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Abstract

The Raman spectra of pure N2, CO2, and CH4 were analyzed over the range

10 to 500 bars and from −160�C to 200�C (N2), 22�C to 350�C (CO2), and

−100�C to 450�C (CH4). At constant temperature, Raman peak position,

including the more intense CO2 peak (ν+), decreases (shifts to lower wave

number) with increasing pressure for all three gases over the entire pressure

and temperature (PT) range studied. At constant pressure, the peak position

for CO2 and CH4 increases (shifts to higher wave number) with increasing

temperature over the entire PT range studied. In contrast, N2 first shows an

increase in peak position with increasing temperature at constant pressure,

followed by a decrease in peak position with increasing temperature. The

inflection temperature at which the trend reverses for N2 is located between

0�C and 50�C at pressures above ~50 bars and is pressure dependent. Below

~50 bars, the inflection temperature was observed as low as −120�C. The shifts
in Raman peak positions with PT are related to relative density changes, which

reflect changes in intermolecular attraction and repulsion. A conceptual model

relating the Raman spectral properties of N2, CO2, and CH4 to relative density

(volume) changes and attractive and repulsive forces is presented here. Addi-

tionally, reduced temperature-dependent densimeters and barometers are pres-

ented for each pure component over the respective PT ranges. The Raman

spectral behavior of the pure gases as a function of temperature and pressure

is assessed to provide a framework for understanding the behavior of each

component in multicomponent N2-CO2-CH4 gas systems in a future study.
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1 | INTRODUCTION

Natural fluids in which N2, CO2, and CH4 are major con-
stituents are common in metamorphic environments,[1–5]

sedimentary basins,[6,7] and in some ore-forming

environments.[8,9] They have also been identified in the
atmosphere and at the surface of some celestial bodies
such as Titan, an icy moon of Saturn.[10,11] Furthermore,
gas mixtures with similar compositions are commonly
part of industrial processes, as well as in agricultural and
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municipal waste management, for example, in the pro-
duction of biofuels that are increasingly used for generat-
ing heat and electricity.[12,13] Thus, methods to analyze
the physical and chemical properties of these gases and
gas mixtures are needed for a variety of applications.

Raman spectroscopy offers a nondestructive method
to characterize the properties of a wide variety of natural
and synthetic materials. The intensity, width, and wave
number (hereafter, referred to as “peak position”) of a
Raman peak provide information on the bonding envi-
ronment of the molecules in the material of interest.[14]

Raman peak positions of fluids have been shown to vary
as functions of pressure, temperature, and density.[4,15–37]

Shifts in the Raman peak position of fluids with changing
conditions have been related to the attractive and repul-
sive forces between molecules: attractive forces cause
Raman peak position to shift to lower wave number,
whereas repulsive forces cause Raman peak position to
shift to higher wave number, and the overall direction of
peak shift with changing conditions implies dominance
of either attractive or repulsive forces.[21,27,38–40]

The N2 molecule has only one fundamental vibra-
tional mode, the symmetric stretching of the N≡N bond,
which is Raman active at approximately 2,330 cm−1 at
1 bar.[41] Several studies have investigated the change in
the Raman spectral properties of N2 over a range of pres-
sures at room temperature,[19,23,24] at low temperatures
near or below the critical point,[25,27] at elevated
temperatures,[28,30,42] and in gas mixtures.[13,15,19,31]

The CH4 molecule exhibits four fundamental vibra-
tional modes that are Raman active, at approximately
3,019, 2,917, 1,534, and 1,309 cm−1 at 1 bar, but only the
2,917-cm−1 mode (ν1), which represents the symmetric
stretching of the C─H bond, is commonly observed in
Raman spectra.[4] The shift in Raman peak position of
the symmetric stretching mode of CH4 with pressure has
been studied at room temperature,[16,17,22,32–34] at lower
temperatures down to −150�C,[16,17,34] at elevated
temperatures,[34] and in mixtures.[13,15,19,31,35–37]

Due to its linear geometry, CO2 should show only one
fundamental vibrational mode that is Raman active (sym-
metric stretching of the C═O bond) at approximately
1,333 cm−1. However, this mode exhibits nearly the same
energy as the first overtone of the infrared-active bending
mode.[43] The interaction between these two modes
results in a splitting of the 1,333 cm−1 vibrational band
into two bands, nominally located at 1,388 and
1,285 cm−1 at 1 bar, in a process known as Fermi reso-
nance.[4,44] These two peaks are referred to as the Fermi
diad, and the distance between the two peaks has been
used to estimate the density of CO2.

[18–20,44–47]

In this study, we explore the vibrational properties of
pure N2, CH4, and CO2 over broad pressure and

temperature (PT) ranges to investigate the relationships
between Raman spectral features, pressure, and tempera-
ture. We interpret the results in terms of relative volu-
metric (density) changes, attractive and repulsive forces
between molecules, and proximity to the critical point.
This study thus expands the available Raman peak shift
data on N2, CH4, and CO2 to a larger PT range and pro-
vides a starting point for examining variations in Raman
spectral properties of these gases in higher order systems
in future studies.

2 | METHODS

Raman spectra for N2, CH4, and CO2 were collected from
10 to 500 bars over temperature ranges of −160�C to
200�C (N2), −100�C to 450�C (CH4), and 22�C to 350�C
(CO2) using a JY Horiba LabRam HR (800-mm spectrom-
eter) Raman microprobe equipped with a high-pressure
optical capillary system (similar to that described by
Chou et al.[48]) and a Linkam CAP500 capillary heating
and cooling stage. The Raman microprobe is equipped
with an 1,800-grooves per millimeter grating, a slit width
of 150 μm, a confocal aperture of 400 μm, and a 40×
microscope objective (numerical aperture = 0.55). Excita-
tion was provided by a 514-nm Laser Physics 100S-514
Ar+ laser with an output power at the source of 50 mW.
The lower temperature limit at which data were obtained
for each gas corresponds to the intersection of the liquid–
vapor (L–V) curve for that gas along the isobar of inter-
est, whereas the higher temperature limits reflect the
decrease in signal strength with increasing temperature
that precluded determination of Raman peak positions.
The lower pressure limit is defined by the lowest pressure
at which peaks with sufficient intensity above back-
ground to be quantified could be recorded, and the upper
pressure limit was arbitrarily chosen to be 500 bars.
Gases were commercially prepared by Airgas, Inc
(99.999% pure).

The Linkam CAP500 capillary heating and cooling
stage was connected to two manual pressure generators
(HiP Model 37-6-30) that allow the pressure inside the
capillary tube to be controlled and varied. Generally,
measurements along an isotherm began at low pressure,
with the piston positioned such that it is mostly ret-
racted from the sample cell, thus maximizing the sam-
ple volume. Starting at 10 bars, the pressure is increased
incrementally, and the Raman peak position for the gas
of interest was determined at each pressure along the
isotherm until the maximum pressure (500 bars) was
reached. Then the temperature was changed, and the
process was repeated along that new isotherm. Addi-
tional details of the pressure system have been
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published elsewhere.[16–20] Pressure was monitored
using a precise instruments pressure transducer (Model
645). The error in the pressure measurements was
±0.1% of the total output pressure reading. Temperature
was monitored using the internal thermocouple of the
CAP500 stage with an error in the temperature mea-
surements of no more than ±0.4% of the total output
temperature reading.

Raman analyses were conducted through a transpar-
ent 20-cm long square flexible fused silica capillary tube
with an outer diameter of ~363 μm and an inner diameter
of ~100 μm, prepared by Polymicro Technologies, LLC.
Raman measurements were collected from the center of
a 5-cm long portion of the capillary that was
heated/cooled within the stage. The thermal gradient
along this 5-cm portion is reported by Linkam to be
±0.2% of the total output temperature at the edges rela-
tive to the center. Spectra were collected only after the

temperature and pressure stabilized and remained con-
stant, with equilibration periods of at least 1 min after
the pressure was changed and 10 min following a change
in temperature. Collection times were selected to ensure
that the Raman peaks of interest consisted of at least four
data points above the background noise, with CO2 and
N2 requiring the longest collection times (~180 s at
10 bars) and CH4 requiring the shortest (~40 s at 10 bars).
The collection times required to satisfy our threshold of
at least four points above background noise decreased
with increasing pressure and decreasing temperature.
Certain low-pressure, high-temperature conditions were
excluded from this study because spectra at these condi-
tions, especially for N2 and CO2, did not show at least
four data points above background noise. Additionally,
the peak intensity to full width at half maximum
(FWHM) ratio for each peak was never less than
500 counts/cm−1 and in most cases was greater than
1,000 counts/cm−1. Both selection criteria, the peak
intensity to FWHM ratio and at least four data points
above the noise, are applied to all peaks collected in this
study, including both the more and less intense peaks
that make up the Fermi diad. Three accumulations were
collected for each gas, and this was repeated three times
at each PT condition to produce three data points at each
PT point and to assess the precision in the

measurements. The average variation in the Raman peak
positions of N2, CO2, and CH4 was ±0.01, ±0.02, and ±
0.01 cm−1, respectively, and the average variation in the
Fermi diad measurements was ±0.02 cm−1. The Raman
peak positions calculated from each of the three collec-
tions were averaged and used in all subsequent data ana-
lyses discussed below.

The peaks recorded in this study include the symmet-
ric stretching modes of N2 (N≡N) and CH4 (C─H), nomi-
nally located at 2,331 and 2,917 cm−1 at 1 bar,
respectively; and the two peaks that comprise the Fermi
diad of CO2, nominally located at 1,388 and 1285 cm−1 at
1 bar. Ne lines bounding the peaks of interest (N2,
2,253.58 and 2,433.93 cm−1; CO2, 1,031.42 and
1,458.58 cm−1; and CH4, 2,851.49 and 2,972.55 cm−1)
were collected simultaneously with each gas analysis to
correct for spectrometer drift, following the correction
method of Lin et al.[17]

where Ne± are the Ne emission lines that occur at higher
(+) and lower (−) wave numbers compared with the peak
for the gas, real is the known position of the Ne emission
line, and measured is the measured position of the Ne
emission line. All spectra were fit using LabSpec 5 soft-
ware first using a linear baseline correction and then a
Gaussian–Lorentzian peak fitting function.

Several recent studies have shown that although the
absolute peak position at a given PT condition shows
slight variation from one study to another owing to labo-
ratory and instrument specific factors, all studies show
similar parallel trends in the variation in peak position
with pressure.[20,35] As such, to allow comparison
between our new data and other published data, our
results at 22�C were corrected to be consistent with data
from Fall et al.[18] for CO2 and Lin et al.[16] for CH4.
These studies chosen for inclusion were selected because
they were conducted using the same Raman microprobe,
and the same data collection and analysis procedure, that
was used in this study. That is, if at 22�C and some pres-
sure our measured peak position was, for example,
0.04 cm−1 higher than that reported in the studies
referred to above for the same gas at the same PT condi-
tion, we systematically subtracted 0.04 cm−1 from our
determined peak position to bring the results from the
two studies into agreement. We also note, as has been

νicorr =
1
2

νimeasured + νNe,−real −νNe,−measured

� �� �
+ νimeasured + νNe,+real −νNe,+measured

� �� �� �
, ð1Þ
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described by Lamdarid et al.[20] and Lu, Chou, Burruss,
and Song,[35] that the magnitude of the difference varied
slightly from day to day; as such, the correction factor
was determined before each analytical session and
applied to the data collected during that session. Because
there were no data for N2 at 22�C in the literature that
were collected using the same Raman system and collec-
tion protocol as used here, we determined our own cali-
bration curve at this temperature and then used these
results to correct the N2 peak positions in all subsequent
analyses. The only Raman spectral feature of interest in
this study was peak position; accordingly, the FWHM,
peak areas, and intensities of the peaks are not reported
here. However, Figure S1 shows the relative change in
peak intensity and width under changing PT conditions
for each gas. All Raman peak positions and Fermi diad
splitting measurements collected in this study, as well as
the error in the Raman measurements determined, calcu-
lated densities, and compressibility factors, are presented
in Appendix A.

3 | RESULTS

3.1 | Isothermal peak shift with
changing pressure

The relationship between pressure and Raman peak posi-
tion over the temperature range of interest for each

species is shown in Figure 1. The critical point for CH4

(Figure 1a) is located at −83�C and 46 bars. For all iso-
therms that are above the critical temperature (−83�C),
the L–V curve is not intersected as the pressure is
increased and there is a smooth and continuous variation
in peak position as a function of pressure. However, the
L–V curve is intersected at ~23 bars along the −100�C
isotherm. That is, during the experiment, as the pressure
was increased from 10 bars at −100�C, the L–V curve for
CH4 is intersected at ~23 bars and liquid begins to con-
dense from the vapor. At this point, the pressure remains
constant until all of the vapor phase has condensed into
liquid as the sample cell volume is decreased. This phase
transition leads to a discontinuity in peak position versus
pressure along the −100�C isotherm in Figure 1a repre-
sented by the dashed portion of the isotherm. At this con-
dition, if one were to focus the laser in the vapor phase, a
peak position corresponding to the density of the vapor
phase on the L–V curve would be obtained; similarly, if
the laser were focused on the liquid phase, a peak posi-
tion corresponding to the density of the liquid phase on
the L–V curve would be obtained.

For CH4, the peak position decreases with increasing
pressure at constant temperature over the entire tempera-
ture range studied (Figure 1a), and the CH4 peak position
increases with increasing temperature at constant pres-
sure over the entire pressure range studied. Also shown
on Figure 1a is the critical point and the projection of the
critical isochore for CH4. Note that conditions to the left

(a) (b)

(c)

FIGURE 1 Plots of the peak

position of (a) CH4, (b) N2, (c) and CO2

versus pressure over the temperature

ranges studied. The green star

represents the critical point for each

species, whereas the black dashed line

represents the critical isochore. The

dashed portion of the lowest

temperature isotherm for each species

represents the discontinuity in peak

position as the liquid–vapor curve is

intersected by the isotherm [Colour

figure can be viewed at

wileyonlinelibrary.com]
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of the critical isochore correspond to fluids with densities
greater than the critical density and are more liquid-like,
whereas conditions to the right of the critical isochore
correspond to fluids with densities less than the critical
density and are more vapor-like.

The critical point of N2 (Figure 1b) is located at
−147�C and 34 bars, and the −160�C isotherm intersects
the L–V curve at ~12 bars, as shown by the discontinuity
along the −160�C isotherm represented by the dashed
portion of the isotherm. As with CH4, the peak position
of N2 decreases at constant temperature with increasing
pressure over the entire temperature range studied. How-
ever, unlike CH4, there is a reversal in the direction of
the peak shift at pressures above 50 bars and tempera-
tures between 0�C and 50�C (depending on pressure). At
pressures above the transition pressure, the peak position
increases with increasing temperature at constant pres-
sure rather than decreasing with increasing temperature
at constant pressure. At temperatures <100�C and a pres-
sure of ~50 bars, the projections of the isotherms in
pressure-peak position space intersect. Below ~50 bars,
the temperature at which the peak position begins to
decrease along an isobar is much lower than the temper-
ature at which the peak position begins to decrease for
pressures above 50 bars. For example, at 300 bars, the
peak position decreases with increasing temperature
above 35�C, whereas at 20 bars, the peak position
decreases with increasing temperature above −120�C. A

possible explanation for this reversal in peak shift is pro-
vided below.

The critical point of CO2 is located at 31�C and
74 bars, and the 22�C isotherm intersects the L–V curve
at ~60 bars (Figure 1c), as evidenced by the discontinuity
along this isotherm represented by the dashed portion of
the isotherm. Similar to both CH4 and N2, the peak posi-
tion of CO2 decreases with increasing pressure along an
isotherm over the PT range studied. Also, similar to CH4,
at a constant pressure, the peak position increases with
increasing temperature over the pressure range studied.

3.2 | Isothermal peak shift with
changing density

The relationship between density and peak position for
each gas along select isotherms is shown in Figure 2.
Densities were calculated using the National Institute of
Standards and Technology Reference Fluid Thermody-
namic and Transport Properties Version 10.0 program[49]

and the Setzman and Wagner,[50] Span et al.,[51] and Span
and Wagner[52] equations of state for CH4, N2, and CO2,
respectively. All three gases show a decrease in peak posi-
tion with increasing density. Both CH4 (Figure 2a) and
CO2 (Figure 2c) show an increase in peak position with
increasing temperature at a constant density, with the
exception of the temperature range 350–450�C for CH4

(a) (b)

(c)

FIGURE 2 Plots of the peak

position of (a) CH4, (b) N2, (c) and CO2

versus density over the temperature

ranges studied. Densities were

calculated using the National Institute

of Standards and Technology Reference

Fluid Thermodynamic and Transport

Properties Version 10.0 program[49] and

the Setzman and Wagner,[50] Span

et al,[51] and Span and Wagner,[52]

equations of state for CH4, N2, and CO2,

respectively. The dashed portion of the

lowest temperature isotherm for each

species represents the discontinuity in

peak position as the liquid–vapor curve

is intersected by the isotherm [Colour

figure can be viewed at

wileyonlinelibrary.com]
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(discussed further below). N2 (Figure 2b) shows a
decrease in peak position with increasing temperature at
constant density over the studied region. The density-peak
position relationship for CH4 shown in Figure 2a is simi-
lar to that reported by Lin et al.[17] and Shang et al.[34]

The density-peak position relationship for CO2 shown in
Figure 2c is similar to that reported by Wang et al.[47]

3.3 | Isobaric Peak shift with changing
temperature

Figure 3 shows the relationship between temperature
and peak position (solid lines) and temperature and den-
sity (dashed lines) at 40–500 bars for each species. CH4

(Figure 3a) and CO2 (Figure 3c) both show an initial
sharp increase in peak position with increasing tempera-
ture at a constant pressure above the critical temperature,
followed by a more gradual increase in peak position at
higher temperatures. Note that a discontinuity occurs
along the 40-bar isobar for CH4 as the L–V curve is
crossed. N2 (Figure 3b) also shows an initial sharp
increase in peak position with increasing temperature,
followed by a more gradual increase at higher tempera-
tures; however, at temperatures above ~0�C to 50�C,
depending on pressure, the peak position decreases with
increasing temperature. The variations in peak position
with temperature broadly mirror the changes in density
with temperature along the same isobar. For example, at

40 and 100 bars, both the peak position and the density
show significant variation as the temperature is increased
from the lowest values plotted for all three gases and a
much less pronounced change in both peak position and
density at higher temperature.

3.4 | Compressibility factor and peak
position in PT space

Pressure–volume–temperature (PVT) data for gases may
be examined using the unitless compressibility factor, Z,
described by the following:

Z=
PVm

RT
, ð2Þ

where Vm is molar volume and R is the gas constant. For
compressibility factors used in this study, Vm is deter-
mined using the calculated densities described above. By
definition, Z = 1 for an ideal gas. A gas with a compress-
ibility factor less than unity has a density greater than
the density of an ideal gas at the same PT conditions,
whereas a gas with a compressibility factor greater than
unity has a density that is less than the density of an ideal
gas at the same PT conditions. Additionally, values of
Z less than unity indicate an environment dominated by
attractive interactions between molecules, whereas
values of Z greater than unity indicate an environment
dominated by repulsive interactions between molecules.

(a)

(b) (c)

FIGURE 3 Plot of the

peak position (solid lines) and

the density (dashed lines) of

(a) CH4, (b) N2, (c) and CO2

versus temperature for several

isobars. The dotted portion of

the 40-bar isobars in

(a) indicate the discontinuity in

peak position and density as the

liquid–vapor curve was

intersected by the isobars

between −100�C and −80�C.
Densities were calculated using

the National Institute of

Standards and Technology

Reference Fluid

Thermodynamic and Transport

Properties Version 10.0

program[49] and the Setzman

and Wagner,[50] Span et al,[51]

and Span and Wagner[52]

equations of state for CH4, N2,

and CO2, respectively [Colour

figure can be viewed at

wileyonlinelibrary.com]
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The relationship between the compressibility factor and
peak position for each species studied here is shown in
Figure 4. At higher temperatures, the range in compress-
ibility factors is smaller and remains close to unity, as is
expected because at higher temperatures the fluid is more
gas-like (lower density), and lower density fluids behave
more ideally. All three species show an increasing range
in the compressibility factor with decreasing temperature
over the pressure range studied. This reflects the fact that
the fluids are becoming less ideal (more liquid-like) at
lower temperatures.

The variation in peak position in PT space is shown
in Figure 5. The solid black lines on Figure 5 represent
“isofreqs” or lines of constant peak position (constant
wave number). Isochores (lines of constant density) are
also plotted in Figure 5. The isofreqs for CH4 (Figure 5a)
and CO2 (Figure 5c) are roughly parallel to the isochores,
especially for CO2. For N2 (Figure 5b), the isofreqs and
isochores remain roughly parallel at lower temperatures,
but the isofreqs begin to curve, and the slope changes
from positive to negative with increasing temperature.

3.5 | Densimeters and barometers

Many studies have examined the relationship between
Raman peak position and density or pressure and have
developed algorithms and equations describing the

relationship. The goal of many of these studies was to
develop densimeters and barometers that can be used to
determine the pressures (or densities) of fluids contained
in natural fluid inclusions from various geologic environ-
ments on the basis of Raman analysis16,18,20,34,45–47. As
such, we have fit our data, shown in Figures 1 and 2 and
included in Appendix A, to develop equations describing
the relationship between pressure, temperature, and den-
sity for the gases studied here. The main goal of the pre-
sent study was not to develop densimeters or barometers
but rather to understand the relationship between
Raman peak positions as a function of pressure, tempera-
ture, and density for use in a follow-up study to examine
the behavior of these gases in mixtures. Nonetheless, the
equations developed and presented below may be used to
determine the pressure (or density) of single component
fluids trapped in fluid inclusions (and in other applica-
tions) as a function of peak position and temperature.

In developing the relationship between peak position,
pressure, density, and temperature in this study, we
employed the reduced temperature (TR) of each gas.

TR =
T
TC

, ð3Þ

where T is temperature in Kelvin and Tc is the critical
temperature of the gas in Kelvin. Using the reduced
temperature, TR, rather than the actual temperature

(a) (b)

(c)

FIGURE 4 Plots of the peak

position of (a) CH4, (b) N2, (c) and CO2

versus compressibility factor (Z) over

the temperature ranges studied. The

dashed portion of the lowest

temperature isotherm for each species

represents the discontinuity in peak

position as the liquid–vapor curve is

intersected by the isotherm [Colour

figure can be viewed at

wileyonlinelibrary.com]
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offers no advantages when evaluating data for the pure
gases, but it does offer significant advantages when
considering gas mixtures at temperatures at which the
gas mixture does not undergo a phase change
(i.e., consist of liquid and vapor or two immiscible
fluid phases) whereas one of the components of the
mixture would undergo a phase change at those same
PT conditions. For example, pure CO2 undergoes a
phase transition at 22�C when the L–V curve is inter-
sected (see Figure 1c). However, for a gas mixture con-
taining CO2, CH4, and N2 with a critical point
sufficiently less than 22�C such that the max-
condentherm of the dew point curve is at a tempera-
ture lower than 22�C, a phase change will not occur
as pressure is changed at 22�C. Thus, the peak posi-
tions and Fermi diad splitting measured for CO2 in
the gas mixture change continuously as pressure is
increased at 22�C whereas a discontinuity occurs in
the peak positions and Fermi diad splitting in pure
CO2 at the same conditions when the L–V curve is
crossed. Using the reduced temperature for this exam-
ple mixture would circumvent the phase transition and

the accompanying discontinuity in pressure-peak posi-
tion space experienced by pure CO2. As such, the
reduced temperature, TR, is used in the densimeters
and barometers presented here to facilitate incorpora-
tion of these algorithms into those being developed for
gas mixtures.

The densimeter for CH4 is valid from 10 to 500 bars
and −100�C to 450�C and is given by

ρCH4
=
X2

i=0

X2

j=2
Ai, j TRð Þi ν−2;917ð Þj, ð4Þ

where ρ is density in grams per cubic centimeter and ν is
the Raman peak position in per centimeter. The fitting
coefficients and associated errors are given in Table 1.
Equation (4) has an R2 of 0.998 and a standard error of
±0.003 g/cm3. The barometer for CH4, which is valid
from 10 to 500 bars and −80�C to 350�C, is given by

PCH4 =

P2
i=0

P2
j=0Ai, j ν−2917ð Þi TRð Þj

1+
P2

k=0

P2
l=0Bk, l ν−2917ð Þk TRð Þl , ð5Þ

(a)

(b) (c)

FIGURE 5 Plot of

pressure versus temperature for

(a) CH4, (b) N2, and (c) CO2.

Solid black lines are lines of

constant peak position

(isofreqs). Red dashed lines are

lines of constant density

(isochores). The bolded red

dashed line in each figure

represents the critical isochore.

The star symbol represents the

critical point of each system,

and the solid blue line

represents the liquid–vapor

curve [Colour figure can be

viewed at

wileyonlinelibrary.com]
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where P is in bars. The fitting coefficients and associated
errors are given in Table 2. Equation (5) has an R2 of
0.997 and a standard error of ±9.8 bars. Because the data
from Lin et al.17 at 22�C were used to develop the CH4

barometer and densimeter, Equations (4) and (5) agree
with Lin et al.17 within analytical error.

The densimeter for N2 is valid from 10 to 500 bars
and −160�C to 200�C and is given by the following:

ρN2
=
X2

i=0

X2

j=2
Ai, j TRð Þi ln

ν �1000
2330

� 	
−998


 �� 
 j

:

ð6Þ

The ν term in Equation (6) is presented in this man-
ner to accentuate the small changes in the Raman peak
position of N2 with changing pressure over the PT range
studied. The fitting coefficients and associated errors are
given in Table 3. Equation (6) has an R2 of 0.999 and a
standard error of ±0.008 g/cm3. The barometer for N2 is
valid from 10 to 500 bars and −140�C to 200�C and is
given by the following:

PN2 =

P2
i=0

P2
j=0Ai, j ln ν�1000

2330

� �
−998

� �� �i
TRð Þ j

1+
P2

k=0

P2
l=0Bk,l ln ν�1000

2330

� �
−998

� �� �k
TRð Þl

: ð7Þ

The fitting coefficients and associated errors are given
in Table 4. Equation (7) has an R2 of 0.996 and a standard
error of ±12.4 bars.

For CO2, the splitting of the Fermi diad is more com-
monly used than a single peak position to correlate
Raman spectral features with pressure or density because
the distance between the two peaks that make up the
Fermi diad remains relatively constant and independent
of instrument drift. As such, the densimeter and barome-
ter for CO2 were developed using the Fermi diad split-
ting. The densimeter for CO2 is valid from 10 to 500 bars
and 22�C to 350�C and is given by the following:

ρCO2
=
X1

i=0

X2

j=2
Ai, j TRð Þi Δ−100ð Þj, ð8Þ

where Δ is the Fermi diad splitting in per centimeter. The
fitting coefficients and associated errors are given in
Table 5. Equation (8) has an R2 of 0.999 and a standard

TABLE 2 Fitting coefficients for the CH4 barometer

(Equation (5))

Ai,j Value Error (±)

0,0 41.24 9.04

1,0 77.11 2.29

0,1 −47.09 9.04

0,2 25.00 1.96

1,1 −82.47 2.19

Bk,l Value Error (±)

1,0 −0.31255 0.00539

2,0 −0.03746 7.04 × 10−4

0,1 −0.1796 0.0272

0,2 0.07054 0.00607

1,1 0.08383 0.00265

TABLE 3 Fitting coefficients for the N2 densimeter

(Equation (6))

Ai,j Value Error (±)

0,0 2.0719 0.0136

1,0 −0.25827 0.00494

2,0 0.00638 8.39 × 10−4

0,1 −1.6203 0.0221

0,2 0.30296 0.00779

1,1 0.10800 0.00254

TABLE 4 Fitting coefficients for the N2 barometer

(Equation (7))

Ai,j Value Error (±)

0,0 −5.930 0.404

1,0 6.042 0.871

0,1 8.749 0.406

0,2 −0.9672 0.0769

1,1 −8.429 0.760

Bk,l Value Error (±)

1,0 6.037 0.106

2,0 3.989 0.363

0,2 0.1307 0.0198

1,1 −1.5546 0.0380

TABLE 1 Fitting coefficients for the CH4 densimeter

(Equation (4))

Ai,j Value Error (±)

0,0 −0.01317 0.00435

1,0 0.03021 0.00389

2,0 −0.0046 7.78 × 10−4

0,1 −0.01897 0.00140

0,2 0.00161 1.03 × 10−4

1,1 −0.00867 5.60 × 10−4
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error of ±0.006 g/cm3. The barometer for CO2 is valid
from 10 to 500 bars and 35�C to 350�C and is given by
the following:

PCO2 =

P2
i=0

P2
j=0Ai, j Δ−100ð Þi TRð Þj

1+
P2

k=0

P2
l=0Bk, l Δ−100ð Þk TRð Þl : ð9Þ

The fitting coefficients and associated errors are given
in Table 6. Equation (9) has an R2 of 0.995 and a standard
error of ±6.2 bars. Because the data from Fall et al.18

at 22�C were used to develop the CO2 densimeter,
Equation (8) agrees with Fall et al.18 within analytical
error.

4 | DISCUSSION

4.1 | Peak position and criticality

The variation in peak position with PT is related to the
relative density (volume) changes that occur during a
change in PT conditions. This is exemplified in Figure 3,
as the isobars in temperature-peak position and

temperature–density space show complementary trends.
The largest changes in both density and peak position
with temperature occur at the lowest temperatures
shown, that is, near the critical point, and the relative
change in peak position and density as a function of tem-
perature is muted at higher temperatures. However, as
noted above, the isofreqs for N2 reach a maximum pres-
sure at some temperature and then decrease in pressure
as temperature increases further. This reversal in the
peak position trend with increasing pressure may be
related to changes in the attractive and repulsive forces
and is discussed further below. The largest relative den-
sity (volume) changes coincide with the largest relative
peak position changes for each gas and occur in the vicin-
ity of the critical point for that gas. This is expected
because thermodynamic properties of fluids, such as heat
capacity, isobaric thermal expansivity, and isothermal
compressibility,[53] show large (infinite) changes with
changing P or T near the critical point.[54]

The shape of the isotherms of each gas and magni-
tude of the peak shift along an isotherm in pressure-peak
position space shown in Figure 1 is systematically related
to the proximity of the isotherm to the critical point.
Reduced temperature (Equation (3)) serves as a conve-
nient proxy for nearness to the critical temperature, with
a reduced temperature of unity (Tr = 1) corresponding to
a temperature equal to the critical temperature. The low
temperature isotherms show a larger shift in peak posi-
tion with increasing pressure over the PT range studied,
compared with the higher temperature isotherms, and
have a more sigmoidal shape compared with the more
linear high temperature isotherms (see Figure 1). Note
that the isotherms in Figure 1 that are below the critical
temperature are discontinuous where the isotherm
crosses the L–V curve and are thus not considered sig-
moidal. The degree to which the isotherm is sigmoidal in
pressure-peak position space depends on the reduced
temperature of the gas, as small changes in pressure in
the vicinity of the critical point result in large relative
changes in density (volume). This can be seen clearly
using the 35�C isotherms (solid black lines in Figure 1a,
b,c) for CH4, N2, and CO2. At 35�C, the TR for CO2, CH4,
and N2 is 1.1, 1.6, and 2.4, respectively. The 35�C iso-
therm for CO2 shows the most pronounced relative peak
shift of the three gases at 35�C because it is closest to its
critical temperature at 35�C and experiences the largest
relative density (volume) change along the 35�C isotherm
with increasing pressure. In contrast, N2 shows the least
pronounced relative peak shift of the three gases, partly
due to the fact that at 35�C, the gas is well above the criti-
cal temperature of N2 (−147�C) and the relative density
(volume) change with pressure is smaller than that of
CO2 at 35�C. CH4 shows a behavior that is intermediate

TABLE 5 Fitting coefficients for the CO2 densimeter

(Equation (8))

Ai,j Value Error (±)

0,0 −1.1429 0.0940

1,0 −0.3144 0.0436

0,1 0.4461 0.0425

0,2 −0.02296 0.00392

1,1 0.1529 0.0144

TABLE 6 Fitting coefficients for the CO2 barometer

(Equation (9))

Ai,j Value Error (±)

0,0 3090 1250

1,0 −1019 420

0,1 −3420 1380

0,2 161.7 70.3

1,1 1108 456

Bk,l Value Error (±)

1,0 2.685 0.941

2,0 −0.430 0.144

0,1 −3.683 0.882

0,2 0.909 0.217
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between that shown for CO2 and N2, consistent with the
fact that the critical temperature of CH4 (−83�C) is
between those for CO2 (31�C) and N2 (−147�C).

4.2 | Interpretation of Raman spectra
using intermolecular attraction and
repulsion

The variation in Raman peak position with PT reflects
interactions between molecules. As noted above, domi-
nance of attractive forces leads to a shift in the Raman
peak position to lower wave numbers whereas domi-
nance of repulsive forces leads to a shift in the Raman
peak position to higher wave numbers.[21,38,39] The rea-
son for this is that dominance of repulsive forces con-
tracts the bond length slightly whereas dominance of
attractive forces expands the bond length slightly.[55]

Contraction of the bond strengthens the bond, requiring
more energy to cause a vibration, whereas expansion of
the bond weakens the bond, requiring less energy to
cause a vibration.[17] The strength of the repulsive and
attractive forces between molecules is dependent on the
distance between molecules, with repulsive forces
between molecules being most intense when the mole-
cules are in close proximity to one another and attractive
forces being experienced between molecules at longer
intermolecular distances.[40]

4.2.1 | Isothermal inflection pressure

Pressure and temperature have opposing effects on the
volume of the gas and the distance between molecules:
increasing pressure decreases volume and increasing tem-
perature increases volume. Attractive forces between mol-
ecules dominate at greater intermolecular distances than
repulsive forces, so at low pressures and high tempera-
tures where the molecules are spaced sufficiently far apart
such that the repulsive forces between molecules are
insignificant, a small decrease in volume is expected to
yield an overall negative shift in Raman peak position.
This overall negative shift in peak position can be seen in
Figures 1 and 2. As volume decreases further and repul-
sive forces between molecules increase, attractive and
repulsive forces produce competing effects on the wave
number shift. Additionally, the relative increase in the
magnitude of the attractive forces decreases as the mole-
cules are forced closer together, whereas the magnitude
of the repulsive forces increases.[40] This implies that at a
constant temperature and sufficiently high pressure
(higher than the pressure range studied here for N2, CO2,
and CH4), the repulsive forces become dominant, and the

peak position increases with increasing pressure along
the isotherm. This phenomenon, in which the isothermal
pressure dependence of peak position shows an inflection
with increasing pressure, has been observed for N2, CH4,
and H2

15,21. The pressure of this inflection point at 22�C
is ~1,000 bars for CH4 and ~1,500 bars for N2

15. Note that
these pressure inflection points are likely temperature
dependent.

4.2.2 | Isobaric inflection temperature

If the peak position increases along an isobar as tempera-
ture increases (see Figures 1 and 3), repulsive forces
between molecules are dominant. This behavior is poten-
tially related to the increasing frequency of collisions
brought about by increasing the kinetic energy of the
molecules. However, increasing temperature at constant
pressure will also increase the volume and thus inter-
molecular distance, which will weaken the effect of the
repulsive forces whereas the attractive forces, which are
experienced between molecules at larger intermolecular
distance than repulsive forces, will not change much
until the intermolecular distances are sufficiently large
that the molecules do not interact at all and behave like
an ideal gas. This implies that at a constant pressure and
relatively high temperature, the repulsive forces would be
sufficiently weakened such that attractive forces domi-
nate and the peak position will shift to lower wave num-
bers. Thus, in a manner similar to the isothermal
pressure dependence of peak position, the isobaric tem-
perature dependence of peak position also shows an
inflection and change in trend with increasing tempera-
ture. This can be seen for N2 in Figures 1b and 3b, where
the inflection occurs between 0�C and 50�C (depending
on the pressure) above ~50 bars and at much lower tem-
peratures below ~50 bars. A potential explanation for the
inflection occurring at much lower temperatures at pres-
sures less than ~50 bars is that the molecules are spaced
sufficiently far apart that only a small temperature
increase is needed to reduce the repulsive interactions
beyond the inflection point, resulting in the much lower
inflection temperatures found for N2 at pressures less
than ~50 bars. Although the inflection temperature was
not reached for CH4 and CO2, the decreasing difference
in peak position between isotherms separated by the
same temperature increment in Figure 1a,c indicates that
the inflection temperature is being approached, with CH4

appearing to be closer to the inflection temperature than
CO2 at 350�C. This relative order of inflection tempera-
tures in pressure-wave number space is further supported
by the 450�C isotherm shown in Figure 2a (black line)
for CH4. The peak positions of CH4 at densities above
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~0.06 g/cm3 at 450�C are at lower wave numbers than
the peak position of CH4 at densities above ~0.06 g/cm3

at 350�C. As can be seen from Figure 2b relative to
Figure 1b, the inflection temperature for N2 is located at
a lower temperature in density-wave number space
(isochoric inflection temperature) than pressure-wave
number space (isobaric inflection temperature). Because
CH4 has reached the isochoric inflection temperature
over the PT range studied and CO2 has not, it is likely
that CH4 will also reach the isobaric inflection tempera-
ture before CO2. The order in which the species reach
this inflection temperature can be related to the Boyle
temperature of the molecules, which is the temperature
at which the attractive and repulsive forces are equivalent
and of opposite sign such that they cancel out. The Boyle
temperature defined at 0 pressure for N2, CH4, and CO2

is ~50�C, ~240�C, and ~450�C, respectively.[56] The inflec-
tion temperatures do not occur exactly at the Boyle tem-
peratures, however, from the Boyle temperatures, it
would be expected that N2, which has the lowest Boyle
temperature, would have an inflection temperature lower
than that of CH4, which, in turn, would be located at a
lower temperature than CO2. The results shown in
Figure 1 are in good agreement with this interpretation.

4.3 | Relationship between isochores
and isofreqs for N2, CH4, and CO2

Initially, starting from low pressures and temperatures,
the effect of increasing PT on the shift in peak position
reflects competing effects of intermolecular interactions,
similar to the manner in which increasing temperature
and pressure have competing effects on the density. How-
ever, depending on the PT conditions at which the inflec-
tion points are reached, the effects of increasing
temperature and pressure may no longer act against each
other with regard to the shift in the peak position but
instead may act in the same direction, leading to the cur-
vature of the isofreqs in Figure 5. Note that the isofreqs
in Figure 5c are nearly linear due to the fact that CO2 is
well below both the isobaric inflection temperature and
the isothermal inflection pressure in the PT range stud-
ied. Using the 0.35 g/cm3 isochore in Figure 5b (N2) as an
example, as temperature is increased along the isochore,
the pressure must also increase to maintain a constant
volume (density) because of the opposing effects of com-
pressibility and thermal expansivity. The isochore by defi-
nition represents the locus of P and T along which these
opposing effects are equal and thus cancel out to main-
tain constant density. The same PT relationship can be
invoked for the 2,328.2 cm−1 isofreq in Figure 5b over the
PT range up to approximately −80�C and ~180 bars,

where the isofreq remains roughly parallel to the 0.35
g/cm3 isochore. As temperature is increased along the
isofreq, pressure must also increase to maintain a con-
stant peak position (wave number) because increasing
temperature alone at conditions below the isobaric tem-
perature inflection point results in an increase in the
peak position (Figure 3). Below the isothermal pressure
inflection point, increasing pressure leads to a decrease
in the peak position (Figure 1b). Thus, similar to the case
of density along the isochore, along the isofreq (below
the inflection point of one of the variables), increasing
P and T have equal and opposite effects on the peak posi-
tion and cancel each other. However, unlike the
isochores, the isofreqs must curve as the inflection point
of one variable, either P or T, is reached such that the
two effects become complementary instead of opposing.
This results in the change in slope of the 2,328.2 cm−1

isofreq in Figure 5b from positive to negative at ~22�C, at
which point the isofreq reaches the T inflection. Thus, to
maintain the constant peak position as T increases above
~22�C, pressure must now decrease instead of increase.

5 | SUMMARY

Raman spectra were collected for the symmetric
stretching peak of N2, CO2, and CH4 from 10 to 500 bars
and from temperatures slightly below the L–V curve to
elevated temperatures. Volumetric changes and the
resulting changes in intermolecular forces affect the mag-
nitude and direction of Raman peak shifts of N2, CH4,
and CO2 over the PT range studied. The competing
effects of attraction and repulsion between molecules are
revealed through changes in peak position. Moreover, the
volumetric changes and intermolecular interactions asso-
ciated with these volumetric changes are correlated to
proximity of the analytical conditions to the critical tem-
perature that in turn gives rise to a systematic relation-
ship between Raman peak positions of these fluids and
criticality. The information gathered on the pure gases
can be expanded in future work to gas mixtures con-
taining N2, CO2, and CH4.
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