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Abstract--The C—H stretching regions of both the Raman and ir. spectra of the extended polymethylene
chain have broad secondary maxima. In the case of the Raman spectrum, line shapes are dependent
on the environment of the chain, a fact which has been previously exploited in the study of biosystems.
We have explained this phenomenon in terms of Fermi resonance interaction between the methylene
symmetric C—H stretching mode and appropriate binary combinations involving the methylene bending
mode. It is emphasized that appropriate binary states are to be found throughout the Brillouin zone
and not just at its center. It is the resulting continuum of binary states which leads to broad secondary
bands. The shapes of these bands depend on the dispersion of the bending mode fundamental. For the
isolated chain only parallel dispersion is involved, but in the case of the crystal perpendicular dispersion
is equally important and leads to the observed dependence on crystal structure. All secondary bands have
been accounted for in these terms. The ratio of the Raman intensities of the symmetric C—H stretching
fundamentals to the antisymmetric is found to be about 5 and is independent of environment. The
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relevance of these results to studies on biosystems is briefly discussed.

INTRODUCTION

The C—H stretching region of the Raman and ir.
spectra of the extended polymethylene chain is in-
adequately understood. Interpretations of this region
have long been unsatisfactory in that unresolved con-
tradictory assignments have appeared in the literature
[1-3]. A better understanding is also needed in order
to utilize Raman spectra to investigate the structure
of the lipid component of biomembranes [4-7], since
in recent studies conclusions have been based on
observed changes in the C—H stretching band inten-
sities. In this paper we review what is known about
the C—H stretching vibrations of the extended chain,
present new Raman spectra illustrating their sensitivity
to chain packing, and offer an explanation of how the
observed differences between the Raman spectra are
related to packing structure.

Until recently it has been assumed that, since the
C—H stretching modes are highly localized and involve
nearly pure hydrogen motion, they are essentially
insensitive to the molecular conformation and environ-
ment, in sharp contrast to the skeletal modes at lower
frequencies. This belief appeared intuitively sound and
was supported by a half century of evidence from i.r.
spectroscopy, essentially none of it to the contrary. It
is therefore initially surprising to find that changes in
the C—H stretching region of Raman spectra can be
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correlated with polymethylene chain conformation and
chain environment [4-7]. In fact this correlation has
now become the basis for an important technique for
investigating lipid structure in biological membranes.

Basically what is observed, is that the ratio of the
peak heights of the two strongest Raman lines (2880
and 2845 cm ™~ ') in the C—H stretching region is sensi-
tive both to the conformation of the chain and, in the
case of the extended chain, to the packing of chains.
Attempts to explain this phenomenon have exposed
some superficiality in previous assignments for the
isolated extended polymethylene chain. Recently some
long overdue clarification has appeared in two papers,
one by SPIKER and LEvIN [8] on the methylene and
methyl group mode assignments and another by GABER
and PeTICOLAS [9] 0n the role of intermolecular effects.

Nevertheless we find the present state of under-
standing unsatisfactory. For example, although the two
strongest Raman lines can be associated [8] with sym-
metric and antisymmetric C—H stretching modes of
the methylene group, the origin of the intense broad
structure which pervades this region for these ordered
systems remains to be explained. Although the peak
height ratios change with structure, this does not
necessarily apply to the ratio of the intensities. We
would like to know what the real intensity ratio is,
what shapes the lines have, and why they change as they
do. Among other things we would also like to know
why it is that Raman spectra are much more sensitive
to structural change than i.r. spectra.

To help answer these questions we have measured
and identified characteristic features in the Raman
spectra of the extended polymethylene chain in several
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Table 1. Mode designations, species, and assignments for methylene and methyl groups of the extended polymethylene chain

Raman Infrared
Vobs Vobs

Mode Species {cm ™) Mode Species (cm™1) Description

d=(0) By, 2880 d~(n) B, 2920 Antisym. C—H stretch

d*(0) A, 2850 d*(m) B, 2850 Sym. C—H stretch
CH, modes l 5(0) A, 1443 5(m) B, 1467 HCH bend

P(n) B,, 720 CH; rock

re 2964 ra 2962 Asym. C—H stretch
CH, modes (in-skeletal plane)
(n-paraffins) ry 2952 rp 2953 Asym. C—H stretch

{out-of-skeletal plane)
r* 2871 r 2873 Sym. C—H stretch

known crystal structures. In our interpretation we con-
sider both ir. and Raman spectra since the same
complicating factors underlie both. In this work we rely
heavily on our present understanding of the inter- and
intramolecular dynamics of the n-paraffins and poly-
ethylene[1, 3, 10-12].

ASSIGNMENT OF THE C—H STRETCHING
MODE FUNDAMENTALS

In this section we describe the C—H stretching
region of the i.r. and Raman spectra of extended poly-
methylene chains and consider the assignment of the
fundamental modes. We will defer until later a dis-
cussion of the origin of the secondary structure, which
is prominent in the Raman, and present but obscured
in the i.r.

It will be convenient for our purposes to designate
modes in an abbreviated manner. Thus for the methyl
group we use r~ and r* to indicate degenerate and
symmetric C—H stretching. For the methylene group
we use d~, d*, 6, and P to indicate antisymmetric
C—H stretching, symmetric C—H stretching, HCH

Table 2. Correlation of vibrational modes of the poly-
methylene chain with modes of orthorhombic polyethylene

Species* Speciest
(chain) (cryst.)
d(0) Byylyz)
>Ag + B3y(XY)

d*(0)
50) } A5
d”(m)
P(Tl) } BZu(y)

> Byu(X) + Bau(Y)
BSu(z)

d*(n)
o(m)
1z
* Chain axes definition vavaAanv ——>

X
t Crystal axes definition Y
X

bending, and CH; rocking. These symbols follow the
conventions of [3] and [10]. When applicable, vibra-
tions of the chain will be described in terms of the
phase angle, ¢, between vibrations of adjacent CH,
groups, whose value at the zone center is 0 or .
Conventions regarding the symmetry species of the
isolated chain are those of [10] while the conventions
regarding ¢ and the symmetry species of the ortho-
rhombic crystal will follow those of [11]. A summary
of these designations will be found in Tables 1 and 2.
Previous analyses of the vibrational spectra of the
polymethylene chain have tended to ignore the details
of the C—H stretching and HCH bending regions. In
the earlier stages of interpretation such neglect was
understandable since a greater uncertainty and hence
challenge seemed to lie in the analyses of the more
highly coupled modes, ie. the methylene rocking,
twisting, and wagging vibrations as well as those of the
carbon skeleton. Furthermore, on the basis of the i.r.
evidence it appeared that the interpretation of C—H
stretching and methylene bending modes was almost
trivial. Thus the ir. spectrum of the extended poly-
methylene chain was always found to exhibit two very
intense absorption bands, near 2920 and 2850 cm ™!,
which could be confidently assigned to antisymmetric
and symmetric C—H stretching vibrations, respec-
tively; with equal certainty, the strong band near
1465 cm ™! could be assigned to methylene bending.
Even the small perturbations arising from inter-
molecular interactions between two chains in a unit
cell can be understood at least qualitatively: in the
case of orthorhombic polyethylene the effect of the
interaction is to split into two components the i.r. band
assigned to bending [13, 14]. The narrowness of the
components and the magnitude of the separation
(~13 cm™!) permit the splitting to be easily observed.
Although predicted, this splitting is not easily observed
in the case of C—H stretching, for these bands are
broader and the separation of their components is less.
The separation of components for methylene bending,
C—H stretching, and other fundamentals of the chain
can be accounted for reasonably well using a model
based on atom-atom potentials [11]. In summary,
except for some relatively minor features to be dis-
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cussed later, the interpretation of the ir. spectrum
appears entirely satisfactory.

By contrast, the earliest Raman spectra [15, 16] of
the extended chain exhibited complexities in the C—H
stretching and methylene bending regions. These were
difficult to explain, and they were essentially ignored.
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In this section the observed C—H stretching region
in the ir. will be examined. We include the methyl
group since it also occurs in many of the systems of
interest.

As mentioned earlier, methylene C—H stretching
modes have long been considered to be group frequen-
cies in the ir. Standard references [17] list 2925 and
2855 cm ™! for d (%) and d *(r) respectively. A range of
+10cm™! from these values encompasses the fre-
quencies observed for the extended chain in nearly ali
environments and includes the frequencies observed for
the chain in solution and in the melt.

An estimated value of 3.0 4+ 0.4 for the ratio of the
integrated intensities of d {n) to d*(n) is found by
averaging the values for crystalline n-hexane, n-heptane
and n-octane [ 18]. This average is in satisfactory agree-
ment with the value of 2.0 which is calculated from a
simple bond moment model with tetrahedral geom-
etry.*
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methyl group occur in ir. spectra at nearly the same
frequencies as in the Raman. In the case of the
crystalline n-paraffins the ir. bands have been pre-
viously assigned [3] from spectra similar to those in
Fig. 1. The symmetricstretch v occurs near 2873 cm ™ L.
The components of the asymmetric stretch r~ occur at
2963 and 2953 cm ! Single crystal measurements [2]
show that the higher frequency mode is polarized
parallel to the skeletal plane while the lower frequency

comnonant ic narnendicnlar
COMpOonciit 1s perpendicuiar.

Correlation splitting for both d ~(n) and d* (%) occurs
for the orthorhombic structure of polyethylene and
for the orthorhombic and monoclinic structures of
the n-paraffins [ 14, 19}. It is very difficult to separate

and 1dent1fv the r‘nmpnngntc pvpprlmepta“v because
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the high intensity of the fundamentals makes it neces-
sary to employ very thin crystals for the polarization
measurements. In one i.r. study [ 14] on a single crystal
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theratio I(d 7)/I(d*) = tan? /2 where o is the angle between
the C—H bonds.

+ For the orthorhombic and

or the orthorhom i structures the
skeletal planes of the two chams are nearly perpendicular
to one another. Thus the two components should be nearly

equal in mfenutv,
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of n-C3sH~4 the splitting of both d~(n) and d™(n)
was reported. In the case of d () the very strong band
at 2920cm™! is accompanied by a second, much
weaker, band at 2898 cm ™! of a different polarization.
However, the great disparity in intensity between the
two components is not consistent with the expectation
that they should be nearly equal,f as is indeed observed
[19] for the correlation split fundamentals §(r) and
P(r). Furthermore, the 2898 cm ™' band appears in the
spectrum of the triclinic form of n-C,oHg4, (Fig. 1),
where correlation splitting cannot occur because the
structure has only one molecule per unit cell. On the

athar hand tha anga far choarvad snrralatine cmlitting
OnCr Nand, inc ¢ast 10r 0OSTIvea COrrdialion spiting

of the d* (n) fundamental is convincing. The observed
band at 2850 cm ~! consists of an unresolved doublet
whose components have about the same peak heights.
The higher frequency component is polarized along the

b axis and the lower freguency component alone ¢
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The estimated separation is about + 7 cm ™!, consistent
with the small value (+3cm ') estimated from theory
[11].

Two bands remain to be explained. Both are rela-
tively broad and weak, and both are obscured by the
2920 ¢cm ™~ ! band. The one near 2898 cm ~ ! has just been
mentioned. Another near 2930 cm ™! is less obvious in
the spectra of the longer chains. However, it can be
seen clearly in the spectrum of n-octane (Fig. 1). The
polarizations of both bands have been determined
from measurements on a crystal of triclinic n-C;oH,,
[2]. They are found to be the same as that of the d* ()
fundamental. In that study the higher frequency band
was placed at 2922cm™!, and we shall use this fre-
quency here. A discussion concerning the origin of
these bands will be deferred until after the observed
Raman spectra have been discussed. Since certain of
the Raman bands are of a similar origin, it will be
appropriate to discuss both kinds of spectra together.

THE RAMAN ACTIVE MODES

This region appears more complex in the Raman
than in the ir., and its features are clearly dependent
on chain packing, as the spectra displayed in Fig. 2
show. The spectra of polyethylene, and of the ortho-
rhombic and monoclinic forms of the n-paraffins are
essentially identical, in keeping with the fact that for
all three cases the chain packing is essentially the same
[20-22]. However, the triclinic form of the n-paraffins
has a different structure [23] as does the hexagonal
form [24], and these differences are reflected in the
Raman spectra.

The above spectra share some common features.
There is an intense and consistently narrow line near
2879 cm ~ ! which can be identified with d ~(0). There is
another intense, but broader, line (or lines) near
2845cm ™! which can be associated with d*(0). In
addition there is a very broad and asymmetric band
which underlies the 2879 cm ™ line and which extends
with diminishing intensity to about 2960 cm ™!, Finally
there is a broad, less intense band near 2933 cm ™1,
Most of the integrated intensity, as we shall see, is
under the broad bands.

The differences between the spectra are most pro-
nounced in the 2845cm ™! region. For the ortho-
rhombic and orthorhombic-related structures, there
is a single broad line at 2846 cm™'; for the tri-
clinic structure there are two maxima, at 2855 and
2846 cm ! ; and for the hexagonal structure there is a
single, narrower line at 2846 cm . In all cases the
2879 cm ™! line is narrow, though it is least narrow
for the higher temperature hexagonal structure.

When methyl groups are present, there are lines at
2964 and 2952 cm ™ 1. These are very near the ir. bands
observed at 2962 and 2953 cm ™!, and therefore, as in
the ir., they are assigned to r, and r, respectively.
We assign the weak shoulder observed at 2871 cm ™!
to r*, again in keeping with the ir. assignment of r*
to a band at 2873 cm ™. We believe the assignment
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of r* to 2935 cm ™!, as proposed in [8] to be incorrect
since it is not compatible with the ir. assignment [3].
Furthermore, we will show that the broad 2935c¢m !
band is part of the structure of the d*(0) fundamental.

The lines associated with d*(0) have been separated
from those associated with d~(0) by means of appro-
priate polarized Raman measurements on oriented
extended chains. The oriented chains in our experiment
are in an orthorhombic crystal. As a consequence the
analysis is complicated by the correlation splitting
that results from the presence in this structure of two
chains per unit cell. As indicated in Table 2, each
fundamental is split into two components: one com-
ponent belongs to symmetry species A, and the other
to Bs,. However, in spite of the fact that pairs of the
components of d*(0) and d~(0) have common sym-
metry, it turns out that they can still be separated.
The argument focuses on the form of the derived
polarizability tensors for the various vibrational com-
ponents, under the assumption that d* and d~ do not
mix in the crystal. That d* and d~ modes do not mix
significantly as a result of crystal interaction is a reason-
able assumption since higher frequency intramolecular
modes in non-polar crystals are ordinarily not signifi-
cantly affected by intermolecular forces. In our case
there is no experimental evidence for mixing. The fact
that the observed frequencies of the C—H stretching
fundamentals in the i.r. and Raman spectra are insensi-
tive to crystal structure is experimental evidence against
mixing.

Crystal symmetry dictates that the 4, tensor must
be diagonal and that the Bj, tensor must have only
one non zero element, ayy. Under the assumption
that d*(0) and d~(0) do not mix, the only non zero
elements of the derived polarizability tensor are

. i’ ! '3
Ayt Uxx, Oyy, %zz

d*(0) ,
Byt oxy

d) =
Byt oy

a result which follows when the tensors for d*(0) and
d~(0) of two isolated chains are transformed into the
orthorhombic crystal.

Of the above four derived tensors only that which
is the 4,component ofd " (0) has a non zero «z, element.
Thus the spectrum of an oriented sample measured
under ZZ polarization will not show the d(0) funda-
mental. Also d*(0) will essentially have the same band
shape as it does in the Raman spectrum of a randomly
oriented polycrystalline sample. The reason for the
latter is that the Bs, component of d*(0), which might
have a structure different from that of the A, com-
ponent, is expected to have a very low intensity relative
to the 4, component and consequently will contribute
little to the spectrum of the polycrystalline sample. It
is our estimate that the Bj, component contributes
less than 5% to the total d*(0) intensity. This value is
based on an oriented gas model calculation of the
Raman intensities of the orthorhombic crystal [25] in
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Fig. 2. C—H stretching region of the Raman spectra of
(a) orthorhombic polyethylene at 110K, (b) orthorhombic
n-Cy,Hag at 110K, (¢) monoclinic n-C3gH4 at 110K, (d)
L — L . triclinic n-C,oHy, at 110K, and (e) hexagonal n-C3¢H14 at
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which the bond polarizability parameters used were
derived from cyclohexane and previously used with
success to calculate the Raman intensities for an
isolated chain [26].

The Raman polarization measurements were made
on a “solid-state” extruded sample of polyethylene.
Such a sample is cylindrical in shape, with the extended
chains of the polymer parallel to the axis of the cylinder.
Orientation in the plane perpendicular to this long
axis is random. The direction of the incident exciting
radiation was perpendicular to the long axis of the

347.5K. All Raman spectra were taken with band pass
1.5cm ™! at 5100 A. Laser power 200 mW at 5145A.

sample, and the polarizations of the incident and
scattered radiation were parallel to this axis, cor-
responding to a ZZ measurement. Collection was at
right angles. The observed spectrum is shown in Fig. 3.

The intensity of the line at 2880cm™! is greatly
reduced relative to the rest of the spectrum. As seen
in the figure, a residual intensity does persist, but this
can be reduced further by narrowing the collection
angle. Thus, this line can be confidently assigned to
d~(0) and the remainder of the spectrum to d*(0).
Associated with the latter, a previously hidden maxi-
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Fig. 3. Polarized Raman spectrum of uniaxially oriented

“transparent” polyethylene at 110K. y(zz)x geometry em-

ployed with chain axes aligned with z axis. Band pass
2.5cm™ ! at 5100 A. Laser power 250 mW at 5145 A.

mum near 2890 cm ! is revealed. The structure of the
d*(0) line appears to be the same as that observed
for a randomly oriented sample.

It is now possible to measure the ratio of the inte-
grated intensities of the C—H stretching fundamentals,
ie. [ I(d*(0))/f 1(d7(0)). As a result of identifying the
broad Raman bands associated with d*(0), we know
their shapes and, therefore, can separate d*(0) and
d(0) in the spectra of polycrystalline samples such as
those represented in Fig. 2. (The dotted line in Fig. 2(a)
shows a typical separation.) We find this ratio to have
avalueof5.1 + 0.5. This value is derived from measure-
ments on six different spectra. The error appears related
to experimental uncertainties such as are involved in
drawing baselines and in separating d *(0) from 4 (0),
and probably masks any variations which might be
related to differences in chain packing. This result is in
accord with the expectation that this ratio should be
characteristic of the isolated chain and should not be
greatly affected by intermolecular effects.

We note that our finding, namely that the intensity
of d*(0) is about 5 x greater than d~(0), is in conflict
with the impression conveyed when the intensity ratio
is based on peak height measurements. In this case
d~(0) is reported [9] to be more intense than d™*(0).
The much larger intensity of d*(0) compared with
d~(0) is in accord with Raman intensity calculations
based on bond polarizability parameters [26] and is
also in accord with our observation that the Raman
spectrum of the polymethylene chain in the liquid
state is highly polarized over most of the C—H
stretching region.

INTRA- AND INTERMOLECULAR EFFECTS ON
INFRARED AND RAMAN BAND SHAPES

The observed complexities in the ir. and Raman
spectra of the C—H stretching region of extended
polyethylene chains are largely the result of Fermi
resonance interactions involving double excitations of
fundamentals at lower frequencies. In fact, complica-
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tions of this nature in the C—H stretching region for
hydrocarbons are the rule rather than the exception
[27]. An earlier interpretation of the Raman spectrum
based on Fermi resonance [10], which seemed at the
time to be supported by normal coordinate calcula-
tions but which, in view of the present results is
certainly incorrect, associated the 2933 cm ! line with
d~(0) and both of the lines at 2879 and 2845cm ™!
with d*(0), the doubling in this latter case being
explained as the result of Fermi resonance interaction
with the overtone of 5(0).

As before, we invoke Fermi resonance in analyzing
this region. However, it is clear that resonance involving
a single binary combination will not adequately explain
the many observed complexities, especially in the
Raman spectrum. To describe the interaction properly,
it will be necessary to consider the continuum of binary
combination states resulting from frequency dispersion
in the lower branch or branches that are involved in
the combinations. Much of the spectral structure can
be explained by considering only parallel dispersion,
i.e. dispersion parallel to the chain axis.

If we assume that combinations no higher than
binary are involved in the resonance, then only
methylene bending modes need be considered. Al-
though binary combinations between methylene bend-
ing and methylene wagging (w) modes have frequencies
near the C—H stretching region, their symmetry is
unfavorable for interaction. Thus, in an isolated chain
approximation the zone center combination J(0) +
w(r) has a frequency near 2810cm ™! and has By, sym-
metry. Similarly, §(0) + w(0) is near 2840 cm ™! and has
B, symmetry. Neither By, nor B,, are of the proper
symmetry for interaction since d*(0) and d~(0) are of
A, and B;, symmetry. Although forbidden for the
isolated chain, the possibility of such interaction cannot
be strictly ruled out for the crystalline state since the
lower symmetry of the crystal tends to lower the
molecular symmetry and relax selection rules. How-
ever, we have found no evidence that bending-wagging
combinations contribute to the spectra.

A detailed and quantitative treatment of Fermi
resonance interaction between d* and the binary
combinations of d(¢) is at present not possible since
the dispersion of the bending modes is not completely
understood, even for the isolated chain. Interpretation
of the methylene bending mode region is complex for
two reasons. First, these modes are involved in strong
intermolecular interactions. For example for the ortho-
rhombic structure, which is the only case studied in
any detail, we believe that the perpendicular dispersion
spans about 35cm ™! at ¢ = 0. At this value of the
phase angle the perpendicular dispersion is greater than
the parallel dispersion for the isolated chain, the latter
spanning about 24 cm ™ (1467 — 1443 cm ™ !). A second
complication exists because the Raman active funda-
mental, §(0), interacts with 2P(n), and results in a
doubling of bands in this region.

Some of these complexities can be reduced by
isotopic isolation. It is well known that intermolecular
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coupling can often be virtually eliminated by isolating
the molecule of interest in a matrix consisting of its
deuterated analogue. Fermi resonance will, of course,
persist, but the contribution of intermolecular effects
through Fermi resonance to line broadening in the
C—H stretching region will be largely eliminated.

We will first discuss the C—H stretching spectrum
of the isotopically isolated molecule. An approximated
dispersion curve for methylene bending modes of the
isolated molecule will be used to interpret the C—H
region in terms of Fermi resonance interaction involv-
ing binary combinations of d(¢). We will then con-
sider the chain in the crystal.

THE ISOTOPICALLY ISOLATED CHAIN
The C— H stretching region

The i.r. spectrum in the C—H stretching region of
the isotopically isolated chain (n-C3¢H4 in n-C36D1y4,
1:20), shown in Fig. 4(a), is little different from that
of the chain in an undiluted crystal. The band maxima
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Fig. 4. Infrared spectrum of 1H/20D n-C;sH,4 at room
temperature: (a) CH, stretching region; (b) CH, bending
region. The spectra were taken at 1.5cm ™! resolution.
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assigned to d~(n) and d ™ (n), as well as those of r;, 1y,
and r*, are all within a few cm ™~ ! of those for the pure
crystal; the relative intensities of these bands also
appear little changed.

The two bands at 2889 and 2881 cm ™! are associated
with n-C36D+4, and are due to the C—H stretching
mode of a CHD group impurity in this matrix. There
are two bands probably because the two C—H bonds
of the methylene group have non equivalent sites in
the crystal. The mean position of these two bands,
2885cm™ !, is the frequency of an inter- and intra-
molecularly uncoupled C—H stretching vibration of
the extended polymethylene chain.

The CHD bands obscure the broad shoulder pre-
viously observed at 2898 cm ™!, That the band is still
there is apparent from the high background absorption.

The Raman spectrum of the same sample, shown in
Fig. S5(a), exhibits significant changes in the C—H
stretching region. The line at 2845 cm ™~ ! has sharpened
considerably, its half-width being reduced from about
22 cm ™! (its value in the monoclinic or orthorhombic
structure) to about 10cm™!. The 2880 cm™1! line is
relatively unaffected, its half-width remaining about
7em™!. As a result the peak heights of the d*(0) and
d~(0) bands are now nearly the same. There is con-
siderable depletion in intensity on the low frequency
side of the broad band underlying the 2880 cm ™! line.
It is important to note, however, that this broad band
is still largely unaffected at frequencies higher than
2880 cm ~ . This persistence may be explained in terms
of intramolecular Fermi resonance interaction. The
remaining features are attributable to r;, r;, r* and
CHD, and may be identified respectively at 2964, 2952,
297t and 2889 cm ™!,

Isotopic decoupling should not significantly change
the integrated intensity ratio { I({d*(0))/f I{d~(0)) from
its value for the isotopically undiluted crystal, since
the observed differences between the spectra are pre-
sumably due to changes in intermolecular Fermi
resonance interaction. This turns out to be the case.
For the decoupled case we find that the value for this
ratio is 5.2, in good agreement with that of 5.1 + 0.5
found earlier for the undiluted crystals.

Dispersion curve for CH, bending

Figure 4b) shows the i.r. spectrum in the methylene
bending region of crystalline n-Cs;gH,4 diluted in
n-C35D74. The strong band at 1467 cm ™! is assigned
to d(n) since it is by far the strongest feature in this
region and is midway between the two components
(1474 and 1461 cm™ ') found for the undiluted crystal.
The much weaker band at 1455 cm ™! probably belongs
to the methyl asymmetric bending mode.

The Raman spectrum in the same region for this
sample is shown in Fig. 5(b). There are two lines:
the stronger is at 1431cm™! and the weaker and
broader is at 1458cm~'. These two lines probably
result from resonance between 4(0) and 2P(¢) for ¢
near 7. The dispersion curve for methylene rocking [1]
is very flat near the zone center at ¢ = 7 so that for
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Fig. 5. Raman spectra of 1H/20D n-CisH-4 at 110K : (a)
CH; stretching region; (b) CH, bending region. Band pass
2.5cm ™! at 5100 A. Laser power 250 mW at 5145 A.

n-CssH-4 we estimate [3] that there are 10 rocking
fundamentals whose frequencies are essentially de-
generate at 722 cm ™ !. At higher frequencies the density
of modes rapidly diminishes: thus only two rocking
fundamentals fall in the interval between 723-735cm ™ L.
The proper binary combination state for interaction
with 6(0) may be formed from a symmetric combination
of these nearly degenerate states. From the observed
frequencies and the observed intensity ratio of the two
lines the positions of the unperturbed states may be
calculated [28]. From integrated areas, [I(1431)/
f1(1458) = 1.4 + 0.1 we calculate the unperturbed
frequency of 8(0) to be 1442 + 1 cm ™1,

As already pointed out, there are serious vibrational
complications in this region which make it impractical
to derive the shape of §(¢p) from band progressions
as can be done for most other types of polymethylene
modes [3]. Instead we have used the shape derived
from calculations using force constants from #-paraffins
[29]. This calculated shape, adjusted slightly to be
compatible with frequencies for the isolated chain, is
shown in Fig. 6.

Interpretation

Most of the features in the C—H stretching region
of the spectra can be explained in terms of Fermi
resonance interaction between the symmetric methyl-
ene C—H stretching fundamental at the zone center
(¢ =0 or =) and binary combinations involving the
methylene bending vibrations of the extended chain,
not just at the zone center, but rather over the whole
Brillouin zone. In the case of the crystal, which we
consider later, dispersion of §(¢) perpendicular to the
chain axis must be considered as well.

Figure 6 shows the §(¢) dispersion curve and two
curves which represent allowed binary combinations
of bending modes. Because we prefer to use dispersion
curves with the zone edge at n/2, there are two possible
binary curves which satisfy the condition that the phase
angle (or, equivalently, wave vector) must be the same
for both components: one is for 8(¢) + d(¢), to be
referred to as 86 (¢); a second is for 8(¢) + d(n — ),
to be referred to as 86 (¢). The former, which has
line symmetry A,, may interact with d*(0), and the
latter, which has line symmetry Ba,, may interact with
d*(n). On the other hand, neither curve is of correct
symmetry to interact with either of the antisymmetric
stretching modes: d~(0) or d ~ (r).

The actual degree of interaction, if symmetry allowed,
will depend on the frequency interval between the
fundamental and the binary state and on the magnitude
of the Fermi resonance matrix element [28]. In the i.r.
this interaction is weaker than in the Raman, partly
because of the consistently larger frequency separation
between d*(r) and 667 (¢) relative to that between
d*(0) and 86*(¢). There is some interaction, as is
manifest in the two broad bands observed near 2922
and 2898 cm !, These may be identified with critical

2960 2920 2880 2840 2800 1480 1460 1440 1420
m— )
o] W T
Infrored ™ d” () d*m) St}
180 ;
SP8r-¢)
150F
mzo%
3
o
8 90r 5(e)
6 g0}
Vo\[er
30t | B+5 )
i Bptele 2P | 8(0)
a { N\
d(0) d*(0) =
.
II Raman . TeeSVOr;]\IUnCE ~
a*o)
2060 2920 2880 2840 £800 1480 1460 1440 1420
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Fig. 6. C—H stretching and CH, bending Fermi resonance
interaction scheme for the extended isolated polymethylene
chain. (All the spectra except the C—H i.r. region are for
the isotopically isolated chain. The C—H i.r. region is based
on measurements on n-C,oH,, in [2]).
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points in the 66 (¢) curve at ¢ = /2 (2921cm™Y)
and at ¢ = 0 and = (2910cm ). As discussed earlier,
it has been found [2] that both these bands have the
correct symmetry required for this assignment, namely
that of d*(n). Unfortunately, most of this region is
obscured by the strong d (n) fundamental at 2920
cm™'. Finally, we note that because this resonance
overlaps d (n), an undetermined and quite possibly
significant part of the apparent intensity of this funda-
mental may actually belong to d*(r), and this should
be taken into account in i.r. intensity studies.

The binary curve 86" (¢) spans a considerably greater
frequency interval than does 66 (¢), and this is one
reason for the more extended complexity in the Raman
spectrum relative to the i.r. Fermi resonance interaction
may be assumed to be strorgest near ¢ =0 where
867 (¢) makes its closest frequency approach to d*(0).
This, combined with the high density of states in this
region, assures an intensity maximum near 2890 cm ™!,
as is indicated in Fig. 6. Moving from the maximum
towards higher frequencies we find the band intensity
decreasing both because interaction is diminishing and
because the density of states is decreasing. Finally
another critical point is reached at a calculated fre-
quency of 2934cm™! (¢ = n), and a broad Raman
line is observed near 2935 cm ™ L. The calculated shape
of 86 (n) exhibits another maximum near 2942 ¢cm ™ !,
which may account for the Raman intensity observed
beyond 2935 em ™ L.

THE CHAIN IN A CRYSTAL

As we noted earlier, one marked difference between
the Raman spectrum of the isolated chain and the
Raman spectrum of the coupled chain in a crystal is the
greater breadth of the 2845 cm ™! line in the latter case.
Related to this, there is also more intensity apparent
on the high frequency side of this line, which tends to
fill in the trough between the lines at 2879 and
2845cm ™. This broadening can be understood in a
qualitative way by taking into account the perpen-
dicular dispersion of the methylene bending modes,
i.e. dispersion resulting from interchain coupling. Un-
fortunately, what we know about such coupling is
confined primarily to the orthorhombic structure, and
then is limited largely to modes that can be observed,
i.e. those at the zone center. What we know, however,
is adequate to enable us to propose a plausible
explanation for the observed broadening.

Orthorhombic and monoclinic structures

The range of methylene bending mode frequencies
dispersed in the perpendicular direction, plotted as a
function of ¢, is indicated in Fig. 7. The curve is based
on the results of Tasumt and SHIMANOUCHI [11] who
used the observed frequency separations of the crystal
split components of the fundamentals (¢ =0 and
¢ = =) together with a model based on a hydrogen
atom-atom repulsive potential to calculate separations
as a function of ¢. For the methylene bending mode
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Fig. 7. C—H stretching and CH, bending Fermi resonance
interaction scheme for the polymethylene chain in the ortho-
rhombic structure.

the separation is largest at ¢ =0 (Raman active),
diminishes to zero near ¢ = 0.6% and increases again
with a reversed sign. The separation at ¢ = n (i.r. active)
is about one third that at ¢ = 0. We have adjusted
the calculated curve slightly in order to account for
a revised frequency assignment of the ¢ =0 com-
ponents. On the basis of polarized Raman studies on
extruded polyethylene and other supporting evidence
we assign the 1418 cm ™! band to the A, component.
The two B, bands observed at 1462 and 1440cm™!
we interpret as the result of Fermi resonance interaction
between the B;, component of 3(0) and the sum of the
two components of P(n). An estimate of the intensity
ratio of the two Bj, bands leads to an unperturbed
frequency near 1449 cm ™! for the fundamental.

An important point is that the effect of crystal
coupling is to extend the frequency range covered by
86*(¢) (Fig. 7) to about 2830 cm ™! so that it overlaps
the d*(0) fundamental at 2845cm™!. Provided the
Fermi resonance interaction is relatively weak, the
consequence will be a broadening of the d7(0) line.
According to this scheme, the effects of intermolecular
coupling will be less at the higher frequency end (¢ >
n/2) since the perpendicular dispersion in frequency in
this region is less. Again this is in keeping with the
observation that little change in the Raman spectrum
is found above 2900cm~! as a result of isotopic
dilution.

Triclinic structure

The same arguments are applicable to the triclinic
crystal. However, this structure has a single chain in a
unit cell, and little is known regarding its perpendicular
dispersion since there is only one zone center com-
ponent. A priori, there is no reason not to expect
significant coupling and, hence, a dispersion of the
same magnitude as that found in the case of the ortho-
rhombic structure. In a preliminary study we have
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found evidence for dispersion from a comparison of
the spectra of triclinic n-C,oH,, with the spectra of
n-Cz0Hy, diluted in n-C;0D4;. The 8(0) and P(n)
bands show significant frequency shifts in going from
the undiluted to the diluted case. These shifts are com-
parable in magnitude to what we observed earlier in
an analogous experiment for orthorhombic n-C;36Hn,.
Although at the present we cannot interpret these
observed shifts in detail, it is clear that appreciable
dispersion occurs for both the é and P vibrations in
the triclinic structure.

The characteristic feature of the Raman spectrum of
the triclinic form is the doubling of the d*(0) funda-
mental to give components at 2855 and 2846 cm ™!,
If we assume that 6(0) occurs near 1427 cm ™, then the
2855 cm ™~ ! component could be explained as the critical
point at 56 *(0) while the 2846 cm ™! would correspond
to d*(0). This would account for the doubling of d*(0)
for the triclinic form, a doubling which does not occur
in the orthorhombic case since here this critical point
and d*(0) are nearly coincident.

Hexagonal structure

The C—H stretching region of the Raman spectrum
of n-C3¢H 74 in the hexagonal phase (74°C) is shown in
Fig. 2(e). Its overall appearance is intermediate between
that of the orthorhombic form and that of the isotopic-
ally isolated chain. The half-widths of the 2845 and
2880 cm ! lines of the hexagonal form are about 13
and 9 cm ! respectively, and are thus comparable to
those of about 10 and 7cm™! for the isolated chain.
For the orthorhombic form, these half-widths are 22
and 7cm ™ '. On the other hand, unlike the case of the
isolated chain, the 2845 cm ™! line is asymmetric, and
there is considerable “filling in” of the trough between
this line and the 2880 cm ™! line. In this respect the
situation is similar to the orthorhombic structure, in
which case the strong secondary d*(0) band at 2890
cm™! extends to lower frequencies.

From these observations we would infer a “loose”
structure, but one which still permits significant inter-
molecular coupling and hence, to some degree, per-
pendicular dispersion. This is consistent with what little
is known about the structure [24]: the chains are ex-
tended and, though the unit cell is hexagonal, there is
insufficient room in the lateral direction to allow free
rotation of the chains about their long axis.

CORRELATION OF THE RATIO I 3500/ 2850
WITH STRUCTURE

The ratio of peak heights Izg90/I2850, Which had
been observed to be sensitive to the state of the poly-
methylene chain, has found use in studying structure
and structural changes in such systems as cholesteric
liquid crystals [4] and biomembranes [5, 6]. It has been
shown that this ratio is sensitive both to the environ-
ment (lateral packing) of the extended chains and to
conformational disorder [7]. A quantitative measure
of lateral order (S) has been defined [9] in terms of
this ratio () as follows:
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so that § =1 for a chain in a crystal (r =22) and
S =0 for a chain in the liquid state (r =0.7) with
intermediate values to be expected for other systems.
This parameter is a useful guide in studying complex
systems, so that it is appropriate to examine it in the
light of our results. We find that it is not a simple
quantity and, as implied in [9], it does not have the
same meaning for the conformationally disordered
chain as for the extended chain.

We note that r is a ratio of peak heights I5g9¢/I2850
rather than a ratio of integrated intensities § I5gg0/
{ I;gso. As we have shown, the ratio of integrated
intensities of Raman fundamentals does not depend on
the environment of the extended chain and that the
symmetric stretch is about five times as intense as the
antisymmetric stretch: thus § Isgeo/f 12850 = 0.2 and
is nearly independent of environment. However, r is a
hybrid quantity. When its value is about 2.0 the peak
intensity of the antisymmetric mode is about equal to
that of the symmetric mode since in the solid d~(0)
is superimposed on a broad intense background that
is part of a complex of bands belonging to d*(0).
Approximately half of the peak height of I5500 belongs
to the d*(0) fundamental.

Differences in the value of r for the extended chain
result from several causes. At a given temperature,
differences in r for different packing situations result
primarily from changes in I,gs0 rather than from I,ggo.
Since changes in I,gs50 are related to changes in the
shapes of the complex of d*(0) bands, another indica-
tion of lateral interaction is the half-width of the
2850 cm ! line.

We have observed variations in r with temperature
for a given crystal structure. Upon cooling a sample,
r increases and approaches a value of 3.0 near 100K.
This temperature dependence is a result of I ggq
increasing more rapidly than I,55, a result of a signifi-
cant narrowing of the 2890 cm ™! line.

The situation for the polymethylene chain in the
liquid state is also complex. The Raman spectrum of
n-C36H 74 is shown in Fig. 8. The symmetric stretching
mode (d*) persists as a relatively narrow, intense,
strongly polarized line near 2850 cm~*. In breadth,
shape and position it much resembles its d *(0) counter-
part in the spectrum of the chain in the hexagonal
crystal. There is a second somewhat less intense,
broader, polarized line centered near 2925cm™!. It
probably originates in Fermi resonance interaction
between d* and 25. In between these two polarized
d” lines, and obscured by them, is a weaker, depolarized
line near 2890cm™!. Its position, polarization and
intensity identify it as the antisymmetric stretching
mode,d . This line is clearly revealed in the depolarized
spectrum where it is found to be quite symmetric in
shape and to have a half-width of about 25cm™1.
Relative to the spectrum of the solid, the principal
changes upon melting are some broadening of the
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Fig. 8. Polarized Raman spectra of n-C3¢H-4 in the melt.

E* and E' denote the exit electric vector is perpendicular

and parallel to the incident electric vector. Band pass
20cm ™ at 5100 A. Laser power 250 mW at 51454,

2890 cm ™ ! line and a displacement to higher frequency
of the broad band which in the case of the extended
chain was associated with Fermi resonance between
d*(0) and 26(¢).

Whatever are the causes of these changes, it is clear
that I5g90 decreases in the liquid relative to the solid.
There are two reasons for this: [1] the half-width of
the 2890cm ™! line has increased by a factor of
between 2 and 3 with a consequent decrease in peak
height ; and [2] most of the underlying intensity from
d* is now gone so that I,g40 is now more nearly a
measure of the true peak height of the d~ line. Thus,
the ratio Ig99/I850 measures something different in
the liquid than in the solid, and as cautioned in [9]
the parameter S can be used only in the domain where
there is no appreciable conformational disorder.

SUMMARY AND CONCLUSIONS

In this study we have attempted to explain why the
C—H stretching region of both the ir. and especially
the Raman spectra of the polymethylene chain is un-
expectedly complex. We have been able to account
for all of the major features in these spectra in terms
of Fermi resonance interaction. The relevance of these
results to spectral studies of biosystems is discussed
briefly.

The observed complexities are associated with the
methylene symmetric stretching mode, d*. The anti-
symmetric mode, d~ at 2890 cm ™! in the Raman and at
2920cm ™! in the ir,, is forbidden by symmetry from
entering into Fermi resonance interaction and is there-
fore insensitive to environmental changes of the
extended chain.

The complexities associated with d* are manifest in
the appearance of broad, sometimes intense secondary
maxima. These secondary bands are most prominent
in the Raman, but they also appear in the ir. where,
however, they tend to be obscured by the strong
absorption band of the d~ fundamental. The origin
of these complexities is in a strong Fermi resonance
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interaction between the i.r.- or Raman-active symmetric
stretching fundamental and appropriate binary com-
binations involving the methylene bending modes.

The secondary bands are all characteristically broad.
This is a consequence of the fact that the resonance
involves a virtual continuum of binary combination
states and not just those few (zone center) which are
normally invoked and which involve only ir.- and
Raman-active bending fundamentals. Thus an import-
ant factor is the density of binary states. For the isolated
chain these can be approximated from the calculated
bending mode dispersion curve. Maxima occur only at
the critical points, which are usually but not always
at the zone center. Of course, the actual intensity dis-
tribution depends also on other factors such as the
frequency separation between the fundamental and the
binary states, and the matrix elements between them.
The situation may be described in terms of two-phonon
ir. absorption [307] or Raman scattering, intensified by
Fermi resonance. However, an important point is that
a continuum of bending mode binary combinations is
involved.

We distinguish two levels of Fermi resonance inter-
action. The first is intramolecular and involves dis-
persion of the bending modes parallel to the chain
axis. This interaction occurs in the completely isolated
chain. The second level, whose effects are similar but
distinguishable, is intermolecular and involves per-
pendicular dispersion of the bending modes, and hence
is crystal structure dependent.

The effects of intramolecular Fermi resonance can be
seen in the spectrum of the isotopically isolated chain.
On the basis of the shape of the bending mode dis-
persion curve we have assigned the secondary bands
to critical points. We can in this way account for the
number, position, and polarization of all bands which
appear in this region of the ir. and Raman spectra.

The effects of intermolecular Fermi resonance are
seen in the differences between the Raman spectrum
of the chain in a crystal and the spectrum of the iso-
topically isolated chain, as well as in the less marked
differences between the Raman spectra of different
crystal modifications. Those observed differences can
be understood in a qualitative way in terms of the
perpendicular dispersion which results from inter-
molecular coupling of bending vibrations.

Although such resonance may affect the distribution
of intensity, i.e. the band structure, in dramatic ways,
it is not expected to significantly affect the total
integrated intensity of the fundamentals themselves.
We have measured the ratio of the integrated Raman
intensities § I,+/{ I,-, and for the extended chain we
find its value, 5.1 + 0.5, to be independent of state,
and thus supportive of our interpretation.

Our results are in agreement with those of [9] con-
cerning the significance of the ratio of peak heights
I5800/I2850: this ratio (r) is dependent on the lateral
order of extended chains; its use as a qualitative
measure of lateral order is appropriate only in the
absence of significant conformation disorder. The value
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according to whether or not the chain is extended
In the case of the extended chain I 590 comnsists of
approximately equal contributions from d7(0} and
d*(0); the dependence of r on packing is a result of
changesinthe contribution nf/i*{m while d ~(0) remains
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nearly constant. However, in the liquid state where
there is conformational disorder the 2890 cm ™! band
consists primarily of d7(0) with only a small contribu-
tion from 4™ (0).
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NOTE ADDED IN PROOF

Since the completion of this work we have modified our
assignment for »*. We now believe this fundamental is split
by Fermi resonance into two components at 2935 and
2875 cm ™!, Earlier we had associated um_y the latter with
r*, but now are in agreement with [8] that the 2935cm™!
band also belongs to r*. However, it should be noted that
the CH stretching region of the Raman spectrum of crystal-
line polyethylene which contains no methyl groups displays
a broad band near 2935 cm ™ !, Thus the assignment of this

ot

feature to a critical noint is una ad
ieature 1o a crilical point 1s Unaibecied.



