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A B S T R A C T   

Infra-red maps and profiles with high spatial resolution were obtained for two single crystal diamonds with 
pronounced CO2 IR absorption peaks. Detailed examination allows unambiguous assignment of the spectral 
features to solid CO2-I phase. It is shown that the distribution of IR band positions, intensities and widths in the 
sample follows regular patterns and is not chaotic as was suggested in previous works where spectra of a few 
individual spots were analysed. Consequently, pressure effects alone fail to explain all observed features and 
shifts of the CO2 bands. Experimental data can be explained by presence of impurities (such as water, N2, etc.) in 
the trapped CO2. This implies that spectroscopic barometry of CO2 microinclusions in diamond may be subject to 
poorly controlled bias. However, barometry is still possible if Davydov splitting of the CO2-I ν2 band is un-
equivocally observed, as this indicates high purity of the CO2 ice.   

1. Introduction 

Carbon dioxide is an important metasomatic agent in Earth’s mantle 
and plays a major role in the carbon cycle. The presence of CO2 in di-
amonds was inferred long time ago from mass-spectrometry studies 
[1–4]. Presence of carbon dioxide in some gem quality single crystal 
diamonds follows from IR spectroscopy [5,6] and cryomicroscopy of 
fluid inclusions [7–9]. Based on the pressure-induced shift of CO2 peak 
positions Schrauder and Navon [6] inferred extremely high residual 
pressures reaching 5 GPa in one specimen, suggesting the presence of 
compressed solid CO2. Even higher residual pressures, up to 20 GPa, 
were mentioned in an extensive investigation of CO2-containing di-
amonds by Chinn [5]. In that work strong variations in the shape of the 
CO2-related bands between different samples and even between analysis 
points in the same specimen were reported. 

Investigation of a large set of polished diamonds with CO2 IR bands 
(termed as “CO2 diamonds”) using a beam condenser, i.e. allowing 
analysis of relatively small spots, revealed high variability of positions, 
widths, and relative intensities of CO2 ν3 and ν2 bands [10,11]. These 
authors suggested that such a variability cannot be explained by the 
presence of CO2 phase inclusions and tentatively proposed integration of 
CO2-molecules in the diamond lattice. The presence of oxygen as a 

lattice impurity in diamond is plausible ([12] and references therein, 
[13]), but its correlation with the CO2-absorption is uncertain. In this 
work, we report the results of a detailed investigation of diamond single 
crystals possessing CO2 absorption bands using IR microscopy and 
discuss implications for diamond studies and for more general applica-
tion of barometry of fluid inclusions in minerals based on spectroscopic 
data. 

2. Samples and methods 

Two CO2-rich diamonds — FN7112 and FN7114 — were studied. 
Diamond FN7114 was described in Hainschwang et al. [11]. The sam-
ples were obtained commercially and their source is unknown. The 
stones were laser cut from gems and subsequently polished to make a 
double-sided plate. Both samples were treated at 6 GPa and 2100 ◦C for 
10 min; the treatment did not influence the color and CO2-related ab-
sorption [11]. The sample FN7112 is 3.16 mm in diameter and 0.89 mm 
thick (mass 0.08 ct); the FN7114 dimensions are 2.51 mm and 1.03 mm 
(mass 0.06 ct), respectively. According to our previous X-ray topography 
study [12], the samples are single crystals. 

FTIR spectra were collected with a Nicolet iN10 FTIR microscope 
equipped with a liquid N2-cooled MCT detector. The microscope and 
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sample compartment were continuously purged with dry high-purity N2 
before and during spectral acquisition. Although strongly suppressed, 
traces of CO2 gas were still observed in spectra. Assuming that this gas 
signal was from atmospheric contamination, a component of CO2 gas 
(represented by the ν2 and ν3 bands) was included in the fit. The ab-
sorption of gaseous CO2 for each spectrum was chosen in a way to 
minimize the difference between the experimental data and the model. 
This procedure is possible, firstly, because the shape of gaseous CO2 
absorption is known from independent atmospheric measurements, and 
secondly, because the bands of gaseous CO2 and CO2-I overlap only 
partially. All measurements were performed in transmission mode on 
free-standing samples at room temperature. For consistency, the mi-
croscope was focused on the upper surface of the sample. For the 
mapping, a square 150 × 150 μm2 aperture and 100 μm step were used. 
For the profiles a 30 × 30 μm2 aperture and 30 μm step were used. Due to 
high refractive index of diamond, the thickness-averaged size of the 
analyzing IR beam somewhat deviates from the quoted aperture size. 
Spectra were acquired in the 600–4000 cm− 1 spectral range. At least 64 
scans per spectrum at a resolution of 2 cm− 1 were recorded. 

FTIR spectra were processed using a custom Lua script for Fityk 
software [14]. The absorbance measurements were normalized to lattice 
absorption of a reference type IIa diamond sample; after the normali-
zation, the spectrum of the type IIa reference was subtracted. Linear 
baseline correction was performed for each zone of interest. Most CO2- 
related bands (ν2a, ν2b, 13CO2 ν3b, ν3a) as well as carbonate and platelet 
bands were fitted with Gaussian distributions. Positions of relevant CO2- 
related absorption bands are summarised in Table 1. The CO2-I ν3b band 
was approximated by two Gaussians with identical position. A Voigt 
profile was used for the peak at 3107 сm− 1 (tentatively assigned to a 
VN3H-center, [17]). Concentrations of nitrogen in A and B form were 
calculated after spectral decomposition in the one-phonon region and 
using coefficients from Boyd et al. [18] and Kiflawi et al. [19]. Tentative 
identification of minerals in inclusions was made using compilation by 
Chukanov and Chervonnyi [20]. Plots and maps were created using 
Matplotlib library for Python [21]. All raw and processed FTIR spectra 
are available as Supplementary Materials. 

3. Results 

3.1. The samples 

Both studied diamonds are single crystals with a light greenish- 
brown color. Diamond FN7112 shows faint yellow fluorescence under 
ultraviolet light excitation, while diamond FN7114 is inert. The di-
amonds contain tiny inclusions of roughly hexagonal shape with di-
mensions of 5–10 μm and thickness of less than a micron (Fig. 1). In 
sample FN7112 the inclusions are present in the whole body of the stone 
and are crystallographically oriented; in some regions larger plates 
appear to be surrounded by smaller ones, possibly indicating that 
decrepitation of some inclusions has occurred. In sample FN7114 the 
inclusions occur in clusters of up to ~10 plates. It is important to 
emphasize that there is no obvious correlation between abundance and 
distribution of these inclusions and infra-red features (including CO2- 
related bands) described below. Similar inclusions were reported by 
Lang et al. [22] and Hainschwang et al. [23] and ascribed to graphite. 

Raman microscopy of the inclusions (excitation 532 and 785 nm), X-ray 
diffraction, X-ray fluorescence and phase tomography have not provided 
useful information, thus unambiguous identification of the inclusions is 
not yet possible. However, the hypothesis of the presence of graphite or 
other types of sp2-carbon in the inclusions now appears to be less sound, 
given the high sensitivity of Raman spectroscopy with visible excitation 
to sp2-C and the absence of any relevant features in our spectra. In 
addition, needle-like inclusions with length up to ~40 μm are also 
present (see also [23]). The later ones clearly do not correspond to the 
hexagonal plates viewed edge-on as suggested by careful examination 
under several inclination angles and generally larger sizes of the needles. 

In both samples unusual absorption features between 
~900–1400 cm− 1 (one-phonon region) which cannot be ascribed to 
known nitrogen-related defects are observed (Fig. 2). Maxima of the 
bands are at 1060, 1120–1140, ~1245, ~1300 cm− 1, and a broad band 
with a maximum at ~1375 cm− 1 may also be related to this set of ab-
sorptions. A sharp peak at 1332 cm− 1 (Raman frequency of diamond) is 
always present, but its unique assignment is barely possible, since in 
crystals with diamond structure this vibration becomes IR-active in the 
presence of any defect, violating point symmetry of the matrix [24]. 
These absorption bands were discussed in a previous study of CO2-di-
amonds [11]. Similar features were observed in a recent study of di-
amonds from Chidliak, Canada [25]; no microinclusions were observed 
microscopically in these samples (Lai, pers. comm). Broad bands, 
possibly related to water or OH-containing groups in inclusions, are 
observed in the 1450–1750 and 3200–3700 cm− 1 spectral regions for 
both samples (Fig. 2). Attempts to establish correlations between OH- 
related and carbonate bands were abandoned due to interference of 
broad bands with unknown origin, shapes and intensities. 

Below we discuss in detail the spectral features of the studied 
diamonds. 

3.2. Diamond FN7112 

A photomicrograph of the sample is shown in Fig. 3A. The FTIR 
spectra of specimen FN7112 show carbonate (870 and 1430 cm− 1) and 
800 сm− 1 (possibly a silicate, e.g. quartz) bands, weak peaks at 3107 
cm− 1 and 3272 cm− 1; maps of some of these features are shown in 
Fig. 3B–D. Absorption by nitrogen-related A, B or C-defects is not 
detected. The bands at 650, 660 and 2370 cm− 1 are due to CO2 ν2a, ν2b, 

Table 1 
Assignment of the CO2-related bands [15,16].  

Position (cm− 1) Band Assignment 

650 ν2b CO2-I, bending (ν2) mode 
660 ν2a CO2-I, bending (ν2) mode 
2299–2305 13CO2 ν3b CO2-I, 13CO2 analog of the ν3 mode 
2369–2375 ν3b CO2-I, symmetric stretching (ν3) mode 
2415 ν3a Uncertain 
3615 ν3 + 2ν2 CO2-I, overtone 
3740 ν3 + ν1 CO2-I, overtone  

Fig. 1. A photomicrograph of inclusions in diamond FN7112 in transmission 
light; scale bar – 50 μm. One can see numerous (quasi)hexagonal inclusions and 
rare needle-like ones (e.g., a ~40 μm-long one slightly below center of the 
image). Some of the inclusions do not contain dark material and at least in some 
cases they are very close to the surface of the stone, thus pointing to influence of 
the polishing on loss of the material (possibly due to heating). 
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and ν3b vibrations (Fig. 4A, B); weak features at ~3615 and ~3740 cm− 1 

are ν3 + 2ν2 and ν3 + ν1 overtones, respectively (Fig. 4E). A very weak 
feature at 2300 cm− 1 is due to 13CO2 ν3b. The bands show no rotational 
splitting and are shifted from the position of gaseous carbon dioxide. We 
assign these bands to the CO2-I phase, see Discussion for detail. The most 
intense of the bands, the ν3b, appears symmetrical. In some spectra a 
shoulder at 2350 cm− 1 due to residual CO2 gas in the spectrometer is 
visible. 

The integrated area of the CO2-I bands varies significantly across 
specimen FN7112 as shown by maps of ν2b, ν2a and ν3b peaks 
(Fig. 3E–G). The CO2 distribution is unrelated to strain observed in 
polarized light, but inversely correlates with intensity of the coloration: 
the CO2 bands are stronger in less intensely colored zone. Apparently, 
the number of visible hexagonal inclusions is not correlated with the 
intensity of CO2 absorption. 

3.3. Diamond FN7114 

FN7114 is a diamond with distinct zoning; brown, yellow and (near) 
colorless zones are distinguished; IR-active features generally follow the 
zoning (Fig. 5). The colorless zone shows absorption by A, B-defects and 
platelets, superposed on unassigned bands (see Section 3.1). The three- 
phonon region possesses a complex shape between 3100 and 3300 cm− 1 

with peaks at 3107, 3272 and very weak features at 3144, 3200, 3238, 
3257 cm− 1. The ~800 cm− 1 band is rather uniformly distributed. Car-
bonates (possibly calcite) are detectable near the black feature visible in 
the right half of the diamond, which probably represents a healed 
fracture. 

It is convenient to discuss changes of the spectral features in different 
zones of the specimen using profile across the sample shown by vertical 
arrow in Fig. 5A; evolution of various features is shown in Figs. 6 and 7. 
Peaks due to carbon dioxide vary considerably in intensity and shape 
between the zones (Figs. 5, 6). The colorless zone shows weak CO2-I 
bands; the yellow zone exhibits the strongest CO2-I absorption and the 
brown zone spectra show a weak CO2-I band with an additional feature 
at 2415 cm− 1 (Fig. 6). Assignment of the band at 2415 cm− 1 (ν3a) is 
uncertain, but several possibilities are examined in the Discussion sec-
tion. In addition, a small band at 2300 cm− 1 is observed. We assign it to 
the ν3 vibration of isotopically-substituted carbon dioxide molecule, i.e. 
13CO2 ν3b; the supporting evidence is given in the Discussion section. 

Along the profile, the CO2-I ν3b band broadens (FWHM increases 
from 20 to 55 cm− 1) and its center shifts from 2369 to 2375 cm− 1; the 
13CO2 ν3b isotopic band behaves in a similar way (Fig. 6). The position of 
the ν2a band does not change significantly, while its FWHM increases 
from 8 to 17 cm− 1. Upon broadening of the more intense ν2a band, the 
ν2b component turns into a shoulder, introducing uncertainty into its 
position for the zone containing nitrogen defects. 

Examination of distribution of the CO2-related and carbonates bands 
does not allow establishing a solid correlation. Whereas for diamond 
FN7112 these phases might be correlated, for sample FN7114 no rela-
tion is apparent. Therefore, it is unclear whether CO2-carbonate corre-
lation exists. 

Fig. 7A shows evolution of integrated areas of the CO2-related bands 
and nitrogen concentration along the profile. At the transition from the 
brown to yellow zone (points 20–30), the absorption of CO2-I rapidly 
increases and the ν3a band disappears. Simultaneously, defect-related 
bands in the 900–1400 cm− 1 region undergo a complex shape change; 
total absorption diminishes; the peak at 1332 cm− 1 becomes more 
prominent. In the same time, absorption in the ranges 1450–1750 and 
3200–3700 cm− 1 becomes stronger. 

Since the studied sample represents a laser-cut polished piece of a 
gem diamond, identification of the growth direction is not trivial. X-ray 
topography does not reveal obvious growth dislocations, partly due to 
the moderate degree of plastic deformation. However, examination of a 
plot of nitrogen concentration vs N aggregation state (Fig. 7B) might 
give a clue. If one assumes that the diamond growth proceeded in a 
gradually cooling system, the N aggregation plot suggests that the N- 
containing zone reflects late stages of the crystal formation. This does 
not necessarily imply absence of N in the growth medium; it rather in-
dicates unfavorable conditions for incorporation of this impurity. The 
content of N in the form of common A and B defects gradually increases 
towards the end of the profile (Fig. 7A). We note, however, that any 
hypothesis about the N concentration in the FN7114 diamond may be 
somewhat simplistic, since we do not know yet whether the defects 
giving rise to absorbance in the one-phonon region contain nitrogen or 
not. 

4. Discussion 

4.1. Band assignment 

4.1.1. Major CO2-I bands 
At room temperature, CO2 crystallizes into a cubic phase I between 

0.6 GPa and 2 GPa [15,27]; the variations in the transition pressure are 
ascribed to the size of the CO2 droplets and, possibly, the nature of the 
surrounding medium. In the pressure range of ~8–13 GPa a transition 
into orthorhombic CO2-III occurs [15]. Fundamental modes and, 
consequently, IR spectra of these phases differ. The IR spectrum of CO2-I 
shows two bending bands (ν2a, ν2b) and a single asymmetric stretching 
band (ν3). The CO2-III spectrum is characterized by splitting of the 
fundamental modes, showing in total three bending and two stretching 
bands. With increasing pressure, the stretching and bending vibrations 
have positive and negative shifts, respectively, in both phases I and III 
[15,28]. If the ν2 and ν3 bands observed in our work indeed arise from 

Fig. 2. Typical FTIR spectra of the studied diamonds showing analysis points with CO2-related absorptions. A – The whole recorded range, B – one-phonon region. 
For diamond FN7114, the spectrum of the brown zone is shown. For clarity, the spectrum of the specimen FN7114 is vertically displaced by 2 cm− 1. 
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the CO2–I phase, a linear correlation between their areas is expected. 
Fig. 8 shows correctness of this assumption for both samples. We 
emphasize that the spectra of the brown zone in diamond FN7114 show 
two main components in the ν3 region — ν3a and ν3b. Only ν3b appears to 
correspond to the CO2-I phase; areas of ν3a and CO2-I bands are inversely 
correlated. Based on the observed number of bands, positions and (ν2b +

ν2a) to ν3b area correlation, we can confidently assign ν2b, ν2a, ν3b to the 
CO2-I phase. 

A ν2b band centered at 650 cm− 1 contributes up to 15% to the ν2a 
(660 cm− 1) area. It behaves differently from that of ν3b and the 2415 
cm− 1 peak (the ν3a band, see below), transforming into a shoulder in the 
nitrogen-rich zone of the diamond. The ν2a and ν2b bands correspond to 
CO2 bending influenced by Davydov splitting. Lattice disorder markedly 
influences the magnitude of the Davydov splitting in molecular crystals. 
In particular, addition of 10% of H2O into CO2 ice leads to suppression of 
the splitting [29]. Consequently, the presence of distinct ν2b absorption 

may indicate purity of CO2-ice in inclusions. 

4.1.2. Isotopic 13CO2-I ν3b band 
A weak band at 2300 cm− 1 (Fig. 4B,D) is observed in the whole 

mapped region of sample FN7114 (Fig. 5N) and in zones with relatively 
high CO2 absorption in diamond FN7112. The measurement of the 2300 
cm− 1 band is complicated due to its superposition on intrinsic diamond 
absorption bands. For the profile across the sample FN7114, the area of 
2300 cm− 1 band was measured to be 0.5–1.2% of ν3b area. This band is 
redshifted 70 cm− 1 from the CO2 ν3b peak and its position varies along 
the profile from 2299 to 2305 cm− 1 whereas the ν3b peak shifts from 
2369 to 2375 cm− 1. The FWHM and spatial distribution of the ν3b and 
2300 cm− 1 bands behave in a similar manner. In harmonic approxi-
mation, substitution with a heavy isotope should redshift absorption 
bands and the area of the relevant band should correspond to the iso-
topic fraction, i.e. ~1.1% in the case of carbon. For crystalline CO2 the ν3 

Fig. 3. General view and FTIR maps of diamond FN7112. A – Photomicrograph; red rectangle shows the position of the FTIR maps. Specimen diameter is ~3.1 mm. 
Black rim is due to extinction in the crown; darkened roughly vertical fields to the right and left of the red rectangle – supporting polymer film. The FTIR maps are 
shown with a slightly changed aspect ratio and size than area marked on A. FTIR spectra of “black” mapped regions were obtained according to the standard 
procedure. B – Integrated area of 800 cm− 1 band, C – integrated area of carbonate band; D – integrated area of 3107 cm1 peak. E–G – integrated areas of CO2-related 
bands; H – position of ν3b band; I – residual pressure in CO2 inclusions calculated assuming absence of other factors influencing ν3b band position (see text for detail). 
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Fig. 4. CO2-related bands in FTIR spectra of the studied diamonds. A–D – Examples of spectral decomposition for ν2 and ν3 regions. A, B – diamond FN7112; C, D – 
diamond FN7114. Experimental atmospheric spectra are shown for comparison. Residues show the difference between experimental data and the model. E – High 
frequency part of a diamond FN7114 spectrum. 
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Fig. 5. General view and FTIR maps of diamond FN7114. A – Photomicrograph; red rectangle shows the position of the FTIR maps, arrow indicates direction of the 
profile. Specimen diameter is ~2.5 mm. Black rim is due to extinction in the crown; darkened roughly vertical fields to the left of the red rectangle – supporting 
polymer film. The FTIR maps are shown with a slightly changed aspect ratio and size than area marked on A. FTIR spectra of “black” mapped regions were obtained 
according to the standard procedure. FTIR maps: B, C, D, F – distribution of defects (see notations). E – Nitrogen aggregation. Inclusions: G – integrated area of 
carbonate band; H – integrated area of 800 cm− 1 band. I–O – CO2-related bands. I – Integrated area of ν3a band; J–L – integrated area, FWHM and position of ν3b band. 
M – Residual pressure in CO2 inclusions calculated assuming absence of other factors influencing ν3b band position (see text for detail). N, O – Integrated area and 
position of 13CO2 ν3b band. 
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13CO2 band is located at 2283 cm− 1 and is redshifted 62 cm− 1 from ν3 
12CO2 peak at 2345 сm− 1 [30]. Based on the observed changes in in-
tensity, position and width, the 2300 cm− 1 band can be assigned to the 
ν3b mode of 13CO2; thus we denote the 2300 cm− 1 band as 13CO2 ν3b. 

4.1.3. The 2415 cm− 1 (ν3a) band 
A band at 2415 cm− 1 denoted as ν3a [5] is observed in spectra of 

FN7114, but is practically absent in spectra of diamond FN7112 (Fig. 4B, 
D). This band can be enhanced by HPHT treatment of CO2 diamonds 
[11]. According to our data, the ν3a band area can reach 70% of the ν3b. 
Analyzing its behavior along the profile, one can see that this band is 
relatively intense in the brown part of the sample FN7114, but almost 
disappears closer to the N-containing zone. The gradual disappearance 

of this band correlates with an increase of broad features in 3200– 3700 
and 1450–1750 cm− 1 ranges (possibly, OH-related) and a weak peak at 
800 cm− 1. Judging from spectra with prominent 2415 cm− 1 band, its 
position and FWHM (~55 cm− 1) are approximately constant. The 
assignment of this band is uncertain, but several possibilities are dis-
cussed below. 

Hainschwang et al. [11] assigned the ν3a band to a highly shifted ν3. 
However, detailed examination shows that the ν3a band cannot be 
assigned to the CO2-I or CO2-III macroscopic phases. The value of 2415 
cm− 1 exceeds wavenumbers possible for CO2-I phase as it would imply 
pressures outside of the CO2-I stability field. For the CO2-III phase an 
increase of pressure from 9 to 20 GPa shifts ν3 bands from 2408 to 2436 
cm− 1 and from 2351 to 2369 cm− 1 [15]. The assignment of the 2415 

Fig. 6. Evolution of CO2-related bands in FTIR spectra along the profile across diamond FN7114. For A–D spectra are normalized, but no other manipulations are 
performed. A, B – Spectra of the brown zone. C, D – Spectra of the yellow and colorless zones. Dashed vertical lines at 660 (A, C) and 2370 cm− 1 (B, D) are provided 
for visual reference. E, F – Changes in band position and FWHM. Markers show band center positions; shaded regions are set to ±FWHM. The color scheme shows 
profile point number. 
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cm− 1 band to the CO2-III phase would also imply existence of a more 
intense feature centered at ~2355 cm− 1, which is actually absent. Sec-
ondly, the CO2 bending mode in spectra from sample FN7114 is doubly 
split, showing only ν2a and ν2b components, excluding the CO2-III phase. 
However, the ν3b and ν3a bands appear to be closely linked. Fig. 7A 
shows that areas of ν3a and ν3b bands are inversely related by a factor of 
2–3. Moreover, if the ν3a band is assigned to a shifted ν3, the linear 
dependence between the ν2 and ν3 area is violated for sample FN7114 
(Fig. 9). If we assume that the ν3a band is not related to the ν3 mode of 
CO2-I, the linearity is restored. 

The 2415 cm− 1 band could be a ν3 LO (longitudinal optical) phonon 
mode, provided that the thickness of the substance is sufficiently small 
and/or the incident IR beam is not perpendicular to the CO2 film surface 
[31]. At low temperatures in pure CO2 ice the LO phonon is blueshifted 
39 cm− 1 from the TO (transverse optical) mode. The shape and 
maximum position of the LO band depends on the presence of impurities 
in the ice [32]. It should be noted, however, that we do not observe 
features unambiguously assigned to the ν2 LO phonon mode. 

And last but not least, the ν3a feature may represent hydrogen bonds 
in hydrogen carbonates. For example, bands with important features in 
the relevant spectral range are observed in CO2⋅H2O complex and car-
bonic acid [33]; broadly similar spectra are reported for KHCO3 single 
crystal [34]. Albeit it readily decomposes at ambient conditions, car-
bonic acid is stable at pressures of several GPa and rather high tem-
peratures [35,36]. Of course, IR spectra of both carbonic acid and 

KHCO3 contain numerous bands absent in our case. Nevertheless, 
hydrogen bonds in protonated carbonate species are among plausible 
species responsible for the 2415 cm− 1 peak, since local environment of 

Fig. 7. Evolution of CO2 and N-related IR features along the profile across diamond FN7114. A – Concentration of nitrogen-related defects, areas of ν3a and CO2-I ν3b 
bands (the area of CO2-I ν3b band is multiplied by 0.25). B - Nitrogen aggregation plot for diamond FN7114. The activation energy and Arrhenius constant are from 
Taylor et al. [26]. The data are corrected for laboratory-based HPHT annealing described by Hainschwang et al. [11]. The color scheme shows profile point number. 

Fig. 8. Correlation of the integrated areas of CO2 ν2 and ν3 bands for studied diamonds. A – ν2a + ν2b and ν3b bands for diamond FN7112. Datasets for both map and 
profile through diamond FN7112 are shown. B – ν2a + ν2b and ν3b bands for diamond FN7114. 

Fig. 9. Correlation of the integrated areas of ν2a + ν2b and ν3b + ν3a bands for 
diamond FN7114. Presence of several segments is explained by evolution of 
areas of corresponding bands along the profile. Profile points between 1–20 and 
20–35 are influenced by ν3a and thus deviate from linearity. 
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HCO3
− ions may lead to marked spectral variations. If this assumption is 

correct, behavior of this band along the profile may correspond to 
gradual disappearance of the protonated compounds into CO2 and 
aqueous solution. A related process of diamond formation by pH drop 
was recently proposed by Sverjensky and Huang [37]. 

4.2. Shift of CO2 IR bands 

Several independent mechanisms may be responsible for blueshift of 
CO2 ν3 absorption bands and may influence their shapes: a) residual 
pressure; b) size, shape and eventual heterogeneous structure of CO2 
precipitates; c) strong interaction of CO2 with matrix; d) presence of 
impurities in the CO2. These possibilities are considered in detail below. 

4.2.1. Pressure effects 
In the case of CO2-containing microinclusions in diamond, the most 

common explanation for the shifted CO2 absorption bands is high re-
sidual pressure (e.g., [5,6,38]). Residual CO2-I pressure may be esti-
mated from the pressure shift of the absorption bands using the 
experimental data of Hofmeister and Lu [15] or Hanson and Jones [28]. 
In our work spectra with a CO2 ν3b area of at least 125 cm− 2, for which 
relatively precise peak position measurements were possible, were used 
for this purpose. The calculated pressures vary significantly for both 
samples. In sample FN7114 the values are 3.7–5.0 GPa (Fig. 5M). The 
observed positions of ν2a and ν2b also fit the expected values for ~4 GPa. 
However, the ν2a pressure derivative is too small for meaningful calcu-
lations using the available data; precise determination of ν2b position is 
difficult due to its transformation into a shoulder. For sample FN7112 
only some points have ν3b area of more than 125 cm− 2, so reported maps 
are incomplete. For sample FN7112 calculated pressures are 3.7–4.2 
GPa (Fig. 3I). 

The principal problem with the attribution of the blueshifted bands 
to pressure effects only lies in the peculiar spatial distribution of inferred 
pressures in the diamonds. This was noted already in previous works 
[5,6,11] and is addressed in more detail in the present work. In sample 
FN7112, the CO2 bands with the largest shift (the highest inferred 
pressure) form irregular zones. In diamond FN7114, the inferred resid-
ual pressure increases upon approaching the nitrogen-containing zone. 
The nitrogen aggregation plot for the latter diamond indicates that 
temperature was most likely decreasing during crystallization of the N- 
containing zone, which is difficult to reconcile with increasing pressure. 
Note, however, that nitrogen may be contained in IR-inactive defects or 
in unidentified defects with unknown IR cross-section. The IR beam may 
eventually average over several growth horizons, although this contri-
bution appears to be minor, since the trend on the Taylor plot does not 
show sharp or erratic changes. 

From calculations based on elasticity theory, Anthony and Meng 
[39] suggested that certain spatial distributions of microinclusions may 
indeed generate stresses approaching the crushing strength of diamond 
and lead to plastic deformation. In principle, partial release of the re-
sidual pressure by the plastic flow might be able to explain the gradual 
changes of CO2 bands positions. Chinn [5] suggested that extremely high 
pressures in some of diamonds are explained by partial graphitization of 
the inclusion walls, see Anthony [40] for relevant calculations. How-
ever, several observations indicate that pressure alone cannot be the 
cause of the band behavior: a) the pressure hypothesis does not explain 
the observed decrease of the absorption and band broadening; b) lack of 
correlation between the inclusions observed microscopically and the 
CO2 absorption peaks casts doubt on the “stress” hypothesis. X-ray 
topographs of these stones shows numerous small specks, which are 
almost certainly due to localized strain fields surrounding hexagonal 
inclusions. In the same time, X-ray topography, being a sensitive 
method, shows rather moderate degree of deformation and distribution 
of stress in the samples does not follow evolution of the CO2-related IR 
bands. 

4.2.2. Crystallography and structure of CO2 precipitates 
In thin crystals with cubic symmetry a LO phonon may appear in 

transmission mode IR measurements [31]; for thin layers of CO2 ices this 
was well demonstrated by Escribano et al. [41]. This effect may strongly 
distort the “standard” spectrum and novel peaks may appear as blue-
shifted bands of CO2. It was also shown [42,43] that in core-shell CO2- 
N2O and CO2-H2O nanoparticles the spectral envelope very strongly 
depends on the thickness of the layers (particle structure), shape and 
composition of the particles. Some of the CO2-diamonds from Chinn [5] 
(e.g., GC 859C, 727H, 790B, 874C on both presented spectra) show 
spectra remarkably similar to those modelled and measured by Isenor 
et al. [42]. Variations of composition and structure of the CO2-con-
taining inclusions may explain at least part of the observed complexity. 
We also note that, due to limited spectral resolution (2 cm− 1) of our 
experiment, variations in chemistry, shape, and stress state experienced 
by the CO2-species, fine structure of the CO2 absorption bands may be 
unresolved. 

4.2.3. Matrix interaction 
Hainschwang et al. [11] used the anomalous shifts, FWHM and in-

tensities of bands assigned to CO2 to propose that in the studied di-
amonds those features cannot be explained by microinclusions of CO2. 
Instead, they suggest that exsolution of oxygen impurities in the di-
amonds may form CO2 molecules and that their interaction with the 
diamond lattice is responsible for the observed spectral peculiarities. 
This scenario is qualitatively similar to the behavior of CO2-molecules in 
channels present in the structure of cordierite and some other minerals 
(see Chukanov and Chervonnyi [20] and references therein). For the 
diamond case, models resembling sub-nm voids with fullerene-like walls 
were considered, but correspondence between the calculations and 
experimental spectra is, at best, qualitative [44]. Refinement of this 
model requires very detailed analysis of atomic structure of the void 
walls, not performed yet. Assignment of the observed regular evolution 
of IR bands across diamond crystals to the voids filled with pure CO2 
necessitates a mechanism of similar changes in the void structure or 
changes in their size distribution. 

4.2.4. Influence of impurities in CO2 
A hypothesis, which, in our view, better fits experimental data, is 

discussed below. The presence of impurities in CO2 ice may influence 
positions, width and splitting of IR features. For example, in mixed CO2- 
H2O ice an increase of water fraction from 22 to 75% leads to blueshift of 
the ν3 maximum by ~10 cm− 1 [32]. Judging solely by the position of the 
ν3 maximum, such blueshift can be interpreted as an increase in pressure 
by ~1.5 GPa, which is obviously not the case. As already mentioned, 
admixture of water also leads to band broadening and a loss of ν2 
Davydov splitting occurs [32]. Raman study of fluid N2-CO2 inclusions 
in natural diamonds also suggests a strong influence of chemical 
composition on spectral features [7]. Examination of a profile across the 
FN7114 sample shows gradual evolution of position, FWHM and in-
tensity of the CO2-bands. In the nitrogen-rich zone CO2-I bands become 
weaker, broader and shifted. All those phenomena can be explained by 
an increase of the impurity fraction in the CO2 ice. 

4.3. Implications for oxygen in diamond 

Conclusive evidence for oxygen impurities in the diamond lattice 
remains elusive. However, there is a growing body of evidence that 
several spectroscopic features of diamonds could be related to this im-
purity: an optical absorption band with a peak at 480 nm [11], a peak at 
1060 cm− 1 in IR [13,45] and the 566 nm luminescence band [13]. 
Earlier works [6,11] indicated that the CO2 IR absorption is stronger in 
regions with lower concentrations of N-related defects, see also Fig. 7A 
from the present study. SIMS investigation of a large set of diamonds 
showed the existence of a positive correlation between total N and O 
contents [12]. Since the former element is clearly present as a 
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substitutional impurity, this correlation appears to support the hy-
pothesis of oxygen-related defects in the diamond lattice. We stress that 
the proportionality coefficient between N and O in SIMS data for the CO2 
and pseudo-CO2 diamonds differs considerably from those in samples 
lacking CO2 IR features. It was suggested that the coexistence of these 
two impurities in a given volume and their interaction prevents for-
mation and/or hinders IR manifestations of well-known N defects and at 
least part of the SIMS and X-ray scattering results can be explained by 
formation of N-O-containing inclusions. 

One of the main results of the present study is that the position and 
intensity of the CO2 peaks in diamonds are not entirely random, but, 
instead, gradual changes and/or domains enriched in CO2 are present. In 
many cases, crystallographic zoning revealed by cathodoluminescence 
is present [5,11]. All studies of CO2-diamonds mention anticorrelation 
of the carbon dioxide features and IR-active N and H impurities in the 
diamond lattice. Our detailed FTIR mapping and profiling show that 
although some amount of structural hydrogen and nitrogen is definitely 
present in all parts of the studied samples as manifested by the 3107 
cm− 1 peak, the CO2-absorption bands indeed become weaker with 
increased concentration of common A and B defects. Interestingly, dia-
mond synthesis in CO2-rich alkaline systems always is reported to pro-
duce N-rich crystals [13,46]. Incorporation of nitrogen in diamond is 
clearly a complex function of N speciation and abundance in the growth 
medium, which, in turn, depend on its composition and fO2. Therefore, 
the CO2-N(H) dependencies suggest the importance of the composition 
of the growth medium on the prominence of the CO2-features. Changes 
of fluid chemical composition will be pronounced not only in IR spectra 
of hydrous fluids or melts captured by diamonds [47,48], but also in 
spectra of CO2-bearing diamonds. 

5. Conclusions 

A detailed FTIR investigation of polished plates cut from two CO2- 
rich single crystal diamonds reveals that changes of the CO2-related IR 
features are not as random as it might seem from examination of bulk 
samples. Regular evolution of the position of the bands, FWHM and 
intensity is recorded for one of the samples; for the second stone, several 
domains with highly variable spectra are observed. Consideration of 
various possible mechanisms responsible for blueshift of CO2-absorption 
bands suggests that the observed spectral shifts cannot be explained 
exclusively by the residual pressure assumption. In our view, accounting 
for impurities (primarily aqueous and N-containing species) in entrap-
ped CO2 ice is necessary for consistent explanation of the data. In future 
works spatially resolved spectroscopic measurements are preferred over 
the bulk ones, otherwise strong peak overlap may occur. 

An important implication of our results is that shifts of CO2-related 
bands in diamonds should be employed as a barometer with great care. 
If unaccounted for, impurities in CO2 ice can introduce significant bias. 
In high purity CO2-I the ν2 band is subject to Davydov splitting. 
Consequently, CO2 spectroscopic barometry gives unambiguous results 
only in cases when Davydov splitting of CO2 ν2 band is clearly observed. 
Schrauder and Navon [6] reported a strong asymmetry of the ν2 CO2 
band, but in their spectrum there is no obvious Davydov splitting. This 
may indicate the presence of impurities in CO2 ice in their sample. Thus, 
the reported residual pressure appears to be overestimated as it was 
calculated solely based on the position of the CO2 bands. 

Our results allow explaining the nature of CO2 related bands in CO2- 
diamonds by the presence of impure CO2-I in microinclusions. However, 
this does not exclude the possibility of the presence of oxygen as a lattice 
impurity in diamonds. 
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