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FIG. 1. The Raman spectrum (3200–2800 cm21) of methane obtained
in the tube cell at 8.1 MPaA. A fraction of the spectrum has been ex-
panded by a factor of 15.

FIG. 2. The Raman spectra of methane in the n1 C–H symmetric
stretching region obtained at four different pressures.

Raman spectra of methane and methane–ethane mixtures (100, 85,
and 49 mole % CH4) have been obtained as a function of pressure
in the pressure range 0.1 to 15.3 MPaA (MPa absolute). For these
mixtures methane n 1 (symmetric C–H stretching) band positions are
given as a function of pressure; for pure methane they are in agree-
ment with previous results. The new data on the methane n 1 band
position of ethane-containing mixtures clearly depend on the kind
of molecules surrounding the vibrating methane molecule. The n 1

band position decreases with increasing pressure; the stronger
the dependency, the higher the content of ethane. The ethane n 1

band position in the two mixtures showed the same kind of depen-
dency. A qualitative explanation for this behavior is attempted, re-
lating it to changes in van der Waals-type interactions on pressure.

Index Headings: Raman spectroscopy; High pressure; Methane;
Methane–ethane mixtures; van der Waals interaction.

INTRODUCTION

Raman spectroscopic studies of methane-containing
gases in previous studies1–4 have shown peak position
shifts as a function of pressure, indicating that the mo-
lecular vibrations in methane are in� uenced by its sur-
roundings, i.e., composition and density. Recently we
studied the Raman spectra of some natural gas samples.5
Since ethane is the second most abundant component in
natural gas, we found it of interest to investigate the in-
� uence of the presence of ethane on the vibrational levels
of methane. Such a study has not been done previously
and should be of use when analyzing methane gas mix-
tures.

In the following we report Raman spectra of pure
methane and of two methane–ethane mixtures. The meth-
ane n1 band position is presented as a function of pressure
and compared to the literature values known for pure
methane. The ethane n1 band position as a function of
pressure for the two mixtures is also presented. We have
omitted measurements at pressures higher than 40 MPaA

(MPa absolute) because we selected pressure gauges lim-
ited to 40 MPa to obtain a high relative precision and
because the overall purpose was to obtain information on
the analysis of distributed natural gas and � uid inclusions
in rocks (determination of total pressure or sample com-
position).

EXPERIMENTAL

High-Pressure Cells. Two different cells were used: a
so-called tube cell and a so-called titanium cell. The tube
cell has been developed for totally representative Raman
measurements of natural gas. The design and construction
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of the cell are described in detail in Ref. 5. The titanium
cell has a modi� ed construction somewhat similar to the
cells described in Refs. 6–8. The construction of the ti-
tanium cell used for the present experiments is described
in detail in Ref. 9.

Gas Samples. Two gases from Hede Nielsen A/S were
used: methane (99.995%) and ethane (99.95%). Two
methane–ethane mixtures were prepared (mole fractions
of CH4, X(CH4) 5 0.49 and 0.85 6 0.01). A natural gas
sample from the Nybro Gas Treatment Plant, Denmark,
was also used.
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FIG. 3. The methane n1 band position as a function of pressure; (a) entire range and (b) expansion at lower range. (A) Ref. 1; (B) Ref. 12; (C)
pure methane sample obtained in the tube cell; (D) pure methane sample measured in the titanium cell; (E) natural gas sample from the Nybro Gas
Treatment Plant, 8.0 MPaA, measured in the tube cell; and (F) pure methane, 39.6 MPaA, measured in the titanium cell.

Raman Spectroscopy. Raman spectra of the gases
were obtained with a DILOR-XY Raman spectrometer
(Dilor, France). The collection geometry was (1) 1808 for
the titanium cell and (2) 908 for the tube cell. The exci-
tation source was an Ar-ion laser (514.5319 nm air , ;200
mW). All spectra were acquired by use of a spectrograph
with a grating of 1800 grooves per mm. The scattered
radiation was detected by a liquid nitrogen-cooled
charge-coupled device (CCD) detector (1024 3 256 pix-
els). Rayleigh � ltration was done with a holographic Su-
per notch � lter from Kaiser Optical Systems, Inc. (Ann
Arbor, Michigan).

RESULTS AND DISCUSSION

The Raman spectrum (3200–2800 cm21) of pure meth-
ane at 8.1 MPaA is presented in Fig. 1. The methane n1

band at ;2918 cm21 is by far the most intense one in the
spectrum. A part of the spectrum is shown in an expand-
ed version, so that two other much weaker bands become
obvious. The band at ;3020 cm21 is the methane n3

(asymmetric C–H stretching), and the band at ;3070
cm21 is the overtone of the methane n2 (C–H asymmetric
bending).5 Some of the rotational-vibrational transitions
belonging to the n3 at ;3137 and ;3115 cm21 are also
observed.

In Fig. 2 Raman spectra of the methane n1 band ob-
tained at four different pressures are presented. Three
things are worth noting as the pressure is raised: the in-
tensity increases, the wavenumber position decreases, and
the bandwidth broadens. The � rst observation is due to
a higher concentration of gas molecules with increasing
pressure. The wavenumber shifts of the n1 band as a func-
tion of pressure are relatively small (within 1–2 cm21).
Before discussing these shifts it is therefore important to
verify the wavenumber calibration of the spectra. Cali-
bration was done by obtaining the methane spectra si-
multaneously with the light from a neon lamp. Four neon
lines in these spectra were compared to the same lines
from the literature10 occurring at the wavelengths lvac:
613.01462, 609.78503, 607.60198, and 603.16670 nmvac.

These values correspond to vacuum wavenumber shifts
of 3116.9443, 3030.5471, 2971.6265, and 2850.6044
cm21, respectively, when using the Ar-ion laser (514.5319
nm air,11 514.67417 nmvac

10) as the exciting source. The
averaged difference between the observed neon lines and
the literature values was used to calibrate all band posi-
tions. In Fig. 3 the calibrated methane n1 band position
as a function of pressure is presented. Series C and D
(squares and triangles) indicate values obtained from
methane in the tube cell and the titanium cell, respec-
tively (data points are given in Table I). In Fig. 3 values
from the literature1 are also included, series A (calibration
was done by use of an argon spectral line taken to occur
at 2912.8 cm21). In Fig. 3a the entire pressure range is
shown. In order to present some details at lower pres-
sures, an expansion is given in Fig. 3b. Our values are
in quite close agreement with the literature except for one
value, the n1 band position at 2916.2 cm21

vac for a pres-
sure of ;2 bar (;0.2 MPaA). Private communication with
Prof. Philippe Marteau clari� ed that the � rst three values
in the table of Ref. 1 were in error.12 The values, corrected
by D. Fabre,12 are listed in Table II, and two values are
included in Fig. 3 (series B). These corrected values are
in closer agreement with our results. The slopes of re-
gression lines are almost the same, but literature values
are generally lower than ours (;0.5 cm21). A high-pres-
sure measurement at 39.6 MPaA is included in Fig. 3a
(indicated with an arrow); as seen, this value is in close
agreement with the literature.1

In Fig. 3a methane n1 value (2915.4 cm21
vac) for a nat-

ural gas sample at 8.0 MPaA is also included. By com-
paring this value with the n1 values for pure methane, we
see that the natural gas value is slightly higher (0.3 cm21).
Similar n1 shifts, depending on the pressure, have been
found for CH4–N2 mixtures,2,3 CH4–CO2 mixtures,3,4 and
equimolar mixtures of CH4 with H2, Ar, and CO2.3 Since
ethane is present in the next largest amount in natural
(methane) gas, it was of interest to investigate the in� u-
ence of the presence of ethane on the methane n1 band
position.
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TABLE I. Measured n 1 wavenumber position for pure CH4 and two methane/ethane mixtures as a function of total pressure.

P total

(MPaA)

n1 methaneØ ®
CH4

(cm21
vac)

X(CH4): 0.85
(cm21

vac)
X(CH 4): 0.49%

(cm21
vac)

n1 ethaneØ ®
X(C2H6): 0.15

(cm21
vac)

X(C2H6): 0.51
(cm21

vac)

0.1
0.4
1.0
1.1
2.0
2.1
2.4
2.9

2917.2

2916.9

2916.7

2916.5

2916.8

2916.5

2916.8
2916.8

2916.2

2916.1
2898.8

2898.5

2898.4

2898.2
3.4
3.5
4.2
5.0
5.1
5.9
6.4
6.5
7.0
7.5

2916.4
2916.2

2915.9

2915.7

2915.3

2916.3

2916.1

2915.4

2915.3

2915.2

2914.5

2898.7

2898.4

2897.7

2897.2

2896.8

2896.2

8.0
9.0
9.1

10.3
10.4
11.1
12.7
13.0
14.1
15.3
39.6

2915.1
2914.7

2914.5
2914.2

2913.7
2913.5
2910.6

2914.5

2913.8

2914.0
2913.8

2896.5

2895.7

2895.6
2895.0

FIG. 4. The methane n1 band position as a function of total pressure.
(A) Ref. 1, pure methane; (B) Ref. 12, pure methane; (C) pure methane
sample obtained in the tube cell; (D) pure methane sample obtained in
the titanium cell; (E) methane–ethane mixture, X(CH4) 5 0.85, X(C2H 6)
5 0.15, obtained in the tube cell; and (F) methane–ethane mixture,
X(CH 4) 5 0.49, X(C2H6) 5 0.51, obtained in the tube cell.

TABLE II. Corrected methane n 1 wavenumber positions as a
function of pressure, given by S. Fabre.12

P (MPa) n1 (cm21)

0.1 , P ,0.2
0.2

,1.0

2916.6
2916.5
2916.4

The methane n1 band positions in two methane–ethane
mixtures, with mole fractions X(CH4) 5 0.85 and X(CH4)
5 0.49, were measured and compared with the methane
n1 band positions in pure methane. The results are pre-
sented in Fig. 4 (data points are given in Table I). Ten-
dency lines have been calculated by regression to guide
the eyes: one line connecting the points in series C and
D (pure methane), one line connecting the points in series
E, and � nally, a line for series F. It is seen that the re-
gression line for the mixture with high methane content
[X(CH4) 5 0.85] lies lower than the line for pure meth-
ane, and the regression line combining the values for the
equimolar mixture is even lower. This result means that
the decreasing effect on the methane n1 band position
with increasing pressure is enhanced when a higher frac-
tion of ethane molecules surround the methane molecule.
For a methane–nitrogen mixture [X(CH4) 5 0.55], Fabre
and Oksengorn 2 have presented data indicating that the
presence of nitrogen affects the slope of the methane n1

vibration vs. pressure, so that it becomes lower than for
pure methane; i.e., the line lies higher.

A qualitative explanation for the red shifts of the vi-
brational frequencies on pressure is as follows: At high
pressures, under which condition each methane molecule
on average is closely surrounded by other methane mol-
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FIG. 5. Illustration of the qualitative explanation of the pressure de-
pendence of vibrational band position shifts based on minute average
charge redistributions evidenced by van der Waals interaction between
molecules: (I) methane–methane, (II) methane–ethane, and (III) meth-
ane–nitrogen.

FIG. 6. The ethane n1 band position as a function of total pressure in
methane–ethane mixtures. (A) X(CH4) 5 0.85, X(C2H6) 5 0.15, and (B)
X(CH4) 5 0.49, X(C2H6) 5 0.51.

ecules, the van der Waals interaction is enhanced. At the
same time, the n1 band wavenumber position has de-
creased, indicating that the C–H bond strength has also
decreased. This result shows that some small amount of
charge must have moved, as indicated in Fig. 5. The ef-
fect (minute average charge redistributions due to van der
Waals interaction) is considered to be strong for methane
interacting with methane, even stronger with ethane, and
not so strong with nitrogen. According to this explanation
the C–H bond strength weakening in methane should go
up from methane interacting with N2 to methane inter-
acting with methane and to ethane interacting with meth-
ane. This pattern is re� ected in the frequency of n1, which
is lower for weaker C–H bonds. The nitrogen n1 band
decreases with increasing pressure in pure nitrogen2 and
more for a methane-nitrogen mixture than for pure nitro-
gen. Similar interactions have been found previously for
pure gases (H2, CO, N2) and mixtures (H 2-He, H2-Ar).13

The same trend should be observed for the vibrations
of ethane in the mixtures. In Fig. 6 the ethane n1 stretch-
ing wavenumber position (;2901 cm21

air ) is plotted as
a function of total pressure for the two methane–ethane
mixtures, i.e., X(C2H6) 0.15 and 0.51 (data points are giv-
en in Table I). In Fig. 6 tendency lines have not been

included because it appears that the points follow a non-
linear curve. It is, however, clearly seen that the points
for the high ethane mixture, X(C2H6) 5 0.51, lie lower
than the curve for the mixture with low ethane content,
X(C2H6) 5 0.15. This observation is in accordance with
the charge redistribution explanation given above.

CONCLUSION

It has been shown that two high-pressure cells, avail-
able in our laboratory, give consistent results. The meth-
ane n1 band position as a function of pressure is shown
in Fig. 3. Our values are in quite close agreement with
(though a little higher than) the values of the literature,1
and agreement was obtained with respect to the slope of
tendency lines. New data for the methane n1 band posi-
tion were obtained for two methane–ethane mixtures,
X(CH4) 0.85 and 0.49. In comparison to pure methane,
the decreasing effect on the methane n1 band position
with increasing pressure is enhanced if the vibrating
methane molecules are surrounded by ethane molecules.
A qualitative explanation is given, relating these new ob-
servations to the electron density changes evidenced by
van der Waals type interactions similar to what has been
seen earlier in other gases. The position of the ethane n1

stretching band as a function of total pressure has also
been measured, and the results are in accordance with the
same explanation. Further studies of other methane mix-
tures would be useful to further verify the effect. More
data are needed if, in particular, the total pressure in
methane-containing mixtures is to be determined, e.g., for
natural gas samples and inclusions in rocks.
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