outstanding importance.

Kirkwood® treated paraffinic hydrocarbons in extended configura-
tion as segments of infinite chains, and applied the Born-Karman perio-
dicity condition for crystals. Ihteractions between C-H vibrations and
skeletal vibrations were neglected. The solutions obtained are only
asymptotically valid; but "not too crude an approximation" was obtained
for molecules as short as propane, a fact which led him to think that
the method might serve as a first step in a process of successive ap-
proximation.

Pitzer,? like Kirkwood separated the motions of hydrogen
3 3

atoms from those of the carbon skeleton, and considered the carbon skele-
ton to lie at eguilibrium in a plane, zigzag chain. He used the equa-
tions for frequency derived by Kirkwood. He used the periodicity condi-
tion = W1/N instead of ¥= 2T1/N as used by Kirkwood (¥ = phase dif-
ference between carbon atoms, N = chain length, 1 =1, 2, ..., N - 1),
This removed a degeneracy of the frequencies obtained by Kirkwood.

Comparison of the calculated results of Pitzer, Kirkwood, and Kassel

that in the region where skeletal vibrations are expected, the higher

8J. G. Kirkwood, J. Chem. Phys. 7, 506 (1939).

K. S. Pitzer, J. Chem. Phys. 8, 711 (1940).
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frequencies are "surprisingly'well approximated" by the infinite chain
method. The approximation was less satisfactory for lower frequencies.

Liang, Sutherland, and Krimm™© find the method of Kirkwood and
Pitzer very usetul but suggest that the possible values of phase differ-
ence ¢ between carbon atoms be given by gb = mwl/(N - 1) where 1 = 0, 1}
2, eeey N = 1. Out of the 3N possible skeletal vibratiohs, a very small
nunber can be optically active in the erystalline state, namely, only
those in which the corresponding atoms in each unit cell move in phase.
For a finite chain, vibrations in which the unit cells do not move in
phase can be shown to be weakly active. For an infinite chain they will
have zero intensity. If there are p carbon atoms of a single chain in
a unit cell, only those modes for which ¢ = 27w'r/p (where r = 0, 1, 2,
«eey P — 1) can be potentially active. Thus there will be 3p - 4 vibra-
tional degrees of freedom for the skeleton. The accepted unit cell for
polyethylene has p = 2. Taking ¢ = Cand P =7, Liang et al. calcu-
late the two skeletal fundamentals to be 1070 cm~l and 1137 cm~l.

The first attempt to calculate the spectrum of a long chain
paraffin with consideration of the effect of the hydrogen atoms was made

by ¥hitcomb, Nielsen, and Thomas .1 They assumed a central force field

142

and derived an equation which connects the simultaneously possible value:
ot normal frequency and phase difference for the oscillations of an in-
finite chain with a phase difference from link to link. When discussing

solutions they distinguished between chain vibrations and end vibrations,

loliang, Sutherland, and Krimm, J. Chem. Phys. 22, 1468 (1954)}

11Whitcomb, Nielsen, and Thomas, J. Chem. Phys. 8, 143 (1940);
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The theory was tested by applying it to the calculation of the infrared |

spectrum of undecane. They found the best comparison of theory and ex-

periment when overtone and combination bands were considered. They

thought the theory to be capable of accounting completely for the infra-
red spectrum of undecane, while admitting that the problem was incom-
pletely solved because end conditions were not considered explicitly.
Simanouti and Mizushima used the method of Kirkwood but intro-
duced a Urey-Bradley potential function. Using a phase difference ¢ =
/N they calculated the two prominent Raman active frequencies observed
in solid paraffins below 1000 cmf}. They got gocd agreement with their
Raman data for butane to decane, dodecane, and cetane in the solid
state.12’13 Later they took into account the effect of the hydrogen
atoms by setting up a Urey-Bradley potential field for an infinite chain
of the form -(CXY - C'UZ)n-cu"l5 With phase difference C,b = O between

these units, the infinite order secular equation reduces to one of order

18, Since the chain is regarded as infinitely long, they used the selec-
tion rules for both point groups Csp and Coye This gave eight Raman-
active fundamentals, five infrared-active fundamentals, and one inactive
fundsmental. They determined the forms of the vibrations, calculated
their frequencies, and compared them with those observed in the Raman

spectrum of solid cetane and the infrared spectrum of a polyethylene.

125, Mizushima and T. Simanouti, J. Am. Chem. Soc. 71, 1320
(1949). —

135, mizushima, Structure of Molecules and Internal Rotation
(New York: Academic Press, Inc., 1954), pp. 111-115.

lhthid., pp. 197-207.

T

\J"l

T. Simanouti and S. Mizushima, J. Chem. Phys. 17, 1102 (1949).
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Kellnerld calculated the normal frequencies of a planar, extend-
ed, infinitely long methylene chain assuming the potential function to de-
pend on valence ahd angle forces only. She found that non-planar motions
of carbon atoms do not contriktute to the spectrum of an infinite chain.
The motions of the chain were given by Kellner and dipole moments were
determined for them. The results were checked with the selection rules
for a single -(CHy = CHp)- repeat unit under the point group Coh. Assign—
ment of the five infrared active frequencies was made from considerations
of intensity and polarization qf the bands and relative magnitudes of the
calculated dipole moments. Keilner made an attempt to interpret the
wezker bands as infrared-inactive fundamentals that appear due to Break—
down of selection rules. She made calculations to determine the influence
of end groups on the activity of vibrations forbidden in the infrared.

With the aid of a normal coordinate analysis, Primas and
Gunthardl? aﬁtempted to interpret the band sequence between 1180 and
1300 cm™L which they observed in infrared spectra of some long chain di-~
carboxylic acid esters, keto acid esters, and diketones. These contained
methylene chains‘of various lengths from 14 to 42 carbon atoms. They
made the following assumptions:

1. The selection rules of point group Cop are fulfilled.

2. The model is a zigzag chain X(CH, - CHp)pX, where X is a

particle with about twice the mass of a CHp group, and the valence angles

are tetrahedral,

16y, Kellner, Proc. Phys. Soc. (London) A, 64, 521 (1951).

174, Primas and H, H. Ginthard, Helv. Chim. Acta 36, 1659,
1791 (1953).
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3. The influence of lattice vibrétions is negligibly small,
L. The potential matrix is of a purse dizgonal form,
5. For normal coordinate analysis of class A, torsional
vibrations of the skeleton and C-H stretching vibrations are neglected.
For anzlysis of class By, the skeletal vibrations are not neglected.
The secular equation was diagonalized with the aid of a pexr—
turbation method. They tound that the eigenfrequencies of a chain
X(CHp ~ CH2)pX!' occur as series of non-degenerate frequencies. The
regions occupiéd oy these series were found to be indzpendent of the
chain length, within the bounds of their assumptions. The series of
eigenfrequencies converges to upper and lower limits which do not them-
selves occur as eigenfrequencies. With increasing chain length the
eigenfrequencies tend to pile up around these limits. Considerable inte:
action occurs among the skeletal vibrations and the methylene vibrations
of species By, so that it is not possible to calculate the skeletal vi-
bration frequencies accurately with neglect of the vibrations involving

hydrogen stoms. Primas and Giinthard investigated these interactions

qualitatively.

Line and Space Group Analysis

Line Group
The interpretation of spectra presented in this dissertation
takes its starting point in the theoretical approach of Tobin,ls'which

is an extension of previous work by Winston and HalZord.19 The symmetry

e

18y, c. Tobin, J. Chem. Phys. 23, 891 (1955).

194, Winston and R. S. Halferd, J. Chem. Phys. 17, 607 (1949).
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'of an isolated, infinite chain molecule may be described by a one-dizen-|
sional space group, or line group. The translations and identity of |
this group form an invariant subgroup. The factor group formed by the
translation subgroup and its cosets describes the symmetry of a repeat
unit of the chain. It is isomorphic to a certain point group. Normal
modes belonging to representations of the line group factor group are
totally symmetric under translations, which means that the repeat units
vibrate in phase. For a non-factor group mode, there is a constant
phase shift from one repeat unit to the next.

The representations of the translational subgroup are of the
form exp {2 mik.t } where k is a "wave number vector." Each wave number
vector belongs to a set {5} or "star" obtained by selecting a vector and

applying to it the operations of the point group underlying the space

group. The different vectcrs so generated are then collected. Some

operations of the point group may leave all the vectors of {5} invariant

The operations that do this form a subgroup K of the point group. An

W

irreducible representation of the space group may be characterized by the
set {g} and a representation of the subgroup K. When the star contains
only k = 0, K is the entire factor group, and the irreducible represen-
tation is a representation of the factor group. The expressions given
by Winston and Halford for determining the entries in the character
table of the representations of a space group may be used to determine
the characters of the representations of a line group if it is noted
that all the translation vectors t lie in the direction of the chain and

all the vectors of the reciprocal lattice lie in the direction of the

PG PO TN
sl 116
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|

A given transition from the ground state )pg may have spectral‘

dipole moment or polarizsbility) is non-vanishing. This happens only if

the line group representation to which 7‘3 belongs is the same as that

lations, only factor group normal modes may be spectrally active as fun
mentals. The non-factor group modes, which constitute the vast majority
of the vibrations of the chain, are all inactive as fundamentals.

The factor group normal modes may be enumerated by a procedure
similar to that used for single molecules. The number of normal modes
in each species is given Ly

N = 16WR(tL + 2 cos F(R)X(R),
h
R

where h is the order of the group, qb(R) is the angle of rotation associs
ated with the operation R, and X}(R) is the character of the operation R
in the i'th irreducible representation of the group, and Wp 1is the numbe:
of atoms of a repeat unit that are left invariant under the operation R,
or are carried into an equivalent position in another repeat unit by the
operation. The translations of the molecule as a whole can be removed
by replacing Wp by‘WR - 1. Two of the "rotational" degrees of freedom
of the repeat unit will be torsional oscillations; only the rotation
about the chain axis is a true rotation of the whole molecule. There
are thus 3n - 4 branches in the complete vibration spectrum of a chain
with n atoms in a repeat unit, and the frequencies in each branch are a

function of the wave number vector k. Only fundamentals for which k = 0

to which M belongs. Since vectors and tensors are symmetric under trans+

activity only if a matrix element / )Uj*M Y3 dT (where M is a component of

L4

may be spectrally active,
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Line Group of the Polyethylene Molecule ]

The symmetry elements and covering operations of an isolated,
infinite methylene chain are as follows:

1. The identity, E.

2. A mirror plane in the plane of the carbon chain, Oy.

3. Mirror planes in the planes of the methylene groups, Ope

L. Two-fold rotation axes bisecting the methylene groups, Co.

5. Two-fold rotation axes perpendicular to the plane of the
molecule and bisecting the C-C bonds, C,'.

6. Centers of inversion at the midpoints of the C-C bonds, i.

7. A two-fold screw axis lying along the chain axis, C58CT,

8. A glide plane containing the chain axis and perpendicular
to the plane of the chain, Oge

9. Pure translations along the chain axis,

By successively applying these operations to a repeat unit,
one can construct a multiplication table and find that the elements form
a group isomorphic to the point group V,. The isomorphism and character
table are given in Table I. This shows, in particular, that the mutual
exclusion rule should hold for long methylene chains. The symmetry
species of the normal modes, of the translations and rotations, and of
the components of the dipole mcment and polarizability can now be deter-
mined.

Each set {E} consists of one wave number vector and its nega-
tive. An exception is the wave number vector whose terminus is at the

end of the first Brillouin zone. This vector is left invariant by the

entire factor group. For =211 but this ég;, a subgroup isomorphic to

Ch. leaves each wave number vector invariant.
2v



TABIE I

CHARACTER TABIE OF POINT GROUP V), AND ISOMORPHIC FACTOR GROUPS

Element of Vy E 1 O(xy) Of(xz) 0 (yz) Cy(x) Co(y) C(z)
Isomorphic
Tlement from
Line Group
Factor Group E i Oh Oy Tg Co(x) Co'(y) Cp8°T(z)
Isomorphic |
Element from
Space Group
Factor Group E i o, O, (xz) O (yz) Co%%F(x) Cx°%(y) €,5¢%(a)
h g g 2
Ag 1 1 1 1 1 1 1 1 O s Ly, A
Ay 1 -1 -1 -1 -1 1 1 1 ——
By 1 1 1 -1 -1 -1 -1 1 Ay
Bilu 1 -1 -1 1 1l -1 -1 1 M,
Bag 1 1 = 1 -1 -1 1 -1 & xp
B2ou 1 -1 1 -1 1 -1 1 -1 My
B3g 1 1 -1 -1 1 1 -1 -1 & yz
B3y 1 -1 1 1 -1 1 -1 -1 My

129
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Space Group of Crystalline Polyethylene

A crystal cf methylene chains may be treated by the usual
methods for molecular crystals if these methods are slightly modified.
In the enumeration of normal modes under the space group the only differ-
ence is that some of the modes that would be lattice modes for a molecu-
lar crystal will be internal modes in a crystal of chains.

The unit cell of polyethylene has been shown in Figure 1. Its
symmetry is described by the space group Vhlb. The symmetry elements
and covering operations are as follows:

1. The identity; E.

2. Inversion centers at (0, 0, 1/2) and (1/2, 1/2, 1/2); i.

3. Mirror planes perpendicular to the z-axis at z = 1/k and
z = 3/h; 0.

L. Glide planes perpendicular to the y-axis at y = 1/4 and
y = 3/L, glide (1/2, 0, 0); O (xz).

5. Glide planes perpendicular to the x-axis at x = 1/4 and
x = 3/4, glide (0, 1/2, 1/2); Oy (vz).

6. Two-£old screw axes parallel to the z-axis through (C, O,
0) or (1/2, 1/2, 0), translation (0, 0, 1/2); C55%%(z).

7. Two-fold screw axes parallel to the x-axis through (0, 1/4,
1/4) or (0, 1/k, 3/4) or (0, 3/k, 1/4) or (0, 3/4, 3/L), translation
(1/2, 0, 0); Co3¢%(x). |

8. Two~-fold screw axes parallel to the y-axis through (1/4,
0, 1/2) or (3/b, O, 1/2), translation (0, 1/2, 0); C,%°F(y).

The unit cell group is isomorphic to Vj. The isomorphism and

character table are given in Table I. There are three cases to consider
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variant. These depend on the orientation of the wave number vectors and
are as follows:

1. Wave number vectors parallel tec the chain axis are left
invariant by space group operations (1) and (6), which form a subgroup
isomorphic to Cs.

2. Wave number vectors perpendicular to the chain axes are
left invariant by operations (1) and (3), which form a subgroup isomorph:
to Cgo
3. Wave number véctors not parallel or perpendicular to the
chain axis are left invariant only by the identity, i.e., by the single

element of the subgroup Cj.

Overtones and Combinations
Though they are inactive as fundamentals, non-factor group
modes may form active overtone and combination bands. The activities of
such bands can be determined similarly for the line group and the space
group; however, the line group approximation takes into consideration
only wave number vectors that are parallel to the chain axis, and there-
fore does not give a complete picture.
If two fundamentals have the same wave number vector, the ac-

'tivity of their combination can be determined from the equation given by

Winston and Halford:20

ajHecs =%_ 2 x;E(R)* xK(R) x;4e¢+(R).

R in K

when determining the subgroup K which leaves the wave number vectors in-|

LC

26H.'Winston and R. S. Halford, J. Chem. Fiys. 17, 607 (19L9).
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In this equation h is the order of the group K, the XjX(R) and the le(R}

are characters of representations of the group K that leaves the wave
number vector invariant, and the X;4¢C¢(R) are characters of a representa-
tion of the unit cell group. Then aj%+®- gives the number of times the
i1th representation of the unit cell grecup is contained in the direct
pfoduct of two representations of the group that leaves the wave number
vector invariant. If aj%+Ce is not zero, the combination of the non-unit
cell vibrations has the activity of that unit cell representation. When
the wave number vector is zero, K is the full point group isomorphic to
the unit cell group, and the equation will give the activities of com~-
binations of unit cell vibrations.

For the space group treatment of polyethylene the X;%eCe may
be obtained from the character table of point group V,. The subgroup K
may be Gg, Cg, or Cy, depending on thé orientation of the wave number
Ivec’oor, as discussed above. More than one representation of the unit
cell group will generally reduce to the same representation of a subgroup.
As an example, consider the subgroup C,, which contains the identity, E,
and the screw axis, C5,%°T(z). Examination of Table I shows that the re-
presentations of Vy, of species Ag, Ay, Blg: and By,, are all equivalent
representations of C3, as are Bpg, Bpy, B3g, and Bgy. Similarly, for
subgroup Cs, which contains the identity, E, and the reflection, O,
the representations of Vy of species Ag, Byg, By, and By, are equivalent
representations, as are those of species 4y, Bjy, Bzg, and BBg' All re-
presentations of V, are equivalent representations of subgroup Cj. The

relations of unit cell group representations and representations of the
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'subgroup K are shown in Table IV in Chapter IV. The representations of

icombinations are shown in Table V.

Interpretation of the Spectra

Symmetry Vibrations

Six modes of vibration of a methylene group are shown in the

s

upper part of Figure 2 and their nature is given in the usual terminology
The two methylene groups in the repeat unit of a polyethylene molecule
may vibrate with phase difference O or T in active fundamentals. There
are thus twelve such modes involving hydrogen atoms. In addition the
methylene groups can move as a whole. At the bottom of Figure 2 are
shown the six possible combinations with methylene groups each moving as
a unit with phase difference O or IT between adjacent groups. Three of
these are translations of the molecule as a whole and one is a rotation
of the molecule as a whole. The remaining two are skeletal deformations
thus bringing to fourteen the number of such symmetry vibrations.

In the unit cell of crystalline polyethylene the two -(CH, -

CHp)- groups may execute these fourteen vibrations either in phase with

each other or with phase difference ™. Thus each frequency of the poly-
ethylene chain may split in crystalline polyethylene.

In Table II are listed the fourteen symmetry vibrations of the
repeat unit, their phase relations, and their symmetry species under the

line group and space group,
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TABIE II

SPECIES OF THE SYMMETRY VIBRATICNS
OF LONG METHYIENE CHAINS

Approximate Phase Difference Isolated Chain: Crystal of Chains:

Characterization of Adjacent Line Group Space Group
of Mode Methylene Groups Representation Representation
In Out
Phase of Phase
Symmetric Stretching 0 Ag Ag Blg
™ B3y B3y Bau
Asymmetric Stretching 0 Boy BZu Bay
m Big B1g Ag
Deformation 0] Ag Ag Blg
n Blg Big hg
Twisting 0 B3g BBg B2g
LAY Ay Ay Biu
Wagging 0 Biu Biu Ay
n Bog Bag B3g

% T ti
Skeletal Deformation J:\ Ag Blg
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| Infrared Spectra
The analyses by Simanouti and Mizushima?ls22 and by Kellner<3

have shown that a long methylene chain should have five infrared active

fundamentals. Two of these are C-H stretching vibrations which are easily

found and assigned as the bands near 2850 (symmetric C-H stretching) snd
2920 (asymmetric C-H stretching).zhA The other two strong bands in the
spectrum, near 725 crn—L and 1470 cmfl; are both polarized perpendicular
to the chain a¥xis, so they must represent the infrarsd-active methylene
rocking and deformation modes. The 1470 cm™t band has leng been inter-
preted as the fundamental involving methylene deformation. OCne would
expect the infrared active fundamental involving methylene wagging to be

as strong as the other fundamentals, but there is no other strong infra-

red band, nor any persistent band with proper polarization. Attempts hayve

been made to associate it with the bands at 1368 and 1352 cm—1.25520527
These bands are polarized parallel to the chain, but their intensity de-

creases on going from the liquid to the solid state. Though they persis

T

217, simanouti and S. Mizushima, J. Chem. Phys. 17, 1102 (1949

223, Mizushima, Structure of Molecules and Internal Rotation
(New York: Academic Press Inc., 1954), pp. 197-207.

231, Kellner, Proc. Phys. Soc. (London) A, 64, 521 (1951).

2hy, J. Fox and A. E. Martin, Proc. Roy. Soc. (London) 175,
208 (1940).

257, Simanouti and S. Mizushima, J. Chem. Phys. 17, 1102 (1949

26g, Mizushima, Structure of Molecules and Internal Rotation
(New York: Academic Press Inc., 1954), pp. 197-207.

217 Kellner, Proc. Phys. Soc. (London) A, 64, 521 (1951).
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Rather incomplete data are available on polarization of the bands of lig-

uid paraffins.32 One has to rely considerably on calculations of fre-

quency ranges or the various symmetry vibrations.

Determination of Frequency Regions
of Symmetry Vibrations

The great regularity shown by the spectra of normal paraffins
has led some workers to interpret the spectra by correlation with the
spectra of ethane, propane, and butane. In shorter chains, frequencies
will be spectrally active that correspond to non-factor group modes of
infinite chains. These vibrations may have different selection rules
for short chain paraffins with an even number of methylene groups (point
group Cp) and an odd number of methylene groups (point group sz).
Brown, Sheppard, and Sim.pson33 have used this approach to interpret the
spectra of crystalline short chain paraffins. They assume that, to a
first approximation, the spectrum can be divided into frequency regions
characteristic of methylene wagging, rocking, and twisting, and C-C
stretching frequencies. The bands in these regions are assumed to split
out with increasing chain length from the corresponding frequencies in
ethane, propane, and butane. Brown, et al. note that the C~C stretching
vibration in ethane was assigned to the Raman line at 993 and that in
propane the methylene twisting and rocking fundamentals were assigned to

bands at 1278 and 748 cm™L respectively, and they assume that the 1336

32Fenske , Braun, Wiegand, Quiggle, McCormick, and Rank, Analyt.
iChem. 19, 700 (1947).

33Brown, Sheppard, and Simpson, Trans. Roy. Soc. (London) A,
247, 35 (195L).
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cm—L1 band in propane arises principally from wagging motion. Their con-|

clusions are summarized below:

1. Methylene Rocking Hodes: The 7i8 cm~l band in propane has
the proper contour for the symmetry species of this vibration. The same
is true of the 732 cm™l band in butane. These fall in line with the band
sequence which apnroaches a limit of 720 em™L for longer chains. Other
band sequences begin in the infrared spectra of odd-numbered chains,
There should be sequences of Raman-active bands between these infrared
active sequences. The highest wave number assigned to this type of motien
is 1034 em~1 in the infrared gspectrum of n-nonadecane.

2. The C-C Stretching Modes: These vibrations probably ac-
count for the remaining bands between 850 and 1150 em™l, Five series,
including those approaching 890, 1060, and 1134 cm™l are picked out in
the Raman spectra of long chained paraffins. The interaction with methyl
group vibrations is discussed.

3. Methylene Twisting and Wagging Modes: The region between
1370 and 1150 cm~l contains a number of weak absorption bands which may
be considered as splitting out from the 1336 and 1278 cm—1 frequencies
of propane. The bands which split out from these two frequencies over-
lap considerably and there is difficulty separating them intc series.

As the lower limit of the wagging frequencies a series of infrared bands
that approach 1189 em~l in nonadecane is selected. The region of wagging
frequencies extends to at least 1375 em™L, The Raman active band near

1295 em~L is interpreted as the upper limit of the twisting frequencies.

These interpretations are not conclusive but give best agreement with

selection-rules.
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A similar treatment is given by Tschamler34 for paraffins

through n-decane. He utilizes Raman data for these compounds in the
liquid state and fits series of Raman-active bands between series of
infrared active bands in accordance with selection rules for odd and

even chain lengths. The regions defined by his analysis agree well with

those of Brown, Sheppard, and Simpson, except that the region of twisting
frequencies is lower and does not overlap the wagging region. This avoigs
one weakness of the assignments of Brown, Sheppard, and Simpson, since
they have assigned some bands between 1180 and 1300 cm~l to one type of
vibration and some to the other. The infrared spectra of fatty acids
show a uniform series of bands in this region which would more logically
be assigned entirely to one type of vibration.3% On the other hand, it

does not seem safe to assume, as Tschamler has done, that Raman-active

M

vibrations have the same frequency in rotational isomers as in the planal
form of the molecule.

The calculations of Primas and Gunthard36 support the assump-
tion of Brown, Sheppard, and Simpson that the spectrum can be divided
into regions characteristic of the various types of vibration. The com-
puted regions agree remarkably well with those arrived at empirically.
The greatest disagreement concerns the location of the region of twisting
vibrations. Their calculations indicate a strong interaction between

wagging and bending modes, and also between wagging and C-C stretching.

34y, Tschamler, J. Chem. Phys. 22, 1845 (1954).
3sinclair, McKay, and Jones, J. Am. Chem. Soc. 7k, 2575 (1952).

364, Primas and H. Gunthard, Helv. Chim. Acta 36, 1659 (1953);
16, 1791 (1953).
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They find that the region of wagging vibrations should contain band se- )

quences with nearly constant frequency difference. Therefore they inter-
pret the sequence of bands between 1180 and 1350 to be concerned with
part of the wagging fundamentals. They arrive at the following charac-
teristic ranges for the different types of vibrations:

Methylene rocking: 717-1109 cm™i,

Methylene twisting: 1176-1243.

Methylene wagging: 1280-1L4,5.

Methylene deformation: 1480-1640.

The frequencies of factof group fundamentals have been calcu-
lated by Simanouti and Mizushima37,38 and by Kellner.3? Agreement with
experimentally observed frequencies is in either case only qualitative.
The work of Simanouti and Mizushima yields twisting frequencies that are
much lower than is indicated by the work of others. The upper rocking
and twisting frequencies are very vaguely defined in Kellner's work.
Tach is indicated as lying between two limiting frequéncies but would
have to be very near the lower specified limit to agree with the results
of others. All three theoretical treatments indicate the upper limit of

bending vibrations to be above 1500 et

, where. no bands have been ob-
served. Kellner'!s calculations show the upper wagging fundamental to be
above the range of bending fundamentals. Primss and Gunthard find this

also when they neglect interaction between the wagging and bending modes,

377, Simanouti and S. Mizushima, J. Chem. Phys. 17, 1102 (1949).

38s, Mizushima, Structure of Molecules and Internal Rotation
(New York: Academic Press, IncC., 1954), pp. 157207,

L 391.._Xellner, Proc. Phys. Soc. (London) A, 64, 521 (1951).
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Since Mizushima and Simanouti use the most complete potential

function (a Urey-Bradley field), one would expect their calculations to
be the most accurate. Their results for the skeletal fundamentals agree
with the conclusions of the present work. However, their calculations
fail to predict the band at 1295 em~l, whish in the present work was
found to be the strongest band in the Raman spectra, apart from the C-H
stretching bands.

In Figure 3 the frequency regions determined by the various
workers are compared. Brown, Sheppard, and Simpson determined the regions
empirically by correlation of a series of spectra, as did Tschamler,

The regions indicated for Tschamler's work were tsken from his assign-
ments for decane. The regions indicated for other workers are the re-
sults of their calculations. Kellner and Simanouti and Mizushima calcu~
lated only those frequencies for which the repeat units of the chain

vibrate in phasee
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CHAPTER III

EXPERIMENTAL WORK

Samples
The samples were all obtained from Phillips Petroleum Company.

A list and brief descriptions of them follow:

Normal Octacosane: n-CpgHsg (Eastman); S-1810.

Normal Hexatriacontane: n-C3gHy,; S=2109.

Venezuela Wax: This is a mixture of paraffins occurring in
crude oil from Venezuela. The paraffins are believed to be largely
straight-chain and to contain from 25 to 4O carbon atoms.

Stearic Acid, C.P.: CH3(CH2)16000H (Fisher); lot No. 533764,

Mariex 20 (Phillips); S-2419. This is a polyethylene with
"yiscosity molecular weight" 10-12000, with about 12 methyl groups per
1000 carbon atoms and about one C:C bond per molecule. It is about 90%
crystaliine,

Marlex 50 (Phillips), F 4803 S-3040. This is a polyethylene
with one C:C bond per molecule, almost exclusively in a vinyl end group.
There is less than one methyl group per 500 carbon atoms. It is about
93% crystalline. No reliable value for the molecular weight has yet been
determined, but it is believed to be greater than 5,000. Some of the

first exposures were made on a sample of lower purity, S~268L.

L8
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Hydrogenated Marlex 50 (Phillips); S-3991. A sample of the

batch of Marlcx 50 (S-3992) from which it was prepared was also provided.
DYNH (Bakelite); blend 1052. This is a polyethylene with vis-
cosity molecular weight around 21,000, having about 26 or 30 methyl groups

per 1000 carbon atoms and a crystallinity of about 50-65%.

Techniques

Raman Spectra

The Raman spectrograph and the procedure for measuring the
spectra have been described elsewhere.t Spectra of the samples in the
solid state were obtained with an irradiation apparatus for crystal pow-
ders described elsewhere.? The paraffins and stearic acid were cfystal—
line powders and were used in the state in which they were received.
The polymers were received in the form of extruded pellets and were
chopped into small pieces with a razor blade until the average dimension
was around one half millimeter. Marlex 20 was brittle enough so that it
could be crushed into a fine powder with a mortar and pestle. The samples
were placed in Raman tubes 8 mm in diameter. Exposure times around 100
hours were necessary to obtain the most complete spectra. .Considerable
background was encountered in all the spectra.

Some of the background was found to be caused by fluorescent

impurities. Attempts were made to remove the fluorescent impurity from

lsmith, Nielsen, and Claassen, J. Chem. Phys. 18, 326 (1950).

2J. Rud Nielsen, Spectroscopic Properties of Fluorocarbons and
Fluorinated Hydrocarbons, Third Progress Report on Work Under Contract
No. AT={40-1)-1074 with the U. S. Atomic Energy Commission Division of
‘Research (Normmm, Oklationa; 1953)%
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the sample of hydrogenaﬁed Marlex 50. It w;S found that a thorough wash+
ing with reagent grade carbon tetrachloride removed most of the fluores-—
cence, and a longer exposure was attempted. This still was not satis-
factory, presumably on account of the coarse particle size.

Fairly complete spectra were obtained of n-028H58, n'C36H7h’
stearic acid, Venezuela wax, Marlex 20, and Marlex 50. Only the stronge?t
bands of DYNH were observed. A 300 hour exposure of hydrogenated Marlex
50 did not yield any new information over a 100 hour exposure of Marlex
50.

An attempt was made to grow a single crystal of stearic acid,

by passing a sample in a Raman tube through a temperature gradient. A

¥

special screw attached to the hour hand shaft of an electric clock mecha-

nism allowed the sample to be advanced abont an inch a week. The spec-

trum, however, had prohibitive background presumably caused by a fluores-
cent impurity.

Repeated attempts were made to obtain Raman spectra of the
samples in the liquid svate. Raman tubes were wrapped with nichrome
wire, in such a way that the turns were spaced from 1/4 to 1/8 inch
apart. It proved to be desirable to space them closer together near the
window than they were spaced on the rest of the tube. ZEnough current
was passed through the coil to keep the sample completely melted, particu-
larly around the window. This required from 1.5 to 3 amperes. ¥hen the
current was much in excess of three amperes bubbles would form in the

sample. The exposures were made with an irradiation apparatus for liquids
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which has been described elsewhere.3 On account of the heating wires |

wrapped around the tube, it was necessary to have the aluminum foil re-
flector standing off from the Raman tube rather than wrapped directly
around it as usual. This was accomplished by reversing the plastic bush-+
ings which hold the Raman tube, so that th:ir shoulders were inside the
apparatus.

Marlex 50 and DYNH were so viscuous that they would not fill a
Raman tube uniformly. Attempts were made to obtain the spectra of Marlei
20, Venezuela wax, C3gHy,, and CpgHsg in the liquid state. Prohibitive
background was encountered in all cases. Only in Venezuela wax were any
bands observed other than those in the C-~H stretching region. The fre-
quencies, listed in Table III, were found on films from exposures of
twenty minutes and of two hours. A one~hour exposure of liquid CagHy,,
showed three bands, for which visual measurement of the original fiim
gave the frequencies 2851, 2884, and 2923 em™l. The latter two were
about equally intense and the first one was stronger and broad. A one-
hour exposure of liquid Marlex 20 showed only one band with certainty,
near 2854 em™l. There was evidence of a diffuse band around 2920 cm~1l,

There follows a list of the exposures that were made in the
attempt to obtain Raman data. Many of them were not satisfactory on ac-
count of background or inadequate exposure time. Those from which fre-
quencies were determined are marked by an asterisk. Except in those

cases noted otherwise, a sodium nitrite solution was used as filter.

3J. Rud Nielsen, Spectroscopic Properties of Fluorocarbons and
Fluorinated Hydrocarbons, Third Progress Report on Work Under Contract

New—AT=(40-1)=1074 with-the U. S.-Atomic Energy Commission Division of |
Research (Norman, Oklzhoma, 1953).
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58P,
59P.
60P.
61P.
62P.
63P.
6LP.
65P.
66P.
67P.
68P,
1485.
1486.
1,87,
1488.

1490.
1491.
*®1492.
1493.
1512.
1513.
*¥151%.
*1515.

1524.

DYNH, two pellets; 30 min. (12-9-54).

DYNH, two pellets; 2 hrs. (12-9-54).

DYNH, one pellet; 30 min. (12-10-5L).

DYNH, one pellet; 2 hrs. (12-10-54).

Marlex 50 (S-2684),
Marlex 50 (S-268L),
Marlex 50 (S-268L4),
Marlex 50 (5-2684),
Marlex 50 (S-2684),
Marlex 50 (S-268L),

Marlex 50 (S-2684),

solid; 30 min. (12-20-54).
solid; 2 hrs. (12-20-54).
solid; 30 min. (12-22-54).
solid; 2 hrs. (12-22-54).
solid; 5 hrs. (12-22-54).
10 hrs. (12-23-54).

(12-24-5L).

solid;

solid; 34 hrs.

CogHsg, powder; 30 min. (1-4-55).

Caglsg,
Caglisg,
C2atsg,
C2gls8,
Coglsgs
C28H58’
C2gls5g,
CogHsg,
C36874s
C3gH7,,
C36Hgy,s

036374’

powder;
powders;
powder;
powder;
powder;
powder;
powder;
powder;
powder;
powder;
powder;

powder;

8 hrs. (1-4-55).
32 hrs. (1-6-55).
30 min. (1-10-55).
12 hrs. (1-11-55).
30 min. (1-11-55).
7 hrs. (1-11-55).
24 hrs. (1-12-55).
(1-13~55).
42 min. (1-28-55).
(1~29-55) .
(2-2-55).

12 hrs.

26 hrs.
43 hrs.
108 hrs. (2-7-55).

Marlex 20, liquid; 10 min, (2-15-55).
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| 1525,
1526.
1527.
1528,

1529,
1530.
1531.
1532.
1533.
1534.
1535.
1539.
1540,
1541,
1542.

(3-18-55).
1561.
1562,

#1563,
1574
1575.
1576.

*¥1577.

%1578,
1579.

Marlex 20, liquid; 10 min. (2-15-55).

Marlex 20, liquid; 1 1/2 hr. (2-15-55).

Marlex 20, liquid; 5 hrs. (2-15-55).

Marlex 20, liquid; 10 min. (2-22-55).

Marlex 20, liquid; 55 min. (2-22-55).

CCl), liquid; 5 min. (2-23-55).

Marlex 20, liquid; 1 hr. 10 min. (2-23-55).

Marlex 20, liquid; 4 hrs. 15 min. (2-24-55).

CCl,, liquid; 5 min. (2-24-55).

Marlex 20, liquid; 4 hrs. (2-25-55).

Marlex 20, liquid; 5 1/2 hrs. (2-25-55).

Marlex 20, liquid; 4 hrs. (3-10-55).

Marlex 20, solidified from melt; 46 hrs. (3-13-55).
Marlex 50 (S-258h), solidified from melt; 1 hr. (3-16~5

Marlex 50 (5-2684), solidified from melt; 1 1/2 hr.

Marlex 20, powdered; 4 hrs. 15 min. (4~11-55).
Marlex 20, powdered; 30 hrs. (4-12-55).
Marlex 20, powdered; 102 hrs. (4-18-55).

DYNH, chopped; 1 1/2 hr. (4-25-55).

DYNH, chopped; 2 1/2 hrs. (4-26-55).

DYNH, chopped; 2 hrs. (4-27-55).

DYNH, chopped; 62 hrs. (4-30-55),

Venezuela wax, powder; 22 1/2 hrs. (5-3-55).
Marlex 50 (S-3040), chopped; 1 hr. (5-10-55).
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filter,

#1580,
%1581,

*1582.

*1585.
#1586,
1587.
1588.
1589.
1590.
1591.
1602,
1608.
1609.
#1610,
1611.
1612,
1613.
1614,
1615.
1616.
1617.
1623.
1621,
1625.

Marlex 50

(S-3040), chopped; 42 hrs. (5-12-55).

Marlex 50 (S-3040), chopped; 105 hrs. (5-17-55).

Marlex 50 (S-3040), chopped; 114 hrs. (5-22-55); H,0

Venezuela wax,
Venezuela wax, ligquid;
Venezuela wax,
Venezuela wax,

Venezuela wax, liquid;

Cagtys
C36H7L,
Stearic
C36H7),s
C36H74,
C36H71,
C36H74,
C36H7y,s
C2gHs58,
C28H58’
CogHsg,
Caglisg,
Caglsg,
Stearic
Stearic

Stearic

liquid; 2 hrs. (6-2-55).
20 min. (6-2-55).
liquid; 4 min. (6-2-55).

liquid; 2 1/2 hrs. (6-3-55); H,0 filter.
25 min. (6-3-55); H,C filter.
liquid; 20 min. (6-27-55).

liquid; 1 1/2 hr. (6~27-55).

acid, powder; 7 hrs. (7-29-55).

liquid; 30 min. (9-23-55).

liquid; 5 hrs. (9-23-55).

liquid; 1 hr. (9-26-55).
liquid; 3 hrs. (9-27-55); HyO filter.
liquid; 10 hrs. (9-28-55); HoO filter.
liquid; 1 hr. (10-20-55); Ho0 filter.
liquid; 1 hr. (10-20-55); HoO filter.
liquid; 14 min., (10-20-55); HoO filter.
liquid; 14 min, (10-20-55); HoO filter.
liquid; 14 min. (10-20-55); Ho0 filter.
acid, crystallized; 1 hr. (10-29-55).
acid, crystallized; 1 hr. (10-29-55).

acid, crystallized; 9 hrs. (10-29-55).
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1626, Stearic acid, powder; 1 hr. (10-31-55).

¥1627. Stearic acid, powder; 102 hrs. (11-4-55).

1631l. Hydrogenated Marlex 50, chopped; 17 hrs. (12-3-55).
1632, Hydrogenated Marlex 50, chopped; 4 1/2 hrs. (12-6-55).
1633. Hydrogenated Marlex 50, chopped; 14 hrs. (12-7-55).
1634. Hydrogenated Marlex 50, chopped; 195 hrs. (12-14-55).
143P. Hydrogenated Marlex 50, chopped; 6 hrs. (12-20-55); no

filter.
144P. Hydrogenated Marlex 50, chopped; 9 hrs. (12-21-55).

145P. Hydrogenated Marlex 50, chopped; 293 hrs. (1-3-56).

Infrared Spectra

Infrared spectra of all the samples except stearic acid were
available from the Research Laboratory of Phillips Petroleum Company.
These were obtained with a Perkin-Elmer Model 21 spectrograph with sodium
chloride prism. Various cell thicknesses and temperatures were used.

The infrared spectrum of Marlex 50 was obtained here with a
Perkin-Flmer Model 112 spectrograph with lithium fluoride and sodium
chloride prisms. The sample was in the form of films, moulded at 325°F,
provided by Phillips Petroleum Company. The thicknesses of the three
films were 0.345 mm, 0.103 mm, and around 0.016 mm. 4 thinner film was
required to resolve the C-H stretching bands. The Phillips laboratory
provided a film deposited from a hot nonane solution. Calculation based

on the formula log (Io/I) = kt, at the peak between the absorption maxima,

indicated thzt the thickness was about three microns.
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Results

In Table III are given the Raman shifts observed for the solid
1samples and for liquid Venezuela wax. In Figure 4 the Raman spectra of
C3¢H7) and Marlex 50 are reproduced. Most of the bands in the solid

state spectra were rather sharp. In liquid Venezuela wax they were all

diffuse.

The bands of n-CoglHsg were measured on the enlargement of ex-

of exposures No. 1514 and No. 1515. The two strongest bands were also
nwasured'as shifts from the k-line on exposure No. 1515. The bands of
Marlex 20 were measured on the enlargement of exposure No. 1563. The

bands of Marlex 50 were measured on enlargements of exposures No. 1580

and No. 1581. The shifts of 1061, 1131, 1295, and 2883 cm™L were also
%easured as shifts from the k-line on the enlargement of exposure No.
1582, The bands for stearic acid were measured from the enlargement of
exposure No. 1627. The bands reported for solid Venezuela wax and DYNH
were measured visually from the original films of exposures No. 1578 and
No. 1577, respectively. The bands for liquid Venezuela wax were found
on exposures No. 1585 and No. 1586.

Figures 5 and 6 show the infrared spectrum of Marlex 50. The

frequencies are listed in Table VII in the next chapter.

posure No. 1492. The bands of n-C3gHy), were measured on the enlargements

]
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2966 w

TABIE III
RAMAN DATA
n-CpgHsg n-CqgHyy, Marlex 20 Marlex 50 Stearic Acid
Cryst. Cryst. Chopped Chopped Cryst.
Powder Powder Solid Solid Powder
893 ww 890 ww
10427
1066 m 1063 m 1065 m 1061 m 1062 m
1133 m 1133 m 1132 m 1131 m 1130 m
~1170 vvw 1171 vw 1171 vw 1168 vw 1170 wvw
1297 s 1294 s 1295 s 1295 s 1298 s
1377 w
19 w 1,18 m 119 w 1415 w 1412 m
1442 m 1441 m 1441 m 1440 m 1439 m
1465 w 1466 w,b 146L w,b 1464 w,b 1464 w
2725 vw 2721 wvw,b 2722 vvw ~ 27207 vvw
2849 vs,b 2850 vs,b 2848 vs,b 2848 .vs ,b 28L9 vs
2886 vvs 288L vvs 2883 vvs 2883 vvs 2885 vvs
2936 w,b 2932 w 2932 w 2928 m,b
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TABIE

III - (Continued)

RAMAN DATA

Venezuela Wax DYNH
Chopped
Cryst. Liquid Selid
954 £ 3?7 vw
1056 m 10837 w |
1135 m
11707 ww 1177 £ 52 ww
1296 s 1303 m,b 1296
118 w
1435 m 1434 m,b
1460 w
2845 vs,b 2851 vs 2845
2888 vs 2895 s,b 288
2936 w 2936 s,b
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CHAPTER IV

INTERPRETATION OF RESULTS

Comparison of Spectra of Paraffins

and Polyethylenes

Raman Spectra

In Figure 7 the data for crystalline paraffins, CH3-(CH2)n-CH3;

are plotted as wave number versus the number N of methylene groups. At
the bottom is the Raman spectrum of Marlex 50. The data for the short
chains (N = 1) were reported by Mizushima and Simanouti.l

The Raman band at 890 cm~l becomes weaker with increasing chain

length, and could not be detected in our spectra of polymers. The figure
does not show a band which occurs at 425 em~l in butane and shifts toward
lower frequency with increasing chain length, until it is at 150 em™L in
cetane. This band was not observed in any of the compounds examined in

the present work. In calculations which give good agreement with their

experimental data, Mizushima and Simanouti? consider these two bands to

be due to vibrations of the carbon skeleton. From their calculations

they conclude that the lower frequency is an acoustical deformation

17, simanouti and S. Mizushima, J. Chem. Phys. 17, 1102 (1949).

2s. Mizushima, Structure of Molecules and Internal Rotation
(New York: Academic Press, Inc., 1954), pp. 11l-115,
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correspondinéﬂto longitﬁdinal vibration of a rod, and that the higher
'frequency is due to a symmetric stretching vibration of the chain. As
the chain length becomes infinite, the former vibration becomes a trans-
lation. Increasing chain length should not affect the frequency and
intensity of a symmetric stretching vibration. Since the 830 band is
quite prominent in short chain paraffins and has not been observed in
polyethylenes, it may be associated with the methyl group.

In the compounds examined in this investigation, Raman bands
were found near 1168 cm™l and 1416 em™l, which have never been reported
in spectra of normal paraffins (a Raman bard has been reported at 1176
in octane). A band near 1416 em L is reported in many normal olefins.
The band near 1168 cm™l is very weak and appeared conclusively only in
the longest exposures.

Except for some weak bands in the C-H stretching region, there
seems to be little other difference between the Raman spectra of the
polymers and of long chain paraffins. Longer exposure times were neces-
sary to get as much detail in the polymer spectra as in the paraffin
sp2ctra. The intensity ratio of the spectra of n-octacosane and Marlex
50 appears to be in the order of 3 tc 1, but it is hard to judge this on

account of greater background in the polymer spectrum.

Infrared Spectra

Bands In Polymers Other Than Chain Fundamentals. Polyethylenes

contain small percentages of unsaturated linkages. In practically all

Marlex 50 molecules one enc group is a vinyl group. Marlex 20 has some

double bonds in the chains, with trans configuration. Double bonds with
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cis configuration and dangling vinyl groups may also occur. Unsaturation
accounts for about 4.8% of the carbon-carbon linkages in Marlex 20 and
about 1l.4% in Marlex 50. Absorption bands characteristic of the various
unsaturation structures in polyethylene have been assigned by Cross,
Richards, and Willis.3 Their interpretations are used in Table VII for
the three bands found at 908, 96k, and 550 cm™Ll in Marlex 50. A band at
1640 was also attributed to the presence of the C:C bond. Cross, Richards,
and Willis attribute bands found near 1720 and 3360 to the carbonyl group
and alcoholic OH group respectively. These correspond to bands found at

1734 and 3371 in Marlex 50. If there were carboxyl groups one would ex-

pect a band near 1200 cm~1l but none is observed in Marlex 50. The infra-

red spectrum of hydrogerated Marlex 50 was obtained at the Research Labo-
ratory of Phillips Petroleum Company by A. O. Frenzel.% Three of the
olefinic frequencies disappear. The band at 1640 em™L remains, but with
reduced intensity. The band at 1734 cm—t appears to increase in the
hydrogenated Marlex 50. The band at 1378 cm™Ll, assigned to the methyl
group, is somewhat stronger in hydrogenated Marlex 50. The change of
intensity of the infrared band at 890 em~l is not clear; it appears to
increase somewhat in the hydrogenated sample. This band appears to be
independent of the Raman active band with this frequency which is observed
in short chain paraffins. Brown, Sheppard, and Simpson5 find it to be

polarized perpendicular to the chain axes in n-nonadecane and interpret

3Cross, Richards, and Willis, Disc. Faraday Soc. 9, 235 (1950):
by, o. Frenzel, private communication.

5Brcwn, Sheppard, and Simpson, Trans. Roy. Soc. (London) A4,
247, 35 (1954).
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it as~due to an out-of-plane methyl rocking vibration. Pimentel and

iKlemperer6 find that the corresponding band in n-octane, at 883 cmL,

shifts to 742 em™l in n-octane 1,1,1,8,8,8-d4. This gives an isotopic

iratio of 1.20, which leads them to suggest that the band is due to a
mixed methyl and methylene motion.

Comparison of the Infrared Spectra of Polyethylenes and Paraf-

fins. When unsaturation has been accounted for, the infrared spectra of
polyethylenes, in the region from 700 to 1500 cm?l, are found to be sim-
pler than those of n-paraffins. Between 750 and 1300 cm~Ll there are not

more than a half dozen weak bands. The band at 1378 em~l is weaker in

the polymers than in the paraffins. In Marlex 50 it appears at most as
a shoulder. As noted before, the bands at 1368 em™l, 1352 em™1, and |
1305 et appear in solid polymers but not in solid paraffins. In liquids
the 1368 and 1352 em~l bands are of nearly equal intensity. In solids
the 1368 cm™Ll band is stronger. Their intensities in DYNH (around 50-60%
crystalline) are greater than in Marlex 50 (91% crystalline), which is

consistent with the interpretation that they are associated with the

amorphous phase.

Assignment of the Fundamentals of

an Isclated Methylene Chain

The assignment of fundamentals of the methylene chain will now
pe discussed in terms of the line group approximation and symmetry vi-
brativns described in Chapter II. This method, howewvir, is not adequate

to interpret the spectrum of polyethylene, since it considers only those}

6G‘ C. Pimentel and W. A. Klemperer, J. Chem. Phys. 23, 376

(1955).
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non-ﬁhit cell vibrations which have wave number vectors parallel to the |

~
i
i

ichain axis. In the next section the space group approximation will be E

|
!

‘used to interpret the vibration spectra of karlex 50.
|
E Raman Active Fundamentals

The consensus of the calculations and empirical correlations
of paraffin spectra, which were discussed in Chapter II, is that the
methylene rocking and sksletal deformation modes have frequencies which
lare below 1200 cm~l, Three bands are observed in this region in the Raman
spectrum of Marlex 50. They may therefore be assigned as the ag and b2g
skeletal modes and the blg‘methylene rocking mode. A clue to the order
of assignment is given by the band at 1894 cm~l in the infrared spectrum
of crystalline Marlex 50, It is polarized perpendicular to the chain
axis; it therefore belongs to factor group species B,, or B3u' It can

1

'be interpreted as a combination of the 725 caa™— infrared active band and

the 1168 cm™L Raman active band. The infrared band has been assigned as

;the bo, methylene rocking mode. Therefore, if the 1894 cm™l band is a
icombination of factor group vibrations, the 1168 em™1 band must be due
to a mode of species ag or bjg for ths combination to be Bpy or B3y.

This rules out its being a twisting or wagging fundamental. Since the

bag skeletal mode involves more stretching of the C-C bonrd, a greater

energy change would be expected to be associated with the bzg.mode and

therefore a higher frequency. However, polarization data wculd be neces:

 sary to check this. Assignment'consistent with these two arguments puts

‘the ag skeletal mode at 1061, the by, skeletal mode at 1131, and the by
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r;ethylene rockingxhode at 1168 cm™L. Liang, Sutherland, and Krimm? haﬁgﬁ

i

H
i

calculated the ag and b2g skeletal modes to be 1070 and 1137 cm~1 respecT

i

tively.

g Four bands were observed in the Raman spectrum between 1200
and 1500 cmfl, where three Raman active fundamentals are expected to oc-
cur. The first overtone of the infrared active band near 725 cm~l would
also fall in this region. The consensus of the theoretical calculations
and empirical correlations discussed in Chapter II is that the two meth-
ylene deformation fundamentals have the highest frequencies cf funda-
mentals in this region and that their frequency range does not overlap
that of any other type of fundamental. The infrared band near 1470 cm—1

has long been interpreted as the bg, methylene deformation fundamental,

so the ag methylene deformation fundamental is assigned to the Raman ban?
la.t 1,440 cm~l. The Raman band at 1,64 em™L is interpreted as the overtcné
‘of the infrared band near 725 cm™L. This is a higher frequency than
would be expected for the overtone, but some Fermi resonance would be
iexpected to occur between it and the deformation fundamental, since they
are of the same species. This allows the sharper, more intense band to

be assigned as more nearly a fundamental.

| There remain the two bands at 1295 cm—1 and 1415 cm™1 to be

assigned as the bog methylene wagging and b3g.methy1ene twisting funda-

mentals. There is a band at 2016 cm™l in the infrared spectrum which

!

can be interpreted as the combination 725 + 1295. It is polarized para11

lel to the chain, therefore belongs to species Blu-‘ The 725 cm~l band

|

TLiang, Sutherland, and Krimm, J. Chem. Phys. 22, 1468 (1954).
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‘is iﬁ%erpreted as a b2u”fundamental, therefore if the 2016 cm~l band is E
'the combination of two factor group modes, the 1295 em=1 band must be a g

i
1

b3g fundamental, i.e., methylene twisting. This is in agreement with
the assignments of Brown, Sheppard, and Simpson.8

The two Raman active C-H stretching fundamentals are readily
assigned to the two strong bands at 2848 em~L and 2883 cem~Ll. The sym-

metric (ag) mode is interpreted as the lower frequency and the asymmetric

(blg).mode is interpreted as the higher frequency.

Infrared Active Fundamentals
The fcur strong infrared bands have been given the same inter-
pretation here as by other workers, i.e., 725 cm~l is the bo, methylene
rocking fundamental, 1468 em™L is the b3, methylene deformation funda-
mental, 2851 cm™l is the symmetric C-H stretching fundamental (bg,), and
2919 cm~l is the asymmetric C-H stretching fundamental (bo,). Consider-

ation of combination bands did not yield any definite information about

the bly methylene wagging or a, methylene twisting fundamentals. A few

bands can be explained as combinations with the bands at 1306, 1352, or
1368 cmfl, which leads to the conjecture that these three bands might
include the twisting and wagging fundamentals for the amorphous phase,

and possibly mask the corresponding by, band of crystalline polyethylene.

Interpretation of the Spéctra of Marlex 50

i When we pass from consideration of an isolated methylene chainj

%under the line group approximation, to a crystal of methylene chains under

}

{

i

f 8Brown, Sheppard, and Simpson, Trans. Roy. Soc. (London) A,
' '-—)—-3-5 {19 51%) .
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'the space group analy51s, each line group factor group fundamental becomes

'two unit cell group fundamentals of the crystal, since the two chains 1n!

’

;a unit cell may vibrate in phase and out of phase. Splitting is observs g

|

ahy other bands assigned as fundamentals. Therefore each observed funda-

in the case of two infrared fundamentals, but has not been observed for ?

mental is to be assigned two species, as shown in Table IV. It will be
noticed that this removes the distinction with regard to species between
'the bands at 1295 and 1415. Their line group interpretations are inter—
changeable under the space group approximation. The same is true of the
‘bands at 1061 and 1168. Table V shows the activity representations of
binary combinations under the space group approximation. Since each ob-
served band represents two vibrations, a binary combination has four
possible interpretations: first in-phase component plus second in-phase
component, first in-phase component plus second out-of-phase component,
first out-of-phase component plus second in-phase component, and first
out-of-phase component plus second out-of-phase component. An exception
‘'occurs when the two frequencies of the combination are equal, then the
possible interpretations are: first overtone of in-phase component,
first overtone of out-oféphase component, and combination of in-phase and
out-of-phase components.

The interpretation of the Raman spectrum of Marlex 50 is given
in Table VI and that of the infrared spectrum in Table VII. Sums have

'been computed with 725 in place of 720 and 731, 1468 in place of 1463

‘and 1473, and somewhat arbitrarily 1359 in place of 1352 and 1367. A4s

was noted in the previous section, a few bands can be explained as combir

nns_nlih_the_bands.at.l}ﬁ6”_1352,_and~1368_cm__,;nhlch_lsads_tn_the_J
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fgonjegiure that these bands include the wagging and twisting fundamentalé

for the amorphous phase. The sequence of bands observed in paraffins an#

;fatty acids between 1180 and 1300 cm™L, thought to be associated with thé

|
bjy fundamental, was not discernible in the spectra of polysthylenes. !
%vidence cited earlier indicated that the separation of the bands was a ;
function of chain length, becoming less for longer chains. If this trené
continues up to chains of the length of polyethylenes, the bands would
be too close together to be resolved.

In the infrared spectrum of Marlex.SO there are a few very'weaﬁ
bands with the same or nearly the same frequencies as some of the Raman
active bands. These are the bands at 1050, 1077, 1131, and 1168 cm™L,
They may be non-unit cell modes for which the wave number vectors differ
little from that for unit cell fundamentals, i.e., from zero. They may
be weakly active in the infrared due to the actual finiteness of chain
length (non-unit cell vibrations have zero intensity strictly only for
infinite chains) or due to combination with very low frequency lattice
imodes having the same wave number vector.

The interpretations of the binary combinations shown in the
tables fall into three classes:
| 1. Binary combinations of assigned unit cell group fundamen-
tals. For these, the u-g selection rule holds, and selection rules are

those of the unit cell group, isomorphic to V. Eighteen bands can be

explained in this way.
!
| 2. Binary combinations in which the u-g rule does not hold.

In the interpretation table these are enclosed in brackets. They may
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{
1
!

|
|

!

!
{
I
1
l
'

!

be considered tc be binary combinations of non-unit cell fundamentals

with wave number vectors nearly equal to zero. The selection rules are |

i

determined by the subgroups of the unit cell group which leave the wave
number vectors invariant. Table IV shows the reduction of the spscies
of the unit cell grecup into subgroups C2, Cs, and Cj, as well as the re-
duction of the line group factor group into subgroup Coye In the column
under k= O Table V shows the unit cell group representations contained
in the representation of such a combination. It is seen that all such
combinations may have both infrared and Raman activity. Ten bands are
explained as combinations of this sort.

3. Binary combinations involving the conjectured fundamentals
of the amorphous phase. Six bands can be expiained in this way.

In summary, we find that of sixty observed infrared bands, six
can be interpreted as unit cell fundamentals, two as amorphous phase
fundamentals, five as fundamentals of end groups and olefinic structures;
four as non-unit cell fundamentals or combinations of such with low fre-
quency lattice vibrations, eighteen as u-g binary combinations, ten as
u-u or g-g binary combinations, and six as combinations involving amor-
phous phase fundamentals. This leaves nine bands without satisfactory

interpretations, two of which may be attributed to oxidation.
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TABIE IV

REPRESENTATIONS OF UNIT CELL AND NON-UNIT

CELL FUNDAMENTALS OF POLYETHYLENE

Wave
Number Line Group Space Group
k=0  Cpy k=0 C; G G
N\
1061 ag Ay
ll]l;o ag Al— ag + blg A At A
28,8 ag Al
2883 blg An
Ve
1295 b3g Bol bog + b3g B At A
an A£
. au + blu A Al? A
bjy Al
720 b2u B2
731 -
. bgu + bBu B A.' A
1473 -
2851 b3u By
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TABIE V

ACTIVITY REPRESENTATIONS OF BINARY COMBINATIONS (SPACE GROUP ANALYSIS)

1 nEN k=0 K # o
(ag + byg) (ag +big) )
(bog + b3g) (bgg + b3g) (C2): h(Ag +Byg+ Au + Byy)s 4A
. ) o 2hg + 2B 4(Cg): L4(A, + By, + Bo, + Ba,); hA!
(ay + byy) (ay + byy) & lg g g 1lg T P2u T P3u
u u/ (ay u
(Cy): 4(A, + eeeee + B ); b4
(bay + bau) (bgy + b3y) 1 g 3u)
(ag + byy) (ay + D )T (C2): L(Ay + Biy + Ag + Big); 4A
g 1 u Tu
(bog + bg) (boy, + b )_ Ay + 2Bly 1(Cg): 4(Ay + Byy + By + B3g)s LA'!
2g 7 F3g/ \F2u T P3u .
g L(Cl): W(Ag + eeees  + Bgy); kA
23
(au + bru) (bzy *+ b3y) “P2g * B 1(Cs): h(Bag + B3g + Ay + Biy); hat!
u u u u
\(Cl) A(Ag + seeen + BBu); M
(ag + b1g) (bzg + bay) (G): h(Byy + B3y + Byy + Bag)s 4B
u
(au + biy) (bag + b3g)| 2By + B3y 1(Cs)t L(Byy + Bay + Ay + Byg); ha!
S g g
L(“C'];)-:———A'(Ag_——"' _ss0ee .+ Bsu);“hA .

L
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TABIE VI

INTERPRETATION OF THE RAMAN
SPECTRUM OF MARLEX 50

Wave

{Number Description Interpretation
1061 m ag + blg fundamentals
1131 m b2g + b3g fundamentals
1168 W ag + by, fundamentals
1295 S bzg + b3g fandgamentals
1415 W bzg + ng fundamentals
1440 m ag *+ blg fundamentals
1464 w,b 2x 725 = 1450 240 + Blg

~2720? VW 2 x (1359) = 2718

i
2848 vs,b ag + blg fundamentals
2883 VVS ag + blg fundamentals

2932 W 2x 1468 =2936 285 + By,
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TABIE VII

INTERPRETATION OF THE INFRARED
SPECTRUM Of HARIEX 50

— e e et e e .. 3

wave

Number Description® PhaseP Interpretation®
720 CA
731} Vs c byy + b3y fundamentals
890 vvw | RPCHB
908 s Ci RCH:CH,
964 VW Trans RCH:CHR!
990 W cA RCH:CH, |
1050 vw,sh C
1077 vw,b A
1131 W
1176 vw, sh c
1306 m,b ? A Fundamental for amorphous polyethylene
1355} m A
Fundamental for amorphous polyethylene
1367 m A
| 11463} CA
| vs by + bg, fundamentals
1473 C
1588 vVw C
1640 vw CA C:C
1734 v A? C:0?
%1318 v cA 2 x 908 =1a4]"
L1894 w ¢ 725 + 1168 = 1893 2B, + 2B, |
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TABLE VII - (Continued)

. Wave

Number Description® PhaseP Interpretation®
1960 vvw CA [2 x 9% =1980]7
2016 W CA 725 + 1295 = 2020 24, + 2B,
2144 v CA 725 + 1440 = 2165 2By, + 2Bgy
725 + 1415 = 2140 20y + 2Byy
2185 vvw A? [lo61 + 1131 = 2192] 28y, + 2B,
25 + 1u68 = 2193 20 + 28,
2221 v [Lo6L + 1168 =2229] 28, + 2B,
221,2 ww c [2 x 131 =206 25 + By
2275 vw c i3 + 1168 = 2299] 21 + 2By,
2328 W [2 x 1168 =233 a5 + By,
235 W CA [1061 + 1295 = 2356] 2By + 2B3,
2415 ™ cA [+ 1295 = 2626 2, + 28y,
| 1061 + (1359) = 2420
2073 v s [106 + 135 = 2476 28, + 2By
1168 + (1306) = 2474
- 1131+ (1359) = 2490
| 2525 w 1061 + 1468 = 2529 2By, + 2B3u
1168 + (1359) = 2527
2549 w 131 + a5 = 2506 20, + 2By,
2597 vvw 1131 + 1468 = 2599 24, + 2By,
1295 + (1306) = 2601
[1168 + 1m0 = 2608] 21, + 2By,
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TABIE VII - (Continued)

| Wave

Number Description® PhaseP Interpretation®
| 2 x 1205 = 2590 28, + By,
2635 m C 1168 + 1468 = 2636 2Bpy + 2B3y
2658 m 1295 + (1359) = 2654
2713 \A L (1306) + 1415 = 2721

[1295 + 115 =2710] 28, + 28y,
27,1 v (1306) + 1440 = 2746

[1295 + 1u40 = 2735] 2Bog + 2By,
2851 VS AL by + b3, fundamentals
2897 L 1440 + 1468 = 2908 2Bpy + 2B3y
2919 VVS_L by + b3, fundamentals
; 3080 W |
3220 vvw
3371 W CA -OH?
3433 W
3605 w CA 725 + 2883 = 3608 2By, + 2Bgy
3648 vw [125 + 2519 "= 36us] 285 + 2By,
~3700 AL
~3810 VW
~3900 w,b 1061 + 2851 = 3912 2By, + 2By
3982 W 1131 + 2851 = 3982 24, + 2By,
: 1061 + 2919 <= 3980 2B,,, + ZBBu
| 4027 w1 A? 1168 + 2851 = 4019 2B + 2B,
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TABIE VII - (Continued) |

|
!
!
|

§ Wave 4
iNumber Description@  Phaseb Interpretation® 5
1055 v 1131 + 2919 = 4050 23y + 2By, |
| 1,106 m.L 1168 + 2919 = 4087 2Bpy + 2Bs,
| 1295 + 2851 = L1k 24, + 2By
4185 mi? [1205 + 2883 = 1178] 2By, + 2By,
(1306) + 2883 = 1189
4221 w 1295 + 2919 = 42l 24, + 2Bj,
(1359) + 2848 = 4207
4255 mL? 1415 + 2851 = 4266 28, + 2By,
| 1440 + 2851 = 4291 2By, + 2By
4327 s L 1415 + 2919 = 433L 28y + 2By,
1468 + 2883 I 4351 2By, + 2By,
440 + 2919 = 4359 2By + By
5662 wWAL? 2848 + 2851 = 5699 2B, + 2B3y
- 5770 mL 2883 + 2919 = 5802 2By, + 2By,
2848 + 2919 = 5767 2By, + 2B3y,
4The descriptions were determined from the absorption curve
for the 0.103 mm film and based on the following scale: »80% trans-
mission: vvw; 70-80%: vwvw; 60-70%: w; LO-60Z: m; 20-40%: s3; 0-20%:
vsy; 0%: vvs.
bo or A indicates that the band is associated primarily with
the crystalline or the amorphous phase. '
; CCombinations involving non-unit cell fundamentzls are enclosed
gin brackets. Amorphous phase fundamentals are enclosed in parentheses.
|




CONCLUDING HEMARKS

The assumed model for long methylene chains gives results con-
sistent with many observed features of the vibration spectra. The ex—
perimental details of the splitting of infrared bands afe qualitatively
accounted for, according to the calculations of Stein.t However, it
appears from his analysis that splitting would be expected in the Raman
spectrum also, where none was observed. None of the films was examined
with the microphotometer; however if such splitting were of the same
order of magnitude as it is in the infrared spectrum, it should have
besn visually discernible.

The assumed model cannot explain certain observations with re-
gard to polarization and intensity. It has been observed by Ferguson2
that in oriented polyethylene films the dichroic ratios for the three
strong infrared bands are significantly different. According to the as-
suned model, the dichroic ratio for any one band, i.e., the ratio of the
intensities of the band when the radiation is polarized respectively
parallel and perpendicular to the direction of stretch, should depend only
on the orientation of the chains. Therefore, the dichroic ratios should

be the same for all three bands. The dichroic ratios are also different

1R. 5. Stein, J. Chem. Phys. 23, 734 (1955).

%, E. Ferguson, private communication,

g0
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§for the two components of the doublet near 725 em~l. This can be ex-
‘plained in part by the contribution of the unoriented amorphous phase tof

the 720 e~ component. It is hard to explain the reported change of

'relative intensities of the 720 and 731 cm~Ll components during the process

!
|

'of stretching and annealing.B’AL The curves reproduced by Stein and
'Suthsrland seem to indicate changes in shape of the two components. It
‘would be interesting to see if any regularity and consistency with the !
assumed model could be obtained by using integrated intensities of the
bands instead of extinction coefficients as apparently was done. Stein
and Sutherland found that it was the ratio of the integrated intensities
of the 731 and 720 cm™L components that gave a curve correlating with
the percent crystallinity at different temperatures.

The present work provides an interpretation of the infrared
band at 1895 cmfl, as shown in Table VII. This band appears to be associ-
ated with the crystalline phase alone and its intensity has been used as

an empirical measure of percent crystallinity. It is readily explained

as a combination involvinis a fundamental not observed previously, but

the space group analysis does not explain why the band is associated onl
with the crystalline phase.

The greatest difficulty with the interpretation of the infra-
red spectrum is in connection with the by, fundamental. From the assumed
crystal structure and symmetry vibrations, one would expect this funda-

mental to be observed as a strong infrared band polarized parallel to

3Rugg, Smith, and Wartman, J. Polymer Sci. 11, 1 (1953).

bR, s. Stein and G. B. B. M. Sutherland, J. Chem. Phys. 22,
1993 _(1954).
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the chain axis. The only observed bands with the proper polarization ap-

pear to belong to the amorphous phase. It must be remembered, however,

i
|
!
|
l
'

ithat the symmetry coordinates are approximations, and that there may be
gconsiderable interaction among them which would modify their character, §
Primas and Ginthard’? concluded from their calculations that there was
such interaction betwezsn the methylene wagging and deformation vibrations
that any such differentiation of their character was but a formality.
Furthermore, the interpretation of the Raman active bands be-

low 1500 em™l is not conclusive. It is based largely on the general re-
sults of theoretical calculations, and the only experimental evidence to
support it is the polarization of tne two infrared bands at 1895 and
2016 cm™l. It would be very desirable to check the interpretation by
obtaining Raman spectra of oriented samples. It is quite difficult to
grow single crystals of paraffins, but it should be easier for long chain
compounds with polar end groups, like fatty acids or alcohols. Work
that has been done with single crystals of these substances has utilized
crystals measuring less than a millimeter in any dimension, which would
not be suitable for techniques of Raman spectroscopy.6’7:8 Oriented
films of polyethylenes can be produced, and it may be possible to acquire
a sample sufficient for Raman spectroscopic techniques by superimposing

many layers of oriented films. The orientation properties of stretched

PH. Primas and H. Ginthard, Helv. Chim. Acta 36, 1791 (1953).

6. Muller, Proc. Roy. Soc. (London) 4, 120, 437 (1928).

A. R. H. Cole and R. N. Jones, J. Opt. Soc. im. 42, 348

|
}(1952)-
|

85, Krimm, J. Chem. Phys. 22, 567 (195L),
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fbulkmboliethylene, if such be feasible, apparently have not been investi}

gated. Perhaps oriented rods of polyethylene could be produced for Ramaé
ispectroscopic purposes. Krimm has found that cold-stretched and heat- '
irelaxed films show preferred orientation of the crystzllites and that

this property is also exhibited by some machine-extruded films, Perhapsl
a machine—extruded rod would show some orientation. {

There is the possibility of obtaining additional valuable in-
formation by improving the experimental procedures of the present work.
Better Raman spectra of the polymers could be obtained if fluorescent
impurities could be removed and the material were chopped into finer
pieces., It would also be desirable to remove lower molecular weight
fractions from the polymers. It would be valuable to have long, rela-
tively background-free exposures to see whether the 890 cm™t band can be
observed in polyethylenes. The Raman spectrum of a crystalline paraffin
and of a polyethylene with deuterated methyl groups would also be of value
for interpretation of this band, and for testing the assignment of the
Raman bands at 1061 and 1131 cm~L,

Removal of fluorescent impurities should considerably reduce
tht difficulty which was encountered in attempting to obtain Raman spec-
tra of the samples in the liquid state. This was probably the primary
difficulty with the paraffins; however, in the case of polymers there

may also have been a considerable amount of colloidal-sized particles

in the melt.

!
i

Work is in progress at Phillips Petroleum Company to obtain

low temperature infrared spectra of pclymers. The low temperature should

remove_some background and decrease the broadening of the bands caused




8L

rgy popdiationwgf lattice vibration energy levels at room temperature.

It has been reported that all bands are much sharper and weaker bands

are more prominent in these spectra.9

ey

%. o. Frenzel, private communication.




SUMMARY

Several investigators have obtained infrared data for compounds
containing long methylene chains, but very few have reported Raman data
for such compounds. '‘The aims of the present work have been to obtain
Raman data for some long-chain paraffins and for polyethylenes and to
interpret the infrared and Raman spectra of the highly crystalline poly-

ethylene, Marlex 50.

In spite of the great difficulties in observing the Raman specs
tra of such materials, rather complete Raman data were obtained for solid
n4028H58, n-C36H7),, Vernezuela wax, stearic acid, Marlex 20, and Marlex

50. The band near 890 cmfl, which is prominent in the Raman spectra of

short-chain paraffins, was not observed in the Raman spectra of the poly-
ethylenes. On the other hand, two new bands were found for most of the
compounds. Repeated attempts to obtain the Raman spectra of some of
these compounds in the liquid state were largely unsuccessful on account
of background. Only for liguid Venezuela wax were any bands observed
other than those associated with stretching of the carbon-hydrogen bondsi
An improved infrared spectrum of Marlex 50 was obtained with a double-
pass spectrometer having NaCl and LiF prisms,

It is assumed that the crystalline phase of Marlex 50 has the

|lspace group Vhlé and the same unit cell as determined for another

85
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polyethylene by Bunn.t Spectral activities of the symmetry vibrations |
are derived by the space group method of treating molecular crystals de-
veloped by Bhagavantam and Venkatarayudu,z‘Winston and Halford,3 and
Hdrnig,k and extended by Tobin? to crystals of long-chain molecules.
This analysis yields eight Raman-active fundamentals, five infrared-
active fundamentals, and one inactive fundamental for the polymethylene
chain. Two chains pass through each unit cell, and two closely spaced

unit cell fundamentals correspond to each chain fundamental. It is a

well-known experimental fact that two of the strong infrared bands of
methylene chain compounds become doublets in the crystalline state. A
similar splitting has not been observed for other bands of these com-
pounds. Thus, most of the observed bands must ke regarded as accidentally
|doubly degenerate. Four of the infrared-active fundamentals have been
aésigned by previous workers. The Raman active unit cell fundamentals
!of crystalline Marlex 50 are assigned as follows: species ag and blg:
1061, 1168, 1440, 2848 cm™L; species bog and by,: 1131, 1295, 1415,
2883 e,

In terms of these unit cell fundamentals it has been possible
to interpret all but nine very weak bands of the sixty observed infrared

bands of Marlex 50. The interpretations of several combination bands

1c. Bunn, Trans. Faraday Soc. 35, 482 (1939).

3. Bhagavantam and T. Venkatarayudu, Proc. Ind. Acad. Sci. 94,
224 (1939); S. Bhagavantam, ibid. 134, 543 (1941).

3R. S. Halford, J. Chem. Phys. 1k, 8 (1946); H. Winston and
R. S. Halford, ibid. 17, 607 (1949).

4p. F. Hornig, J. Chem. Phys. 16, 1063 (1948).

M, C. Tobin, J. Chem. Phys. 23, 891 (1955).
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tviolate the u-g selection rule. It is assumed, therefore, that these
bands are combinations of non-unit cell fundamentals having equal and
probably very small wave number vectors. Consideration of combination

bands did not yield any definite information about the unknown by, and

a, fundamentals.
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