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on molecular interactions and analytical implications
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Abstract: Raman spectra of fTuids of the CO,-CHy-H20O and CO,-H,O systems contained in synthetic fluid
inclusions have been obtained above the homogenization temperature to 500°C. Spectra of the CO; and CH,
gases do not vary along the portion of the studied isochore, whereas they do for the symmetric stretching band
of water. The spectra clearly show that molecular interactions are stronger between CO, and H.O molecules
than between CH, and H,O molecules. Gas molecules decrease the signature of hydrogen bonding in the
Raman spectrum of water. For water-rich fluids, the ratio of Raman scattering cross-section of CH; and H>O
does not vary 1o 3 wide extent, showing that the calibration of this ratio is feasible.
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Introduction

Water, the main component of crustal fluids, is
also known as the fluid with the highest number
of" “anomalous” physical properties (Stillinger,
1980). These anomalous properties are the result
of hydrogen bonds which give rise to a structure
similar to that of a hydrogen bonded “transient
gel™ for liquid water at room temperature. Hy-
drogen bonds and their connectivity decrease with
increasing temperatures. However, Raman spec-
troscopic works (Ratcliffe & Irish, 1982; Kohl er
al 19915 Frantz et al., 1993), infrared experiments
(Frank & Roth, 1967; Valyashko er al., 1980;
Bondarenko & Gorbaty, 1991; Gorbaty & Ka-
linichev, 1995), NMR studies (Nakahara, 1995),
X-ray dilfraction (Narten et al., 1967; Gorbaty &
Demaniets, 1983), neutron diffraction (Postorino

et al., 1994) and computer simulations (Ka-
linichev & Heinzinger, 1992, 1995; Kalinichev &
Bass, 1994; Svishchev & Kusalik, 1995) document
that hydrogen bonds and related structure still
exist at temperatures as high as 400-500°C.
Water is not the sole molecular species present
in deep geological fluids. Analysis of” geothermal
systems, fluid inclusions from hydrothermal and
metamorphic environments, thermodynamic cal-
culations of carbon or carbonate-bearing systems
document fluids with CO,, CH,, N, and H,, which
are non dipolar molecules (NPM). NPM have
weak attractive interactions with water molecules
and NPM species must insert between the tran-
sient network of hydrogen bonds at room tem-
perature, which is entropy producing and explains
the low solubility of NPM molecules at room tem-
perature. In addition, the weak attraction between
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Table 1. Properties of synthetic fluid inclusions. Composition in mole fraction X(i), molar volume (v),
bulk homogenization temperature (Th (°C)) and phase of homogenization (L, liquid; V, vapour).

sample X(CO») X(CHy) X(H»>0) v (em?-mol 1 Th (°C).
COH 94 0.055 0.057 0.888 29.5 328 (L)
IB 0.4725 0.000 0.5275 37.8 360 (V)
5A 0.711 0.000 0.289 45.72 308 (V)
2A 0.111 0.000 0.889 30.15 278 (L)
COH 99 0.055 0.105 0.84 47.78 365 (V)

water and NPM accounts for the topology of the
critical curve starting from the critical point of
water and moving to high pressure, a feature at the
origin of an extended two-phase field. Increasing
temperature disrupts hydrogen bonds and facili-
tates the insertion of NPM and therefore increases
their solubility. The static dielectric constant of
water-NPM strongly decreases with NPM concen-
trations at constant P and T, indicating a decrease
in orientation correlation between water mole-
cules (Deul, 1984; Franck, 1985).

Since Raman spectroscopy of water stretching
(v,) vibration is sensitive to hydrogen bonding,
the aim of this paper is to characterize the modifi-
cations of the Raman spectrum of water by NPM
and to give preliminary interpretations in terms of
molecular interactions. In addition, the intensity
ratio of the Raman bands of the water-stretching
vibration mode and of NPM molecules is exam-
ined in the perspective of fluid-inclusion analysis
above the homogenization temperature by micro-
Raman spectroscopy. Indeed, such approach
might be the proper method to determine the bulk
composition and density properties of natural
fluid-inclusions since it will avoid the use of the
inaccurate estimation of volume proportions of
each phase at room temperature.

Density and temperature are the two par-
ameters that control molecular interactions in a
given system and therefore, in situ studies of iso-
choric systems, are more relevant than isobaric
ones with respect to molecular interactions. Syn-
thetic fluid inclusions are isochoric systems with
known composition and density and are therefore
adequate for the separation of density and tem-
perature effects. Furthermore, the scattering geo-
metry used for fluid inclusions is not similar to the
scattering geometry used with a classical spectros-
copic cell. Therefore, results obtained from syn-
thetic fluid inclusions can be used for the analysis
of natural fluid inclusions.

Sample preparation and experimental
techniques

Synthetic inclusions in the H,0-CO, system were
prepared by the classical technique (Bodnar &
Sterner, 1987). A mixture of HO and CO, was ob-
tained  from distilled H,O and decomposed
Ag,Cy0,4. The HyO-CO,-CH, synthetic fluid in-
clusions used in this study are the ones describeq
by Zhang & Frantz (1992), which were made
using the gas-loading techniques (Frantz et al.,
1989). The composition and calculated molar vol-
ume and density of synthetic fluid inclusions are
given in Table I. The choice of inclusions was
made in order to compare water-rich and water~
poor inclusions, the influence of the nature of the
gas (CO, or CHy: IB-5A versus COH 94, COR
99, 2A) at identical water content (2A versiis
COH 94) and fluids with liquid-like and vapour-
like density (COH 94 versus COH 99).

Raman spectra were obtained with a Raman
micro-spectrometer of a new generation (Labram,
“Dilor) equipped with a heating stage “Chaix-
mecca). The high luminosity of the spectrograph
and the CCD detector allow the acquisition of
high-quality spectra within a few seconds. The
high luminosity of the spectrometer is partially
due to the use of Notch filter which remove radia-
tions below 150 cm™! from the exciting radiation
Ao = 514.5 nm, 500 mW laser power from an
ionized Ar™ laser, “Spectraphysics) in replacement
of a fore-monochromator. Gratings have 1800
grooves per millimetre and the width of the spec-
tral window is 1500 cm ", The spectral resolution
constrained both by the aperture of the entrance
slit (200 um) and the distance between two pixels
of the CCD detectors is 2 cm™!. The precision in
wavenumber, constrained by the number of pixel
of the CCD is 1 em™. Cold water {lowing through
a copper tube, wound around the long-working-
distance objective (X80, 0.75 n.a., “Olympus),
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allowed acquisition of spectra to S00°C without
producing any damage to the objective.

Results

A typical Raman spectrum obtained from a syn-
thetic fluid inclusion at 429°C is illustrated in Fig. 1.
At low wavenumbers, the weak bands of the
quartz host crystal are identified, but do not over-
lap with the bands of the molecular compounds.

Description of the spectra of each component

Methane exhibits four Raman active bands, re-
spectively the intense symmetric stretching mode
(vi =2917 em™! for the isolated molecule at room
temperature) and the very weak antisymmetric
stretching band (v, = 3006 cm™ for the isolated
molecule) and the weak overtones (2vy = 2576 cm™!
and 2v, = 3070 ecm "), which were all identified in
the spectra (Fig. 1) (Herzberg, 1968). Within the
precision of the measurements, the wavenumber
and  full width at half maximum intensity
(FWHM) of the v, band are constant composition
and density (Fig. 2a, b) but has a value (v, around
2911 em') lower than that of the isolated mole-
cule. The FWHM of the v, band is constant with
temperature (around 10 ¢cm™') and is higher for
sample COH 94 homogenizing to the liquid state
than for sample COH 99 homogenizing to the va-
pour state,

For carbon dioxide (Fig. 1), let us describe
first the Raman spectrum obtained of the water-
poor inclusion 5A at 383°C (Fig. 3¢), which lost
prel'crcnlially its water content during partial de-
crepitation, as already described by Bakker & Jan-
sen (1992, 1994), Although only two bands are
expected, the Raman spectrum 5A obtained at
383°C exhibits six bands as results of the Fermi
resonance. These four additional bands, respec-
tively at 1251, 1267, 1410, 1425 cm™, are called
hot bands because they result of two effects (Fins-
terholzl, 1982; Wienecke et al., 1986): 1) the an-
harmonicity of the vibrational levels producing
different energetic differences between two suc-
cessive vibrational levels (E[v = 2]=E[v = 1]#
E[v = 1] - E[v = 0]); 2) the population of the ex-
cited vibrational levels which increases with tem-
perature according to the Boltzman law. The
Fermi resonance doubles the number of hot bands
and explains their location on each side of the fun-
damental bands, at 1287 and 1388 cm™.
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Fig. 1. Raman spectrum of fluid inclusion COH 99 ob-
tained at 429°C.
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Fig. 2. Variation of the wavenumber and full width at
half’ maximum intensity of the symmetric stretching
mode (vi) of methane in methane-bearing HoO-rich fluid
versus temperature for two fluid compositions and den-
sities.
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Fig. 3. Raman spectrum of carbon dioxide for different
fluid compositions. a, 2A: X(CO2) = 0.1115 X(H20) =
0.882. b, 5A: X(CO2) = 7.11; X(H20) = 0.182. ¢, 5A
fluid inclusion after partial decrepitation at 383°C.

The addition of water modifies drastically the
shape of spectra by enlarging the bands, as shown
by comparison of spectrum SA at 358°C (Fig. 3b)
with the spectrum after decrepitation at 383°C
(Fig. 3c¢). This band broadening increases with
water content: SA (358°C; Fig. 3b) and 2A
(360°C; Fig. 3a). A more detailed analysis of the
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spectra was done by deconvoluting the spectry
into different band components. The best fit way
obtained for a band shape of 75 % lorentzian anq
25% gaussian (Fig. 4). Each band of the Fermy
diad contains always three bands with wavenum.
ber similar to the one obtained on water-pooy
carbon dioxide fluids. They are assigned to the
fundamental and the hot bands of carbon dioxidg
molecule. It is worth noting that the high-intensity
band components of the Fermi diad, obtained iy
our experiments, have higher wavenumbers (1282
—1285 cm ! and 1386-1388 c¢cm!) than those of
carbon dioxide dissolved in water at room tem.
perature (1274 cm™' and 1382 cm™') or in clathrate
molecules (1381 cm™!) (Davis & Oliver 1972; Sz
et al., 1975; Anderson, 1977).

The FWHM of the hot bands are significantly
higher than the FWHM of pure carbon dioxide buyg
are always smaller than the values for carbon di-
oxide dissolved in water at room temperature or iy
clathrate molecules. Fitting the high-frequency
massif of the Fermi diad into several componentg
always requires an additional band between 1392
and 1407 cm™!, which has a FWHM between 2()
and 30 cm!, a value which is larger than the bang
components at 1286 and 1388 ¢cm™! for which 5<
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Fig. 4. Decomposition of the Raman spectrum of carbon dioxide from samples 5A (338°C) and COH 94 (364°C).
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Fig. 5. a, Variation of the wavenumber at maximum in-
tensity (vy) of the stretching band of water with tempera-
ture. b, Variation of the full width at half maximum
intensity (FWHM) of the stretching band of water.

FWMM <10 cm ', This band has no equivalent in
pure CO, fluids and increases in intensity with in-
creasing water content.

Water exhibits (wo bands assigned to internal
motions, respectively the bending mode of water
(va) around 1600 ¢cm ! and a large massif assigned
to stretching vibrations in the 3000-3800 cm'!
(Walrafen, 1964, 1967, 1972; Ratcliffe & Irish,
1982; Frantz e al., 1993). The bending mode of
walter (v,) is weak and has not been studied in this
work because of its small intensity (Fig. 1). The
main effecty of temperature on the Raman spec-
trum of pure water are the following (Ratcliffe &
Irish, 1982; Frantz et al., 1993): — the shift of the
maximum intensity to high frequency (v,) with in-
creasing temperature al constant density up to
250°C and with decreasing density at constant
lemperatures above 250°C; — the decrease in in-
tensity of the band component around 3200 ¢m™!
resulting in a decrease of the FWHM of the whole
stretching band. When compared with Raman
spectra of other components, the Raman spectra
of the stretching band of water is the one that ex-
hibits the highest variations both in frequency at
maximum intensity, FWHM and shape.

In H,O-CO,-CH, fluid mixtures, at constant
temperature, the increase of molar volume at al-
most constant water concentration (COH 94, v =

Raman intensity
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COH99 361°C

3200 3300 3400 3500 3600_1

Wavenumber (cm )

3700 3800

Fig. 6. Raman spectrum of the symmetric stretching
mode of water in samples 2A [X(H20) = 0.889], 5A
[X(H20) = 0.289] and COH 99 [X(H>0) = 0.84].
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Fig. 7. Raman spectrum of the symmetric stretching
mode of water in sample 5A before (305, 338 and
358°C) and after partial decrepitation (383°C).

29.5 cm*-mole™!'; COH99, v = 47.78 cm?*-mole ')
produces an increase of v, and a decrease of
FWHM (Fig. 5). This effect is identical to the
variations of these parameters observed in pure
water at increasing molar volume (Frantz et al.,
1993). The highest values of v, and lowest values
of FWHM are observed for the lowest water mole
fraction 0.289 (5A) and 0.5275 (1B), i.c. for the
highest NPM content (Fig. 5). Conversely, sam-
ples COH 94 (X(H,0) = 0.888) and 2A (X(H,0)
= 0.889) have the lowest values of v, and highest
values of FWHM. At almost constant molar vol-
umes (COH 99; v = 47.78 cm*-mole™"; 5A, v =
45.72 cm? mole™), the decrease in water content
(X(H,0) = 0.84 and X(H-0) = 0.289) results in an
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Fig. 8. Ratios of the intensity of Raman bands nor-
malized with respect to the composition. a, CO»-CHa.
b, CH4-H20. ¢, CO2-H20.

increase of v, and decrease of FWHM at the same

temperature (Fig. 5 and 6). In addition, the type of

NPM, CH, or CO,-CH,, at constant water concen-
tration (X(H-O) = 0.89) and molar volume (COH
94, v =29.5; 2A, v = 30.15 cm?* - mol) produces
significant changes in the spectral features: v, in-
creases and FWHM decreases when half of the
CO, molecule is replaced by CH, molecules.

The variation of v, with temperature is of a
few wavenumbers for the studied temperature
range and the slope of this variation is positive for
the most water-rich fluids COH 94 and 2A
(X(H,O) = 0.89) whereas it is negative for the

Table 2. Comparison of the density and of the frequency
at maximum intensity (vs) and FWHM of the Raman
stretching band of gas-bearing aqueous fluids with (he
values obtained for pure water, noted H20% in this table
(Frantz et al., 1983).

1

samples TEC) v (em? - mol” I) vy (em™) FWHM
(em™h
COH 94 349 29.50 3581 144
H-O* 354 29.75 3575 125
1B 383 37.80 3615 78
H-O* 376 37.58 3615 97
COH 99 454 47.78 3605 12
H,O* 451 47.49 3617 72

water-poor [luids of vapour-like density (Fig. 5a).
It is worth noting that v, of fluid COH 99 (water-
rich and of vapour-like density) does not vary
with temperature. In pure water, increasing tem-
perature results always in an increase of v, at con-
stant density (Frantz et al., 1993). The FWHM de-
creases with increasing temperature: the higher
the water content of the fluids, the larger the de-
crease (COH 94 and 2A, Fig. 5b). Water-rich
fluids (COH 94 and 2A) with a density higher
than the critical density at the considered compo-
sition display a weak band between 3200 and
3300 ¢cm™' as observed on the spectra of pure
water (Frantz et al., 1993). This low-[requency
band is not detected in the spectra of fluid COH
99 which is water-rich and of vapour-like density.

The variations of v, and FWHM of inclusion
SA (X(H,0) = 0.289) with increasing temperature
along the isochore are small (Fig. 6). However,
the spectrum of water obtained after partial de-
crepitation shows a strong increase of the v, value
to 3650 em™!, very close to the value of the iso-
lated water molecule (v, = 3655 cm™ 1), and a de-
crease of FWHM to 5 ecm ! (Fig. 7). The band re-
mains asymmetric with an enlargement towards
the low frequency.

Comparison of the spectra of this work with
those of pure water (Frantz er al., 1993) obtained
at the same temperature and for fluids with almost
the same molar volume has been made on three
sets of experiments (Table 2). The v, value of fluid
COH 94 at 349°C is higher than the correspond-
ing value for pure water. However, its FWHM
value is greater than the one obtained from the
spectrum of pure water. For fluid 1B and its water
equivalent, the v, values are identical but the
FWHM of the pure water spectrum is much
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higher. For fluid COH 99, the v, values of the gas-
bearing fluid is smaller than the v, value of the
pure water fluid, a reverse relationship from that
observed between fluid COH 94 and its water
counterpart.

Intensity ratios

The net integrated intensities of the Raman lines
of each component were normalized with respect
to composition by dividing them by the mole frac-
tion of the considered component. For CO; the ad-
dition of the intensity of the two Fermi diads was
made before normalization by composition. The
ratios of the Raman normalized integrated inten-
sities (RNII) were subsequently calculated for
pairs of components. The CO,-CH, RNII ratios do
not vary significantly with temperature (Fig. 8a).
Sample COH 99 has a CO,-CH,; RNII ratio of
0.23 and fluid COH 94 a CO,-CH, RNII ratio of
0.20, indicating a small dependence with respect
to composition and density. The CH-H,O RNII
ratios for one set of composition and density can
be considered as constant along an isochore
within  the  350-500°C  temperature — range
(Fig. 8b). The differences between samples COH
94 and COH 99 for CH,-H,O RNII ratios and
CO,-CH, RNII ratios are around 20%. The pre-
liminary results indicate that the variations of the
RNII ratios are small for fluids with vapour-like
or liquid-like density and with water concentra-
tions higher than 84 mol.%.

Ratios of RNII for CO,-H,O can also be con-
sidered to be constant as a function of tempera-
ture (Fig. 8c¢). RNII ratios between samples COH
99 and COH 94 vary between 0.43 and 0.56, a
variation around 30% compared to a variation of
I7% for CH,-H,0. Fluids SA and COH 99 with
similar molar volumes, respectively 45.72 and
4778 cm3-mole™!, but very different water con-
centration have very different RNII ratios, demon-
strating the influence ol the water/gas ratio.

Discussion
Molecular interactions

The shift of an isotopic Raman band from its
value at zero density is essentially attributed to
two vibrational relaxation processes, the environ-
mental fluctuations or vibrational dephasing, and
the resonant transfer (Salmoun et al., 1994). The
low concentration of CH, makes the latter process

inefficient for explaining the shift of the v; mode
of CH,. The negative shift of 6-7 cm™' shows that
the attractive contribution is greater than the re-
pulsive contribution and is significant. It is worth
noting that this shift is close to the values found in
methane clathrate, which exhibits two Raman
bands, respectively at 2913 and 2903.5 cm™
(Seitz et al., 1987; Murphy & Roberts, 1995). The
second important feature is the constancy of the
value of v| with increasing temperatures which
documents that thermal agitation does not signifi-
cantly weaken attractions between 300 and 500°C.
Sample COH 99 with a molar volume higher than
the critical molar volume has a v, value higher
than sample COH 94 with a molar volume smaller
than the critical molar volume.

For CO,, the negative shift towards low fre-
quency is also essentially attributed to environ-
mental fluctuations. This negative shift is smaller
than that found for CH, because the Fermi reson-
ance strongly modifies the response of frequency
vibrations to molecular interactions. The two
other vibrational modes of CO, are not Raman ac-
tive, which precludes to use these modes as probe
of molecular interactions.

The FWHM of the v, of CH, is similar to that
measured in pure methane fluid at room tempera-
ture (ie. 3 cm™ at a few bars and 5 cm™" at 600
bars; Pasteris et al., 1990). Both v, and FWHM
values and their variations suggest that molecular
interactions of methane molecules in a water-rich
fluid are not very strong. The FWHM of CO,
bands is much more complicated to analyse. The
fundamental bands at 1286 and 1388 cm™! exhibit
FWHM smaller than 10 ¢cm™', indicating no line
broadening with respect to pure CO,. This con-
trasts with strong line broadening of the Fermi
diads of CO, dissolved in water at room tempera-
ture, interpreted as coupling of the librational
mode of H,O at 685 cm™! with v, mode of CO,
(Anderson, 1977). At the temperatures of our ex-
periments, the thermal agitation is expected to
weaken hydrogen bonds between water molecules
and comequcnlly also the coupling between libra-
tion of H,0O and v, mode of CO,. The broadening
of hot bands remains unexplained.

The additional band around 1392-1407 cm"!
in the spectrum of CO, is tentatively considered to
represent some strong interactions between carbon
dioxide and water molecules and cannot be as-
signed to bicarbonate ion, characterised by bands at
1017 em™! (C-OH stretching vibration), 1302 cm™!
(C-OH bending vibration) and 1307 ¢cm™' (C=0
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stretching vibration) (Davis & Oliver, 1972;
Oliver & Davis, 1973), which all shift to low fre-
quency at increasing temperature (Kruse &
Franck, 1982). The weak band around 1010 ¢cm™!
at 34° C-750 bars for 3 mol.% CO; in liquid water
has been assigned to HyCO,; molecules by Kruse
& Franck (1982) but has not been identified in our
spectra. An equivalent additional component does
not exist for methane. Is this band around 1392—
1407 cm™! representative of a stable chemical
species or is it a solvation band? At this step, no
firm interpretation can be done. It can only be re-
called that the upper critical curve of the HyO-CO,
system shows a temperature minimum, in contrast
to critical curves of the H,O-CH, system, an indi-
cation of strong attraction between water and
carbon dioxide molecules which are probably fa-
voured by the quadrupole moment of carbon di-
oxide. It is worth noting that comparison of the
water-stretching Raman band of fluids COH 94
and 2A, with the same water content and molar
volume but with different CHy/CO, ratio, indi-
cates that the stretching vibration of water is af-
fected by stronger pertubations in the presence of
CO, than in the presence of CH,.

The stretching massif of water cannot be ex-
plained easily. The different behaviours of v, with
increasing temperature show that the attractive
and repulsive contributions to vibrational dephas-
ing have a temperature response that depends on
composition and density. Comparison of the v,
and FWHM values of the mixtures studied in this
work with those of pure water (Table 2) shows
that the mechanisms that control the variations of
v, and FWHM are different.

Intensity ratios

The RNII ratio for CH,4-H,O has been established
on water-rich fluids for which each water mole-
cule is statistically surrounded at least by 4 water
molecules (X(H,0) >0.84). The differences found
for the RNII ratio for CO, and CH, confirm that
the Raman spectrum of these molecules are differ-
ently affected by their environment. The range of
variations of the RNII ratios for CO»-H,O is
higher than the range of variations found for CHy-
H,O because the range of water/gas ratio is higher
for the CO,-H,O system. Calibration of RNII ra-
tios as a function of density for H,O-rich fluids is
probably sufficient and feasible for an analytical
purpose. The comparison of fluids 2A and COH

94 shows also that the ratios of RNII for CO,-H,0
depend on the CO,/CH, ratio, even il water con-
centration and molar volumes are equal for the
two samples. The application of Raman spectro-
metry to fluid-inclusion analysis above the hom-
genization temperature will require extensive ex-
perimental data. These results suggest that the
bending mode of water (v,), which is known to
exhibit much smaller variations for pure water as
a function of pressure and temperature (Ratcliffe
& Irish, 1982), should be investigated for check-
ing its potential use in fluid-inclusion analysis.

Conclusion

Raman spectra of synthetic fluid inclusions in the
CO,-CH,-H,O and CO,-H,0 systems have been
obtained above the homogenization temperature

to 500°C. The massif of the stretching vibration of

water between 3000 and 3800 c¢cm™!, the Fermi
diad of carbon dioxide and the symmetric stretch-
ing mode of methane have been investigated.

Wavenumber, shape and full width at half

maximum of the Raman bands of CO, and CH,

molecules do not vary along the studied portion of

the isochore in contrast to those of H,O mole-
cules. This is interpreted by the fact that molecu-
lar interactions between H,O molecules are
mainly controlled by hydrogen bonding, which is
very sensitive 1o temperature in a system with
constant density and composition. The CO, and

CH,, molecules modify the Raman spectrum of

H,0O indicating weaker hyrogen bonding. The
wavenumber, shape and full width at half maxi-
mum of the Raman bands document that molecu-
lar interactions are stronger between CO, and H,O
molecules than between CH, and H,O molecules.
For water-rich fluids, the ratio of Raman scatter-
ing cross-section of CH, and H,O does not vary to
a wide extent, showing that the calibration of this
ratio is feasible for an analytical purpose.
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