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Abstract

The infrared (IR) band strengths most often used to quantify laboratory and astronomical spectra of CO, ices are
now 60 yr old, from a time of slide rules and vacuum-tube technology. Not surprisingly, shortcomings are seen in
the original work when viewed from a 21st-century perspective. Continuing our group’s program of providing
new IR intensity results, we have reexamined the original study of frozen CO, IR band strengths and have added
to it with new measurements of solid CO, at several spectral resolutions and temperatures. Reanalysis of the
earlier work has uncovered an uncertainty in the strength of the most intense IR band of CO, (2342cm™ ',
4.27 pm) of more than 90%, which our new work reduces to about 2%. Although the literature’s integrated
intensities are similar to those reported here, line widths, absorption coefficients, and band shapes are significantly
different. We have also made direct measurements of an IR band strength for '?CO,, apparently for the first time.
Factors that influence the degree of crystallinity of a CO, ice have been explored, spectral changes on warming

and cooling CO; ices are described, and a radiolytic destruction is quantified.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Infrared spectroscopy (2285); Laboratory
astrophysics (2004); Chemical abundances (224); Ice spectroscopy (2250); Interstellar molecules (849)

1. Introduction

Accurate, reliable infrared (IR) band strengths of molecular
solids are needed for deriving abundances of solid CO, and
other ices in the interstellar medium and in our solar system,
such as from James Webb Space Telescope (IWST)
observations. IR band strengths are also required for calculating
yields in radiation-driven and photochemical reactions that
produce CO, at low temperatures and for measuring CO, vapor
pressures by IR spectroscopy (R. K. Khanna et al. 1990).
Just as important, accurate band strengths are needed for
making multicomponent ice mixtures for laboratory studies
(Y. Y. Yarnall & R. L. Hudson 2022).

Over the past decade, our research group has measured IR
intensities, as band strengths and optical constants, for about 40
compounds as solids. We recently presented new results on
carbon monoxide, CO, tracing the IR band strengths now used
by observational astronomers and laboratory astrochemists to
work done 50 yr ago, and then working forward to the present
(P. A. Gerakines et al. 2023). Unconventional approaches from
the literature were described, and errors were noted, some being
carried forward for a half-century with little or no question. A
similar publication (R. L. Hudson et al. 2024a) reported IR
intensities of methanol, CH3;0H, updating results from an earlier
paper (L. B. d’Hendecourt & L. J. Allamandola 1986). Even
more recent work (R. L. Hudson et al. 2024b) has reported IR
intensities of the interstellar molecules isocyanic acid (HNCO),
formaldehyde (H,CO), and formic acid (HCOOH), again
updating and correcting older results.

From examining CH3;0H data of 30 yr ago to reaching back
50yr to update work on CO, we now move back 60yr to
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consider IR intensities of CO, that were first published by
H. Yamada & W. Person (1964, hereafter YP64) and which are
still indirectly or directly used today. Carbon dioxide is one of the
more abundant, widespread extraterrestrial ices, being found both
within and beyond our solar system. However, it does not seem
to be realized, and is seldom acknowledged, by either laboratory
astrochemists or astronomical observers that the published IR
band strengths of solid CO, are from laboratory measurements
made in the 1960s with vacuum-tube technology, slide rules,
analog planimeters, and mechanical calculators. Those original
determinations of IR band strengths of solid CO, by YP64 have
been cited by laboratory and observational astronomers about
100 times since their publication. Added to those citations are
hundreds more to a later paper (P. A. Gerakines et al. 1995) that
used Yamada & Person’s results as a basis for measuring IR band
strengths of H,O 4 CO, ice mixtures. Altogether, this suggests
hundreds to perhaps thousands of published and unpublished
applications of Yamada & Person’s CO, work by astrochemists
worldwide over the past 6 decades.

Figure 1 compares two IR transmission spectra of the most
intense mid-IR band of crystalline CO,, both spectra measured
for sample temperatures at or near 70 K and with the IR beam
perpendicular to the sample’s substrate. Trace (a) was recorded
in our laboratory at a resolution and ice thickness of 2cm ™' and
~0.1 pm, respectively. Trace (b), from YP64, was recorded
with a slit width of 2.2 cm™" and then scaled along the Y axis to
absorbances for an ice thickness of ~0.1 ym from the original
value of 0.239 yum. The differences in these two spectra of
crystalline CO,, recorded 60 yr apart, are striking and strongly
support the need for fresh quantitative measurements.

Given the differences in the spectra of Figure 1 coupled with
solid CO,’s presence in a variety of extraterrestrial environ-
ments and the extensive use of IR spectroscopy to study such
ices, it is reasonable to reexamine the laboratory data on which
IR observations of solid CO, are interpreted and quantified.
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Figure 1. IR transmission spectra of the v asymmetric stretching region of crystalline CO, showing (a) a spectrum from this work and (b) a spectrum digitized
from YP64. The spectrum in (a) is for an ice with a thickness of ~0.10 m and at 70 K. Spectrum (b) is for an ice at 65-80 K and reported to have a thickness of
0.239 pm, but scaled here to 0.100 um. See the text for details. For both spectra, the IR beam was perpendicular to the sample’s substrate.

Such observations include measurements by the Infrared Space
Observatory, Galileo-NIMS instrument, the Spitzer Space
Telescope, the Hubble Space Telescope, and JWST. We have
already published on amorphous (noncrystalline) CO,
(P. A. Gerakines & R. L. Hudson 2015), so here we
concentrate on crystalline CO,, which is the most common
form identified by astronomers. Our primary interests are (i)
the intensities and shapes of IR features of solid CO,, (ii) the
formation and loss of crystallinity, and (iii) the applications of
IR intensities to chemical and physical changes.

2. Early Work on Solid CO,—Problems and Conclusions

Nearly all laboratory work on the IR intensities of solid CO,
can be traced to the aforementioned paper of YP64. Those
authors used methods similar to those we use here, albeit with
very different technology. As an example of a technological
difference, we can mention the scanning speeds noted in our
earlier paper (P. A. Gerakines et al. 2023). To acquire spectra of
sufficient quality for intensity measurements, a dispersive IR
spectrometer of 60 yr ago could take 24 hr for a complete mid-
IR scan from 5000 to 500cm™ !, a task that can take only
S minutes today with computer-controlled Fourier-transform
instruments. However, although acquisition times are now much
smaller, IR-intensity measurements both in 1964 and today
remain much more challenging than recording a spectrum and
measuring peak positions. Seen this way, it is not surprising that
so little additional IR-intensity work with CO, ices has been
done since 1964 within the astrochemical community.

The almost singular reliance on YP64 for laboratory data on
solid CO, is unfortunate, as a careful reading of that paper
reveals multiple problems and concerns. For example, no
condensation rate was stated for making solid CO, from
gaseous CO,, the specific temperature at which solid CO, was
made was not given, and neither was the specific temperature at
which IR spectra were recorded. No integration ranges were
given for measurements of band areas, and no specific IR

spectral resolution was stated, only slit widths. The labels in the
plots of those authors’ Figure 3 for assignments of the two
spectral bands are incorrect, the assignment in Figure 4 for the
spectral band is incorrect, the band strengths and uncertainties
for CO, in Figure 5 and Table 2 do not agree, and a
typographical error for the position of the vz band of CO, is
found in Table 2. The text mentions lines in the figures to
indicate uncertainties, but no such lines appear for CO,, and
although band strength uncertainties are listed in Table 2, no
explanation for their source was given.

Added to these concerns from YP64 is that the authors used
the origin (0, 0) as a data point, which it is not, in their Beer’s
law plots for band strengths, which artificially changed the slope
of each Beer’s law line, a result that carries over into each band
strength’s value and its use to derive extraterrestrial CO,
abundances. The authors of YP64 also state that the main source
of error in their results is the measurement of ice thickness, the
x-axis of their Beer’s law graphs, an observation with which we
and others (e.g., D. M. Hudgins et al. 1993) agree. The stated
uncertainty was 20% of an interference fringe, which is roughly
+0.04 pm for the authors' conditions. This makes little
difference in the results reported for relatively thick ices, but
it is important to consider for thin ones.

To address these concerns, we have replotted and reanalyzed
the data of YP64 for the CO, IR bands near 2340 cm ™' (13) and
660 cm ™! (12), focusing here on the stronger feature, the one at
2340 cm™ ", for which only three data points were reported. Panel
(a) of Figure 2 shows those three points and the difficulty of
discerning a linear (Beer’s law) relationship from them. Panel (b)
shows the published analysis of YP64, which was to fit the three
points with a least-squares line forced to pass through (0, 0),
which gave a respectable * = 0.99 for the goodness of fit. Panel
(c) shows the result of our reanalysis of the data using a linear
least-squares routine that accounts for an uncertainty of about
40.04 pym in ice thickness and that excludes (0, 0). The method
followed is that of W. H. Press et al. (1992), but other routines
are available (e.g., J. A. Irvin & T. I. Quickenden 1983). The
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Figure 2. Data of YP64 for the 13 asymmetric stretching region of crystalline
CO, showing (a) the three points published by those authors, (b) a least-
squares fit of the published data augmented with (0, 0) by those authors, and
(c) a least-squares fit of the published data by the present authors using the
uncertainties in ice thickness but not using (0, 0). See the text for details.

result is that /7 in panel (c) is a mediocre 0.66, the regression
line’s slope is larger than in (b), and the slope has an uncertainty
of about 90%. This 90% uncertainty carries over into the band
strength for that same IR feature and its use in calculating
abundances of extraterrestrial solid CO,. In a strong contrast to
Figure 2, no such radical changes were found with a similar
reanalysis of the data of YP64 for the 660 cm~! band of CO,,
mainly due to more ices being studied over a larger range of
thicknesses. Data for that band will be shown later in Section 5.2.

Table 1 summarizes many of these concerns and conditions
from YP64. Table 2 gives numerical results from our
reanalysis of the data in YP64, with little change seen for the

Hudson, Yarnall, & Materese

Table 1
Conditions in a Study of Crystalline CO,’s IR Intensities®

V3 %)

o position/cm ™! 2342 660, 654
A position/pm 4.27 15.2, 153
Temperature/K 65-80 65-80
No. of ices 3 5
No. thicknesses 2 3
Thickness range/um 0.17-0.25 0.4-1.6
Ice deposition rate/pm hr! Unknown Unknown
IR resolution/cm ™" Unknown Unknown
Integration range(s) Unknown Unknown

Note.
 Taken from YP64. Different sets of ices and spectrometer settings were used
to study the two IR bands listed here.

660 cm ' band, but a larger change in band strength and a
significant uncertainty (~90%) for the 2340 cm™' feature.

Given all of these concerns and problems arising from
Figures 1 and 2 and Tables 1 and 2, and the widespread need
for accurate IR intensities for solid CO,, here we report new
mid-IR band strengths for 12C02 and 13C02 ices. Intensities
are given for three resolutions and two temperatures. We also
address the production and the loss of crystallinity, changes in
CO; band shapes, vapor pressures of crystalline CO,, and the
results of new radiation-chemical measurements.

3. Experimental Methods
3.1. Procedures and Equipment

The procedures and equipment used in this work were
essentially the same as in our studies of N,O, CO, and CH;OH
ices (R. L. Hudson et al. 2017, 2024a; P. A. Gerakines et al.
2023). IR spectra were recorded in a conventional transmission
mode with the IR beam perpendicular to the plane of the
substrate, as in our earlier work, and to match the configuration
of YP64. We focused on the 5000-500 cm ' mid-IR region,
with all work being done with a Thermo iS50 IR spectrometer
equipped with a DTGS detector. Acquisitions typically involved
200 scans. Resolutions varied from 8 to 0.125 cm_l, but most
work was done at 1, 0.5, and 0.25 cem L.

Deposition (condensation) rates of CO, gas onto a precooled
Csl substrate to make crystalline ices were such as to give an
increase in each ice’s thickness of about 1pmhr™". (The
substrate was ZnSe for radiation experiments.) The refractive
indices (A = 670 nm) and densities needed to use Equations (1)
through (3) below were found, as before, by measurements with
two-laser interferometry (K. E. Tempelmeyer & D. W. Mills
1968) and a quartz-crystal microbalance (R. L. Hudson et al.
2017). Carbon dioxide (research grade) was obtained from
Matheson, as were all other gases used. Water was degassed and
triply distilled with a resistivity above 10" ohm cm.

The method used to measure ice thicknesses is based on the
interference technique that was first described by J. Hollenberg
& D. A. Dows (1961) and which was employed for the original
CO, ice measurements of YP64. It is the method used for both
of the spectra in Figure 1. In short, as CO, gas was condensed
onto a precooled IR-transparent substrate, interference fringes
from an incident light of wavelength \ passing through the ice,
and here perpendicular to its surface, were recorded, which
gave the ice’s thickness from Equation (1) below, where n is
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Table 2
Published and Reanalyzed IR Intensities of Crystalline CO,

V3 V3 123 1%

Published’ Reanalyzedh Published’ Reanalyzedh
Position(s) /cm ™" 2342 2342 660, 654 660, 654
Position(s)/pm 4.27 4.27 15.2, 153 15.2, 14.3
A’/em molecule ™! 7.6 x 1077 89 x 107" 1.3 x 1077 1.1 x 107"
Uncertainty in A’/cm molecule " 9.9 x 1078 8.0 x 1077 12 x 1078 1.1 x 1078
% Uncertainty 13 90 9 10

Note.

# From Table 2 of YP64 and using the conversion 1 dark = 1.66 x 10~2' cm molecule .

1

® Data of YP64 reanalyzed by the present authors (i) using a linear least-squares fit with uncertainties (~0.1 interference fringe = 0.04 pm) in ice thickness included

and (ii) not using (0, 0) as a data point. See the text.

the refractive index of the frozen CO, at A and Ny is the
number of interferences observed,

_ NiA )
o

Ices of various thicknesses were prepared, and the IR
spectrum of each was measured. A conventional Beer’s law
plot of the area of an IR absorbance band as a function of ice
thickness /& possessed a slope that yielded the feature’s
apparent band strength, A’, according to Equation (2),

A/
fb . (absorbance) div = (pN ) h. 2)
an

h

2.303

In this last equation, py is the number density py = p
(Na/M), where p is the mass density (usually in grams per
cubic centimeter). The other symbols are Ny for Avogadro’s
constant (i.e., 6.022 x 10?* molecules mole ') and M for the
ice’s molar mass (grams per mole), giving py, the ice’s number
density, in units of molecules per cubic centimeter. The factor
of 2.303 ~ In(10) is needed to convert absorbance to optical
depth. The corresponding equation for an IR peak’s strength is
Equation (3) below, with o’ being the apparent absorption
coefficient,

!/
absorbance :( @ ) h. 3)
2.303

Graphing the left-hand side of Equation (3) as a function of
h gives a line with a slope from which o’ can be found. As an
aside, we recognize that several names are associated with the
laws of light absorbance, path length, and concentration
expressed by Equations (2) and (3). Here, we use the term
“Beer’s law” for convenience, but see T. G. Mayerhoofer et al.
(2020) for an accurate review of this topic.

Measurements, in addition to IR spectral intensities and
shape,s included vapor pressures and proton irradiations of
crystalline CO,. Vapor pressures of CO, were measured with
the quartz-crystal microbalance method described in
R. L. Hudson et al. (2020). Proton irradiations of CO, ices
used the same equipment and procedures found in
P. D. Tribbett et al. (2024), R. L. Hudson & R. F. Ferrante
(2020), and references therein. Stopping powers were
computed with the Stopping and Range of Ions in Matter
(SRIM) program of J. F. Ziegler.*

4 .
Www.srim.org

3.2. Uncertainties

The most relevant uncertainties in our results are those of the
slopes of the two types of plots already mentioned, the slopes
that are used to derive A’ and «/. Their uncertainties were
estimated as in our allene paper (R. L. Hudson & Y. Y. Yarnall
2022) using both a propagation-of-error approach and a linear
least-squares fitting routine with uncertainties considered in
both the x and y quantities (J. A. Irvin & T. I. Quickenden 1983;
W. H. Press et al. 1992). Final uncertainties in A’ are near 2%
for 70 and 50K crystalline CO,, but higher (~10%) for o’,
mostly from the smaller number of ices studied. In all cases, a
substantial effort was made to determine ice thicknesses with a
higher accuracy than in our previous papers, the result being
an uncertainty of about a 20th of an interference fringe or
about £0.01 um. In contrast, the uncertainty in YP64 was
about +0.04 pm.

The uncertainties in the slopes of our Beer’s law plots were
dominated, for the most part, by the uncertainties in ice
thickness just described. Band areas and peak heights changed
by ~1% at most on multiple measurements. This latter
uncertainty was included in our calculations, but was rarely
significant, if at all. Band integrations were carried out with the
GRAMS/AI software package, version 9.3 (Thermo Fisher).
Accuracy and precision were greatly aided by the lack of
overlapping IR features of crystalline CO,.

4. Results
4.1. Densities and Refractive Indices

Values of refractive index (n) and density (p) were needed for
calculating IR band strengths of CO, with Equations (1) and (2).
Beyond previous work in our own laboratory (M. J. Loeffler
et al. 2016), there are conflicting values of n and p in the
literature for the temperatures of interest here. See W. Schulze
& H. Abe (1980) and M. Domingo et al. (2015). For the present
study, we repeated earlier measurements on crystalline CO,
made at 50 and 70K. Averages (and standard errors) of
triplicate measurements gave ng;o = 1.384 +0.003 and p =
1.619 + 0.004gcm73 at 50K and ng;0 = 1.403 +0.006 and
p=1671+£0.008gcm > at 70 K.

4.2. IR Intensities

Figure 3 shows an IR survey spectrum of crystalline
CO, made at 70K, the spectrum being recorded at 70K
at a resolution of 1cm™'. Figure 4 has expansions of
several regions, with assignments. The 1, doublet at


http://www.srim.org

THE ASTROPHYSICAL JOURNAL, 995:89 (17pp), 2025 December 10

0.8 r
70K CO,
0.6
04

0.2

Absorbance

Hudson, Yarnall, & Materese

J 1 Ll

0.0 L

PR S W W I W W
5000

Wavenumber /cm

4000 3000 2000 1000

1

Figure 3. IR survey spectrum of crystalline CO, made, and the spectrum recorded, at 70 K. The ice thickness was approximately 0.055 pm, and the resolution
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Figure 4. Expansions of four regions of the spectrum shown in Figure 3. The ice thickness was approximately 0.055 pm, and the resolution was 1 cm™ .

675-645cm ' is shown in Figure 5 for ices of different
thicknesses, again each ice being made and its spectrum
recorded at 70 K. From integrations of these IR bands and
measurements of ice thickness, Beer’s law plots were
prepared, and band strengths (A’) were derived as already
described. The upper panel of Figure 6 shows a Beer’s law
graph for the v, feature near 660 cm ™', 20 ices being made
and their spectra recorded at 70 K, as in Figures 3-5. This
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procedure was repeated, with one exception (vide infra), for
other IR features of CO,, and Table 3 summarizes the results.
Band strengths for similar work with ices made at 50 K are
given in Table 4.

The v3 band of CO, near 2340 cm ™' was the exception to
the procedure just described, a different procedure being
required due to that feature’s great intensity. To evaluate A’
(2340cm™ "), we simply ratioed its band area to that of the
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Figure 5. The 1, band of 70 K CO, for ice thicknesses of 0.060, 0.119, 0.179, 0.239, 0.298, and 0.358 um. The spectral resolution was 1 em ™ Spectra are offset
slightly along the vertical axis for clarity. The small shoulder near 651.8 cm ™' is due to '°0="2C="%0.

660 cm ™! feature in IR spectra of 13 ices, different from those
of the 20 already mentioned, and where neither IR band was
saturated, which corresponded to a maximum ice thickness of
about 0.13 um. The lower panel of Figure 6 shows a good
correlation between the areas of the two bands. We should
point out that this procedure was mentioned in YP64, but it
was not used for band strength determinations. Those authors
used calibrations of ice thickness from one set of samples to
determine thicknesses and the »; band strength on a different
set of ices. That approach, which we do not recommend, is
avoided by our use of band area ratios, which requires that
only a single set of thicknesses be determined.

From Tables 3 and 4, we call attention to A’ (3, 2283 cm™ )
for 13C02. To our knowledge, this is the first direct
measurement of this IR feature’s intensity for solid '*CO,.
We used the same 20 CO, ices for our A’ (5, >CO,) and A’
(V3,]3C02) measurement and assumed natural abundances for
2C and "*C of 98.9% and 1.09%, respectively. Close
inspection of the '*CO, feature in Figure 4 shows a small
absorbance near 2285 cm ™! to the left of the largest band and a
shoulder near 2280 cm ™" to the right, which have been seen by
others (J. E. Cahill 1977) and ascribed to isotopic percolation
in the crystalline ice (T. S. Kataeva et al. 2015). See
M. K. McClure et al. (2023), J. A. Sturm et al. (2023), and
K. J. Chuang et al. (2023) for recent astronomical observations
in which A’ (2283 cm !, 13C02) was needed to determine an
interstellar 13C02 abundance.

Very close inspection of Figure 4 also reveals a very small
Peak near 2327 crnfl, A = 430 pum, which we assign to

’C'°0"0. Its expected abundance is about 0.2% of our sample,
so low that we did not study this feature further. However, we
note that a small peak at this same position has recently been
reported in JWST spectra of Callisto by R. J. Cartwright et al.
(2024), although there is an uncertainty as to its precise
assignment.

The results of Tables 3 and 4 are for ices made at 70 and
50K, respectively. We found that the band shapes, positions,

and areas in the IR spectra of ices made at those temperatures
scarcely changed on cooling to 10K. Among the larger
changes in peak positions were for the v, doublet, which
shifted from 659.65 and 654.66 cm™" at 70K to 659.56 and
654.45 cm™! at 10 K, measured with a resolution of 0.25 cm ™",
Table 5 shows that cooling ice from 70 K to 10 K also hardly
changed the widths of the IR bands studied. Tables 3 and 4
also show that the differences in intensity with resolution
varied from band to band, but that in each case they varied
little between 50 and 70 K. The IR absorptions of amorphous
CO; are sufficiently broad and featureless that band strengths
hardly change at all on going from a resolution of 1cm™' to
higher values (i.e., 0.25 cm ). A few measurements of
apparent absorption coefficients (o) were made in accordance
with Equation (3). All were done with CO, ices at 70K for
comparison to values of o that we estimated from YP64.
Results are summarized in Table 6, to which we return in our
Discussion section (Section 5).

4.3. IR Band Shapes and Crystallinity

The work just presented concerns IR band strengths of
crystalline CO,, but we are also interested in how crystallization
can be promoted or inhibited. A common approach to making
crystalline CO,, in addition to direct formation by vapor-phase
deposition (e.g., Figure 3), is to warm an amorphous
(noncrystalline) ice. Since there are few published IR spectra
showing the conversion of amorphous CO, into crystalline CO,,
in Figure 7, we show such a warming sequence. The original ice
was made at 10K as described in P. A. Gerakines &
R. L. Hudson (2015). The crystallization above 20-25K is
supported by the usual observations of irreversible band shifts,
band splittings, and the narrowing of individual features. See
R. M. Escribano et al. (2013) or M. Tsuge et al. (2020) for
similar IR spectra of amorphous CO, showing the conversion.
We have not studied the crystallization rate.

We note here that in Figure 7, the area of the v; band (upper
panel) decreased about 3% on warming from 10 to 70 K, but



THE ASTROPHYSICAL JOURNAL, 995:89 (17pp), 2025 December 10

6

5
Wl
)
2

V, Band Area / cm’”

Ice Thickness / 10'5 cm
12 ¢
10
8 L

V4 Band Area /cem”

6
ul
‘|
0

| YT S [N U VRN T U VT NN VAN SN S [T ST ST T N U T S [N

00 02 04 06 08 10 12 14

V, Band Area / cm’™

Figure 6. Upper: Beer’s law plot for the 675-645 cm ™' feature of 20 CO, ices
at 70 K. The spectral resolution was 1 cm™'. Lower: measurements of 13 ices
showing the correlation between the areas of IR bands near 2340 and
675-645 cm ™! for 70 K CO,. The ices used to measure A’ for the v5('2CO,)
feature were different from those used to measure the other IR bands of solid
CO,. See the text.

then increased about 1% on recooling to 10 K. The area of the
v, band (lower panel) increased by about 17% on warming from
10 to 70K, but hardly changed further on recooling to 10 K.
The amorphous (noncrystalline) nature of the 10K ice in
Figure 7 was supported by, among other things, the presence of
two weak features due to Fermi resonance near 1388 and
1285cm . See Figure 8. Those peaks, which are forbidden in
crystalline CO,, have been documented by, among others,
M. E. Jacox & D. E. Milligan (1961), M. Falk (1987),
H. W. Lowen et al. (1989), and C. F. Windisch et al. (2012). As
expected, those two peaks disappeared when an amorphous CO,
ice crystallized on warming above ~20 K and were not seen at
all in the spectra of ices made at higher temperatures, such as in
Figure 3. Conversely, positions of the two intense v, bands that
appeared near 660 cm ™~ in Figure 7 with increasing temperature
matched those of crystalline ices made at 50 and 70 K, the two
peaks being from a factor-group splitting first described by
W. R. Osberg & D. F. Hornig (1952). The asymmetric band
shapes in the initial spectrum of amorphous CO, in Figure 7
resemble the asymmetric shapes in the IR spectra of amorphous
ices made from two other cumulated, 16-valence electron,
isoelectronic counterparts of O=C=O, nitrous oxide, N=N=0
(R. L. Hudson et al. 2017), and allene, H,C=C=CH,

Hudson, Yarnall, & Materese

(R. L. Hudson & Y. Y. Yarnall 2022). See also the asymmetric
IR band shapes in amorphous ices made from the isoelectronic
molecules C=0 and HC=CH in P. A. Gerakines et al. (2023)
and R. L. Hudson et al. (2014), respectively, or IR spectra of
amorphous ices made from SO, and O3, two other iso(valence)
electronic molecules (M. A. Ovchinnikov & C. A. Wight 1995;
A. C. A. Boogert et al. 1997).

We have investigated the influences of several variables on
the appearance or absence of the two IR components of
crystalline CO, near 660 cm™ ' in Figure 5, examining their
dependence on deposition rate, ice composition, and deposi-
tion temperature, in that order. In Figure 9, we show IR spectra
of four CO; ices prepared under different conditions. Spectrum
(a) is of an ice made at 10K, (b) is for an ice made more
quickly at 10K, (c) is for an ice made at 10 K with the same
faster rate but with H,O present (ratio of CO,:H,O = 10:1),
and (d) is for the mixed ice made at both the faster rate and at a
higher temperature, 17 K. (The ice of (a) grew at a rate that
increased its thickness by about 0.1 umhr™', but the other
three ices grew at rates that were 8—10 times faster.) The
influences that cause the two peaks to separate or coalesce are
clearly seen and easily summarized. Higher deposition rates
promote crystallization and a splitting of the v, band due to the
greater release of condensation energy and heating of the
amorphous ice. Higher deposition temperatures do the same.
Conversely, the presence of a second component, H,O in
Figure 9, hinders CO, crystallization and removes the factor-
group splitting, so that only one peak appears.

The changes in Figure 9 are first to increase the deposition
rate, then to add a second component to the ice made at the
higher rate, and then to keep the higher deposition rate and ice
composition, but to raise the deposition temperature to 17 K.
We have also examined an altered sequence in which, going
from (a) to (b), the ice’s deposition temperature is changed
from 10 to 17 K, then the third ice, (c), is made at the higher
temperature and with X added to reduce crystallinity. Finally,
the fourth ice is made of the same type of binary mixture, but
more quickly. To date, we have used X = H,O, CO, N,, and
C,H,, and in all cases reached the conclusions already drawn
from Figure 9. The molecules chosen include polar and
nonpolar cases, as well as diatomics and polyatomics.

Another important variable in such work is the amount of X,
the second component, present in the ice. We have not
succeeded in destroying the crystallinity of a CO, ice unless
the second component (X) is present at the level of ~10% or
more of the CO, abundance. Trace amounts of H,O, N,, or
other common contaminants did not bring about the effects
shown in Figure 9. For example, in one experiment, we
measured the background H,O contamination as about 0.05%
when compared to CO,. This was not high enough to produce
or alter the changes of Figure 9.

Again, the papers of R. M. Escribano et al. (2013),
P. A. Gerakines & R. L. Hudson (2015), and M. Tsuge et al.
(2020) can be consulted for earlier work on some of these
topics.

4.4. Two Applications

Two uses of our work are described here, one involving a
physical change and the other a chemical change.
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Table 3

CO, Band Strengths (A’/l()’17 cm molecule™!) at 70 K*
Assignment v+ s 25 + 13 13('?CO,) 13("?C0O,) v2(12COy)
Position(s) 3708 3600 2344 2283 660 and 655
Integration Range 3712-3703 3603-3596 2388-2325 2287-2275 675-645
0.25 cm ™! resolution 0.141 0.0585 8.87 10.1 1.34
No. ices used 20 20 6 20 20
0.5 cm ™! resolution 0.137 0.0572 8.18 9.92 1.28
No. ices used 20 20 10 20 20
1 em™! resolution 0.126 0.0540 8.17 9.70 1.15
No. ices used 20 20 13 20 20
Note.

# Positions and integration ranges are given in units per centimeter. Band strength uncertainties are 2% or better. Each Beer’s law plot had a correlation coefficient of
at least 0.992. The ices used to measure A’ for the v3('>CO,) feature were different from those used to measure the other four bands. See the text.

4.4.1. Vapor Pressures of Solid CO, Ices

Vapor pressures of solid CO, undergoing sublimation have
been measured as far back as W. F. Giauque & C. J. Egan
(1937) and as recently under ultrahigh-vacuum (UHV)
conditions by C. Milldn et al. (2024). As part of the present
work, we have measured CO, vapor pressures with the same
quartz-crystal microbalance and procedure of our earlier work
(R. L. Hudson et al. 2024a), finding good agreement with the
CO, results of C. Millan et al. (2024). However, a problem
exists in the literature related to CO,, namely, the vapor
pressures reported by R. K. Khanna et al. (1990). Those
authors described an IR-based method for following CO,
sublimation at a fixed temperature and then used the results to
extract a vapor pressure. The resulting CO, vapor pressures
differed substantially from those in the literature, which
weakened the authors’ arguments for the benefits of their
method. The situation is illustrated in the upper panel of
Figure 10, where the open (white) circles are our UHV
measurements for crystalline CO,, each point being an average
of six measurements. The disagreement with the four IR-based
measurements of R. K. Khanna et al. (1990), plotted as red
squares, is clear. This disagreement might be due to errors in
the IR experiments, errors in the reduction of the data, or
deficiencies in the IR method itself. Since Khanna et al. did not
provide details on either their measurements of ice thicknesses
or the value of CO, density on which their results depended, it
is hard to identify the source of the problem.

To better test the IR method for measuring vapor pressures,
we carried out sublimation measurements with four CO, ices,
each held at a different temperature. Each ice was made at
70 K, warmed to the temperature of interest, and the decrease
in the area of the v, feature, from near 675 to 645 cm™ !, was
followed over time. The results were analyzed with the data in
our tables (band strengths at 70 K and 1 cm ™' resolution, p at
70 K). The sublimation pressures that resulted are indicated by
the four squares in the bottom panel of Figure 10, which show
agreement with our UHV results. We conclude that the IR
method gives reasonable sublimation pressures for CO, and
that the differences published by R. K. Khanna et al. (1990) are
not from the method itself.

The Clapeyron equation used to fit our vapor pressure data
from 83 to 96 K is shown as a straight line in both panels of
Figure 10. The equation’s final form, with pressure in Torr and

temperature in kelvins, is as follows:
In(P) = (—3352)(%) + 24.41. 4)

This equation’s slope of (—AHg,,/R) = —3365K gave the
enthalpy of sublimation of crystalline CO, as AHg, =
27.9kI mol ', in good agreement with AHg, = 27.2kJ mol
from C. E. Bryson et al. (1974) over the same temperature range,
and slightly better agreement with the AHg,; = 27.6kJ mol ! of
C. Millan et al. (2024). Our four points from IR measurements
gave AHg,, = 26.8kJ mol ™, also in reasonable agreement with
the literature. We also should mention that the vapor pressures of
C. E. Bryson et al. (1974) are about 20% higher than those of
C. Millan et al. (2024) over the temperature range shown in our
Figure 10. Our vapor pressures favor those of C. Mill4n et al.
(2024), being only about 10% below them. We estimated that our
vapor pressure uncertainties were ~1% over the temperature
range studied, and our enthalpy of sublimation’s uncertainty was
+0.5kI mol .

4.4.2. Radiation Chemistry of CO, Ices

Some years ago, we reported far-IR spectra of crystalline
CO, before and after irradiation by 0.9 MeV protons (p*) at
13 K, the spectra showing both an amorphization and a loss of
the ice on irradiation (R. L. Hudson & M. H. Moore 1995).
Few quantitative results were reported at the time, so we have
reinvestigated irradiated crystalline CO, armed with new
values of the ice’s density, thickness, and mid-IR band
strengths to help quantify the results.

Our choice of temperatures for our new work was
influenced by a paper of D. V. Mifsud et al. (2022b) that
reported a dramatic difference in the loss of crystalline CO, at
20 and 50 K on irradiation by 1 keV electrons. In Figure 11, we
show part of the IR spectrum of two ices of the same column
density (each made at 70K and cooled) before and after
irradiation to the same dose with 0.9 MeV p'. The similarity
of (a) and (b) for 50K to (c¢) and (d) for 20 K, respectively, is
obvious. The yields of the reaction products CO and COj are
also seen to be similar for the two ices. Both experiments were
repeated 3 times for the same thicknesses, temperatures, and
doses seen in the figure, and with the same results, namely,
little difference in the loss of CO, or the yield of products due
to temperature.

Decay curves for the two ices of Figure 11 are shown in
Figure 12, with only a slight difference seen in the decay rates.
Radiation-chemical G values were calculated for crystalline
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Table 4

CO, Band Strengths (A’/l()’17 cm molecule™) at 50 K*
Assignment vy + s 2uy + v3 v3(*2C0O,) v3(**C0O,) v,(12C0O,)
Position(s) 3708 3600 2344 2283 660 and 655
Integration Range 3712-3703 3603-3596 2388-2325 2287-2275 675-645
0.25 cm ™! resolution 0.142 0.0597 10.8 9.98 1.42
No. ices used 5 5 5 5 5
0.5 cm ™! resolution 0.138 0.0554 10.1 9.92 1.40
No. ices used 5 5 5 5 5
1 cm™! resolution 0.124 0.0524 8.78 9.72 1.27
No. ices used 10 10 13 10 10

Note.

# Positions and integration ranges are given in units per centimeter. Band strength uncertainties are 2% or better. Each Beer’s law plot had a correlation coefficient of
0.992 or higher. The ices used to measure A’ for the v5('2CO,) feature were different from those used to measure the other four bands. See the text.

Table 5

Widths of Crystalline CO, IR Bands" - 70K
50 K
IR Band and Position Resolution FWHM 0.4 30K
~1 A r
(em ™) (em ™) (cm” ) 3
70 K 10K [
© L
v+ 15 1 1.37 1.39 -e
3707.82 0.5 1.07 1.09 (@)
0.25 0.92 0.98 8 0.2
3599.58 0.5 0.78 0.71 L
0.25 0.56 0.54
13(12C0O,) 1 3.61 343 0.0 =
2343.78 0.5 3.583 3.48 : renres EEPEENEEE B RPN R
0.25 57 3.48
(°COy) h - Iss 2380 2360 2340 2320 2300
2282.50 0.5 1.40 1.21 -1
0.25 1.23 1.02 Wavenumber / cm
V5 1 1.15 1.23
659.59 0.5 0.90 0.94
. 0.25 0.83 0.89 0.15 ¢
v; 1 1.11 1.12
654.59 0.5 0.76 0.79
0.25 0.61 0.70
()
Note. Q 0.10
. c
#The CO, ice was made at 70 K and then cooled to 10 K. Positions, o)
resolutions, and widths are given to the nearest 0.01 cm ™', but probably are .e
accurate to only 0.1 cm (@)
(72]
2 0.05
Table 6 <
Apparent Absorption Coefficients (o//cm™') at 70 K
Resolution and Source V3, 2344 cm ™! V5, 660 cm™! O 00
1 em ™", this work 348,000 111,000 ' —
2 cm™ !, this work 315,000 62,000 680 660 640
4 cm™', this work 224,000 32,000

YP64 (slit width)®

135,000 (2.2 cm™ )

52,000 (1.0 cm™ ")

Note.

# Values of o/ for YP64 were estimated from the authors’ Figure 2, the
spectrum in each region being recorded with a dispersive spectrometer and the
slit widths indicated here. The values of o/ from the present work are based on
eight ices at 70 K. Uncertainties in o/ are about 10%. Each Beer’s law plot for
“this work™ had a correlation coefficient of 0.992 or higher.

CO; at 50 and 20K in the usual way by looking at the early,
linear parts of each decay curve. We found G(-CO,,
50K) = 1.2 and G(-CO,, 20K) = 1.6 with an uncertainty
of about +0.1. Readers unfamiliar with quantification and

Wavenumber / cm'1

Figure 7. IR spectrum of amorphous CO, made at 10 K and then warmed to
20, 30, 50, and 70 K. The resolution was 0.25 cm™ !

units in radiation chemistry might find Equation (A.1) of
P. A. Gerakines et al. (2012) useful for calculating G values.
Conversions among three units of radiation dose are 1 eV/CO,
molecule = 2.19 MGy = 219 Mrad.

Figure 13 shows the bending vibrational mode, v,, of a
crystalline CO, ice before and after an irradiation at 50K to a
dose of ~46eV per molecule, the ice having been made at
70K before cooling to 50K. The loss of the crystalline



THE ASTROPHYSICAL JOURNAL, 995:89 (17pp), 2025 December 10

0.004

0.002

Absorbance

0.000

V+

Hudson, Yarnall, & Materese

1500

1400

1300

Wavenumber / cm'1

Figure 8. Fermi resonance pair for CO, at 10 K. The ice thickness was about 0.72 pm.

sample’s two tall, sharp peaks on irradiation and the formation
of the smaller, more-rounded feature are interpreted as
amorphization of the sample. This was supported by the
emergence of the two Fermi resonance features of Figure 8 on
irradiation. Rewarming the irradiated ice to 70 K removed the
Fermi resonance bands and gave a spectrum with the two sharp
pre-irradiation peaks near 660 cm™ ', but with a roughly 40%
smaller band area due to conversion of CO, into radiolytic
products. No attempt was made to calculate the percents of
crystalline and amorphous CO, ice in the irradiated sample.

It is difficult to accurately determine the yields of the two
radiation products in Figure 11 because, among other things,
firm band strengths have not been published for either CO or
COs; in solid CO,. To estimate CO yields, we simply adopted
A’ (’CO) = 9.40 x 107'® cm molecule ™' (P. A. Gerakines
et al. 2023), used A’ (**CO,, 50K) = 9.72 x 1077 cm
molecule ™! from our Table 4, and recalled that the natural
abundance of "°C is 1.09%. From the decreases in band areas
of '>CO, and the increases in band areas for '*CO in Figure 11,
we calculated conversions of 99% and 110% for 50 and 20 K,
respectively. As these are rough estimates, we simply conclude
that the CO, — CO conversion is sufficiently efficient that it
dominates the formation of other radiolysis products, as
expected. The lack of additional information on band strengths
of CO and CO, with both temperature and ice composition
prohibits more precise statements.

5. Discussion
5.1. Densities and Refractive Indices

Our new values of ng;9 and p at 50 and 70 K agree with
those found earlier in this laboratory (M. J. Loeffler et al.
2016) and also with the results of W. Schulze & H. Abe
(1980), who reported ngz; ~ 1.4 and p = 1.6—1.7gcm*3 at
these temperatures. The polarizability (aco,) of CO, can be
estimated from Equation (4), where M is the molar mass in
grams per mole,

(@m/3)Ny acor = M/p)(* — 1)/ (n* + 2). (4a)

10

Substituting in our ng7o and p values gives, after converting
the units, aco, = 2.52 and 2.55 A’ at 50 and 70K,
respectively, close to the gas-phase value 2.63 A’ at 647 nm
(G. R. Alms et al. 1975).

The ng33 ~ 1.34 and p~ 1.5 gcm > of M. Domingo et al.
(2015) seem too low in comparison to our results and literature
values (W. Schulze & H. Abe 1980) and suggest a possible
systematic error, although it is not obvious what that error
might be. We recently found that the CO and CH;OH densities
from that same laboratory were too low compared to both our
own work and to densities from diffraction measurements
(P. A. Gerakines et al. 2023; R. L. Hudson et al. 2024a). In that
regard, the p~ 1.5gcm > of M. Domingo et al. (2015) for
CO, also seems too low compared to the diffraction result of
p = 1.643gcm > of A. Simon & K. Peters (1980).

5.2. IR Intensities

It is surprisingly difficult to find quantitative literature
results with which to compare our IR spectra of crystalline
CO,. S. Warren (1986) summarized the laboratory data some
years ago, and in a few cases, reanalyzed parts of it. For the IR
region and temperatures of interest here, S.. Warren
cited YP64, U. Fink & G. T. Sill (1982), and B. E. Wood &
J. A. Roux (1982). The work of B. E. Wood & J. A. Roux is at
a lower resolution (i.e., 4cm_1) than in our tables, does not
cover the entire mid-IR region of interest, and shows an odd
shoulder on the band near 2340 cm™'. U. Fink & G. T. Sill
(1982) described their work as preliminary and did not present
spectra, only absorption coefficients derived from them. For
these reasons, we do not consider either of these papers
further, leaving only the work of YP64 for comparison.

Just one figure with CO; spectra is found in YP64, with one
panel showing the spectrum near 2340 cm ™' and the other
showing two overlapping spectra near 660 cm™~'. We digitized
the IR band at ~2340 cm ', and in Figure 1, we compared it to
a spectrum from our laboratory. Several substantial differences
are immediately obvious: (1) The peak positions are slightly
different. (2) The band shapes are different. (3) The width in
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Figure 9. The influences of deposition rate, deposition temperature, and a second component on the 660 cm ™! region of the IR spectrum of CO,. The growth rate of
the ice in (a) increased its thickness by about 0.1 pum hr~'. The growth rates for the other three ices were 8—10 times higher. Spectra (b)—(d) are offset vertically for
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Figure 10. The circles are sublimation (vapor) pressures of CO, from this
work, based on measurements with a quartz-crystal microbalance. The four
squares in the upper panel are from the IR study of R. K. Khanna et al. (1990),
but the four in the lower panel are from this work’s IR measurements. See
the text.

the YP64 spectrum is about twice that in our spectrum. (4) The
peak heights, for ices of the same thickness, are dramatically
different, meaning that the apparent absorption coefficient (a)
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of our peak is well over 100% larger than that of YP64. The
underlying reasons for all of these differences are not
immediately obvious, other than perhaps the 60 yr difference
in technology.

The intensity results for the two IR features studied in YP64
are shown in Beer’s law plots in Figures 14 and 15, with our
own data points included. In the upper panel of Figure 14, the
three red squares in the top right are from YP64 for the
2340 cm~ ' band, the black circular points on the left being
from our new measurements. With some imagination, the
linear trend of our data might be extended to the three squares,
but the extension and fit are not particularly convincing. In the
lower panel of the same figure, we have added error bars and
least-squares lines for both sets of data, with uncertainties
taken into consideration as already mentioned. The differences
in slopes of the two lines, and therefore band strengths, are
obvious, as is the substantial difference in thickness
uncertainties. See also Table 7.

In Figure 15(a) similar comparison is shown for the IR band of
solid CO, near 650 cm L. The five red squares are from YP64,
the black circular points again being our measurements. In the
upper panel, a linear trend for the older data is now more
plausible, mainly due to the greater number of data points, and
the trend’s agreement with our points seems good. In the lower
panel, error bars and regression lines have again been added.
(Two points of YP64 obtained with a slit width of 1.0cm ™' and
identical ice thicknesses have been omitted as a trend cannot be
extracted from two superimposed points). Our only concern is
that the five older points were obtained with slit widths of
3.1-3.8cm ', and seem to be somewhat higher than our points
measured with a resolution of 1cm™'. This suggests a possible
mistake either in the older measurements or analyses, or perhaps
typographical errors in their publication. For example, an error
that resulted in an underestimate of ice thickness by only a few
tenths of a micrometer could shift the older data to the right to
achieve better agreement with expected results from a lower
spectral resolution.

Another way to compare the older data with that reported
here is with our Tables 5 and 6. The band widths in YP64 are
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Figure 11. IR spectra of the 2300-2000 cm ™~ region of two crystalline CO, ices before and after irradiation to a dose of about 45 eV /CO, molecule. The initial
thickness of each ice was about 0.24 pum, each ice being made at 70 K and then cooled to either 50 or 20 K for the irradiation. Spectra are offset vertically for clarity.

roughly twice those we measured (Table 5), indicating a lower
resolution. This is supported by the much smaller absorption
coefficients for the older work than from our own (Table 6).
This again suggests a relatively low resolution compared to
that used in our study, making quantitative comparisons
difficult. Put graphically, in Figure 1, the band of YP64 is
about half as tall as ours, but about twice as wide. The two
differences offset one another to some extent so that the two
bands have similar areas for similar thicknesses. The overall
result is that our 70 KA’ (v5 2340 cmfl) is about 7% higher
than YP64’s published value, but about 10% lower than that
author’s published value for A’ (v, 660 cmfl). We caution that
these percentages are somewhat misleading, as the published
A’ values have the problems already described, such as the
inclusion of (0, 0) as a data point.

A much better way to compare our band strengths with
those of YP64 is with a least-squares approach in which
uncertainties in both axes of Beer’s law plots are considered
(J. A. Irvin & T. I. Quickenden 1983; W. H. Press et al. 1992).
The uncertainties in our A’ found from the resulting slopes are
about 2%. A similar analysis of the two IR features studied
by YP64 gave uncertainties of about 90% and 10% for the 5
and v, bands, respectively, much larger than our values in each
case. See Table 3.

Table 7 includes our new measurements and literature
results, again comparing band strengths and uncertainties and
summarizing some key experimental conditions.

5.3. IR Band Shapes and Crystallinity

Almost all IR spectra of CO, ices published in the
astrochemical community have been for crystalline or partially
crystalline solids (P. A. Gerakines & R. L. Hudson 2015). Our
experience is that it is much harder to make amorphous CO,
than to make crystalline samples, with several different
alterations in experimental conditions able to change an ice’s
structure. Our Figure 9, for example, shows the interplay of ice
composition, deposition rate, and deposition temperature. Not
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considered in Figure 9 are two lab-specific factors that can
influence the amorphous/crystalline nature of a CO, ice made
by gas-phase condensation: the cooling capacity of a cryostat,
and the thermal contact between the ice and the underlying
substrate.

We emphasize that large, rapid releases of condensation
energy from a high condensation rate of a vapor or gas can
induce crystallization or other alterations of the resulting solid.
The influence of condensation rate and the accompany energy
release is certainly not a new consideration, similar concerns
being found in the literature going back at least 70yr
(J. A. Pryde & G. O. Jones 1952; W. G. Fateley et al. 1959;
R. H. Beaumont et al. 1961; M. E. Jacox 1962; G. E. Leroi
et al. 1964). See also the work of K. Takeda et al. (1990) on
vapor-deposited hydrocarbons or our own studies of acetylene,
C,H, (R. L. Hudson et al. 2014), or nitrous oxide, N,O, which
is isoelectronic with CO, (R. L. Hudson et al. 2017).

An illustration of such factors promoting or inhibiting
crystallinity is provided by the work of G. A. Baratta &
M. E. Palumbo (2017) on nine CO,-containing ices. Since the
five neat CO, ices in their table were made at 17 and 70 K at
rates that were about 300%—2000% faster than in our earlier
work (P. A. Gerakines & R. L. Hudson 2015), it is not
surprising that all five ices showed the v, doublet associated
with crystalline CO,, as in our Figure 4. Two additional ices
contained ~10% H,O, so their spectra’s lack of the v, doublet,
and the ice’s lower crystallinity, is also not surprising, the
crystallization being hindered. The same applies to another ice
that contained a different polar molecule, CH;0H (methanol).
The spectrum of the authors’ ninth ice, with composition
CO,:CO = 8:1, possessed the 1, doublet, implying a
crystalline component. A lower deposition temperature or
higher CO,:CO ratio might have produced an amorphous
solid, but only one CO, 4+ CO experiment was reported. It is
also not certain if that same CO,:CO = 8:1 ice, and the
authors’ other two-component ices, were prepared with one or
two deposition lines, which adds an uncertainty to the CO,:CO
and other ratios stated and hinders independent verification of
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the authors’ results. The two Fermi resonance features
mentioned earlier were also seen in at least one neat CO, ice
of G. A. Baratta & M. E. Palumbo (2017), showing that the ice
sample was at least partially amorphous.

We summarize these points with suggestions for determin-
ing the nature of CO, ices by mid-IR spectroscopy. First, well-
resolved twin peaks near 660 cm™ ' indicate that the ice is at
least partially crystalline. Second, the Fermi resonance peaks
near 1388 and 1285 cm ™' indicate an amorphous component to
the ice. Third, if both the 660 cm™' doublet and the Fermi
resonance peaks are present, then the ice has both crystalline
and noncrystalline fractions. Fourth, highly crystalline and
highly amorphous ices are indicated by the absence of the
Fermi resonance pair (Figure 8) and the factor-group splitting
(Figure 5), respectively (M. E. Jacox & D. E. Milligan 1961;
M. Falk 1987; H. W. Lowen et al. 1989). Fifth, the presence of
highly amorphous CO, is indicated by IR peaks at the
positions noted in our paper on amorphous CO,, near 2329 and
654.7cm™ ' (P. A. Gerakines & R. L. Hudson 2015), and in
earlier work by R. M. Escribano et al. (2013).

5.4. Vapor Pressures of Solid CO; Ices

Figure 10 shows good agreement between UHV-based
measurements of CO, vapor pressures using a quartz-crystal
microbalance and the IR method of R. K. Khanna et al. (1990),
boosting confidence in the latter’s use. The microbalance
method has the advantage of delivering a range of vapor
pressures from a single ice, but it involves equipment that is
still not widely used in the astrochemistry community.
Conversely, the IR method typically gives just one vapor
pressure per ice, but the needed equipment is somewhat more
widely available (i.e., an IR spectrometer) and the demands for
ultrahigh vacuum conditions are not as great. The agreement
between our IR results for the enthalpy of sublimation of
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crystalline CO,, 26.8 kJ mol~!, and the literature values of
27.2kImol~! (C. E. Bryson et al. 1974) and 27.6kJ mol !
(C. Millan et al. (2024), again give confidence in the IR
method.

5.5. Radiation-chemical Results

The response of CO, to ionizing radiation has been studied
since the earliest days of radiation chemistry (e.g.,
A. T. Cameron & W. Ramsey 1908; S. C. Lind &
D. C. Bardwell 1925). The original view that radiolysis gives
rise to 2 CO,—2 CO + O, obscures a rich, complex
chemistry involving charged and neutral species, both ions and
radicals. For example, the review of R. Kummler et al. (1977)
lists 76 chemical reactions and 19 species to explain the
observations known at the time of publication. To it can be
added the subsequent work of others (e.g., B. Liu et al. 2024),
who have brought more recent computational and laboratory
methods to bear on CO, radiolysis.

While acknowledging the complexities of CO, radiolysis,
here we focus our attention on the differences in changes in IR
spectra of crystalline CO, and particularly any differences due
to temperature. Our Figures 11 and 12 show that any such
differences between 50 and 20 K are small, both in terms of
CO, loss and CO yield. This contradicts the recent work of
D. V. Mifsud and coauthors (D. V. Mifsud et al. 2022b) for
which we have no simple explanation. We do note that the
CO, abundances measured in that paper were based on the
intense band near 2340 cm ' and stated ice thicknesses of
0.45-0.55 ym. From our Figure 3, we estimate that the
minimum absorbance near 2340cm”' for those authors'
spectrum would be 0.45 um x (0.75/0.055 pum) ~ 6. This is
an exceptionally high absorbance for quantitative application,
as an IR band of that size would likely experience saturation
and too much distortion for accurate integration.
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molecule.

We also note that the IR spectral changes in the experiments
of D. V. Mifsud et al. (2022b) were based on a crystalline CO,
ice that was about 7 times larger than the penetration depth
(i.e., range) of the ionizing radiation used, 1keVe™. This
means that all band integrations required subtracting an
unchanging background solid CO, absorbance from the
spectral bands of interest to reveal any IR changes, the
subtracted background being about 600% more intense than
the region of interest. Such results will be subject to the usual
challenges of obtaining accuracy from a small difference
between two large quantities. The method used in our own
work avoids that complexity by using incident radiation
(0.9MeV p*) with a penetration depth that is far greater than
the thickness of any ice we studied.

Given these uncertainties and concerns, no further attempt
will be made to interpret the earlier work of D. V. Mifsud et al.
(2022b) and to compare it to our own. Added to all such
attempts at comparisons between results on irradiated crystal-
line CO, is that the resulting IR spectra will display a
combination of changes due to amorphization and molecular
destruction. This situation does not arise in irradiations of
amorphous ices, and so a study of irradiated amorphous CO,
could be of interest, but we are not aware that such work has
been published.

Before leaving this section on radiation chemistry, we
briefly mention three other points: (1) We cannot agree with a
recent statement (M. Tsuge et al. 2020) that amorphization
does not occur on photolysis of crystalline CO,. Figure 1 from
R. Martin-Doménech et al. (2015) shows that amorphization
does indeed occur, the splitting of the 1, band of crystalline
CO, being lost on exposure to UV light, similar to what is seen
in our Figure 13. (2) The radiation doses we employed in our
work (e.g., Figure 13) are indeed relevant ones. L. Colangeli
et al. (2004) give p" doses on the order of a few eV
molecule ! for interstellar ices over the lifetime of a dense
molecular cloud and a few dozen eV molecule ' for diffuse
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clouds. (3) Our G values for CO, destruction were estimated to
be on the order of 1.5, which is slightly smaller than what we
reported from similar work with amino acids (P. A. Gerakines
et al. 2012). The smaller value is as expected, given the
differences in complexity between CO, and amino acid
molecules.

5.6. Applications

It is surprising and somewhat disturbing that many state-of-
the-art investigations have used the unchecked crystalline
CO, band strengths of YP64 and under conditions for
which they might not be applicable. From our own
laboratories, we can mention studies of the decomposition of
H,COs3 (P. A. Gerakines et al. 2000; Z. Peeters et al. 2010) and
near-IR band strength determinations (P. A. Gerakines et al.
2005). Other examples include M. J. Loeffler et al. (2005),
S. Pilling et al. (2010), and C. J. Bennett et al. (2014). This list
is not comprehensive, but is simply to show that other
laboratory investigators have used the older CO, band
strengths and will benefit from our new values and their much
smaller uncertainties. A different application is illustrated by
work from B. Sivaraman et al. (2013) and D. V. Mifsud et al.
(2022a). Each publication describes ion-implantation into solid
CO,, but neither shows a full spectrum of a CO, sample from
which one could judge crystallinity. It is difficult to reproduce
the work in either paper without knowing the state of the
original CO, ice. Again, our spectra can be useful by serving
as references for lab-to-lab comparisons in such cases.

A related application involves the quantification of CO,
photodestruction by R. Martin-Doménech et al. (2015). The
authors used a mass—balance relation to equate CO, loss to the
formation of photoproducts CO and CO;. With N as column
density, one has Equation (5), which can be rearranged to
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Equation (6),
—ANco2 = ANeo + ANcos, (5)
ANco3 = —ANco2 — ANco. (6)

Older values from the literature were used for the two terms
on the right of Equation (6) in order to calculate the column
density of CO;5, and from there, a CO5 band strength. Although
this method is sound, without accurate band strengths for CO,
and CO, the final result for CO; will be questionable. The
present paper has band strengths for CO,, and Gerakines et al.
(2022) have new values for CO, so that a more accurate
calculation for CO5 should be possible. Future measurements
are encouraged, such as of yields of other carbon oxides and
atomic carbon (N.-E. Sie et al. 2019).

The applications of our work to extraterrestrial CO, ices are
sufficiently well known that it is not necessary to belabor them.
Our results will aid in the identification and quantification of
solar system and interstellar ices, reducing the uncertainties in
the lab data on which the reduction and interpretation of
telescopic data are based. See, for example, the recent JWST
work (M. K. McClure et al. 2023) that relied on band strengths
for quantification of interstellar ices, but in many cases, the A’
values used were from older measurements that have never
been revisited. The results presented here are relevant to such
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studies. For solar system ices, the past year alone has seen
several studies of solid CO, such as on Callisto
(R. J. Cartwright et al. 2024), Charon (S. Protopapa et al.
2024), and Jupiter Trojans (I. Wong et al. 2024). The results in
the present paper are relevant to each.

6. Summary and Conclusions

Both quantitative and qualitative results have been presented
in this paper. For the quantitative, it is difficult to accurately
compare our IR intensities to previous studies, as none are
available that involve the same combination of measurements
that we report. Table 7 shows that to some degree it is even
impossible to reproduce the earlier work due to omissions
therein and to changes in technology over the past 60 yr. It is
perhaps better to regard our work as putting earlier studies on a
firmer quantitative foundation from which they can be used
with greater confidence. Agreements or disagreements with
earlier work, carried out with various unstated assumptions,
undescribed approximations, lower spectral resolutions, and so
on, probably owe much to serendipity.

Having said that, there is a great temptation to simply
compare numbers, and in that regard, there is both good and
bad news. The good news is that our band strengths for the two
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Table 7
Two Studies of Crystalline CO,’s IR Intensities near 70 K

V3 L) V2 V2

Literature’ This Work’ Literature’ This Work™
Position(s)/cm ™" 2342 2344 660, 654 660, 655
Position(s)/um 4.27 4.27 15.2, 153 15.2, 153
A, original value/cm molecule ' 7.62 x 107" 128 x 107"
A, recalculated/cm molecule ™" © 8.91 x 1077° 8.17 x 1077 1.12 x 10717 ° 1.15 x 107"
% Uncertainty 90" 2 10° 2
FWHM /cm ™' ~7 3.6 ~5 1.1
Number of ices 3 13 5 20
Number thicknesses 2 11 3 10
Ice thicknesses/pm 0.17-0.25 0.04-0.14 0.4-1.6 0.05-0.5
Uncertainty in ice thickness/um 0.04 0.01 0.04 0.01
Integration range unknown given in text unknown given in text
IR resolution/cm’1 unknown given in text unknown given in text
CO, deposition rate/pm hr! unknown given in text unknown given in text

Note.

2 YP64 with n = 1.41, p = 1.64 gcm™>, and A ~ 1000 nm for the measurement of ice thicknesses by interferometry.
® Results for a resolution of 1 cm™ ! with n = 1.403, p = 1.671 gcm >, and A\ = 670 nm for the measurement of ice thicknesses by interferometry.
¢ From a reevaluation that excludes the origin (0, 0) as a data point, and that takes into consideration the uncertainty in ice thickness. See the text.

strongest mid-IR features of crystalline CO, are close to those
published in 1964. This means that little, if any, changes are
needed to work that has used those A’ values over the years.
The bad news is that we have found that the uncertainty of the
largest of those values is far greater than has been recognized
before now. However, our new work has narrowed the
uncertainty considerably. We have also found that the large
line widths of the old work suggest a relatively low resolution
for the IR spectra presented, which give peak heights that are
smaller than what we have shown here, such as in Figure 1.
This certainly will influence the calculation of optical
constants, which depend on the availability of a spectrum
and an accurately known ice thickness or optical path length
through the ice.

Another important result from our work is that crystalline
CO,’s mid-IR band shapes, widths, peak heights, and peak
positions can change with temperature and resolution, but the
IR band strengths do not vary strongly within the ranges of
temperature and resolution we studied. This is a useful
conclusion as it is not always possible to find a literature
band strength for a CO, ice measured at precisely the same
conditions as in one’s own work.

We also have documented (i.e., Figure 9) how certain
experimental parameters can alter the crystallinity of a CO, ice.
These qualitative conclusions agree with intuition and experi-
ence, such as that a rapid condensation of CO, gas can release
sufficient energy to anneal or alter the resulting ice’s structure.

We have shown that our work has immediate quantitative
applications in that it can be used to determine vapor pressures
and radiolytic destruction. We note again that accurate band
strengths of individual ices can lead to the preparation of
multicomponent ices of accurately known composition. For a
recent example, see the work of K. Slavicinska et al. (2025)
that used our earlier measurements of NH3 and H,S in a study
of NH,SH.

Finally, the IR-intensity results presented here have focused
on the mid-IR features of solid CO,. There is no reason that the
same approaches cannot be used to also generate optical
constants and to extend all such work to the shorter wavelengths
of the near-IR region and its relatively weaker absorbances.
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