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The radiation chemistry, thermal stability, and vapor pressure of solid-phase carbonic acid (H2CO3) have
been studied with mid-infrared spectroscopy. A new procedure for measuring this molecule’s radiation
stability has been used to obtain intrinsic IR band strengths and half-lives for radiolytic destruction.
We report, for the first time, measurements of carbonic acid’s vapor pressure (0.290–2.33 � 10�11 bar
for 240–255 K) and its enthalpy of sublimation (71 ± 9 kJ mol�1). We also report the first observation
of a chemical reaction involving solid-phase carbonic acid. Possible applications of these findings are dis-
cussed, with an emphasis on the outer Solar System icy surfaces.

Published by Elsevier Inc.
1. Introduction urn’s satellites Enceladus, Dione, Hyperion, Iapetus, and Phoebe
The general impression one gains in reading the literature,
including many chemistry texts, is that carbonic acid (H2CO3) is
an unstable molecule with a fleeting existence. While this impres-
sion is warranted at physiological temperatures (�37 �C), it is
inaccurate at temperatures found in the outer Solar System and
in interstellar space. Laboratory experiments from nearly 20 years
ago (Moore and Khanna, 1991; Moore et al., 1991) showed that
H2CO3 is formed by ion-irradiation of H2O + CO2 mixtures at
�20 K followed by warming to remove residual reactants and vol-
atile products. This H2CO3 identification was confirmed by similar
experiments with H2O + CO2 ices using vacuum-ultraviolet pho-
tons (Gerakines et al., 2000; Wu et al., 2003) and 5–10 keV elec-
trons (Hand et al., 2007; Zheng and Kaiser, 2007). Other studies
revealed that H+ implantation into frozen CO2 and H2O + CO2 mix-
tures also results in carbonic acid formation (Brucato et al., 1997).
All authors agree that H2CO3 is a major product of low-tempera-
ture H2O + CO2 photo- and radiation chemistry, with minor prod-
ucts including H2O2, CO, O3, and CO3.

Combining all of the earlier work, it can be concluded that H2O,
CO2, and an eV-to-MeV energy source are all that is needed to
make and trap H2CO3, provided the temperature is kept below
about 250 K. These conditions can be found at multiple locations
in the outer Solar System. Both H2O and CO2 have been observed
on the jovian satellites Europa (Hansen and McCord, 2008), Gany-
mede (Hibbitts et al., 2003), and Callisto (Hibbitts et al., 2000); Sat-
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(Brown et al., 2006; Filacchione, 2007; Clark et al., 2008); the ura-
nian satellites Ariel, Umbria, and Titania (Grundy et al., 2006); and
Neptune’s satellite Triton (Grundy and Young, 2004). Each of these
surfaces is exposed to the radiation environment of the closest pla-
net. In each case, carbonic acid may be formed, and for Callisto a
tentative detection of H2CO3 already has been made (Johnson
et al., 2004).

To assess the formation and stability of carbonic acid in the So-
lar System, it is important to investigate the molecule’s physical
and chemical properties, but little such work has been published
to date. Gerakines et al. (2000) compared the yields of H2CO3 made
by exposing H2O + CO2 ice mixtures to ion-irradiation (�1 MeV H+)
and to UV photons (�10 eV). The same researchers measured car-
bonic acid’s intrinsic IR band strengths by the growth of products
resulting from UV destruction of H2CO3. Earlier work also showed
qualitatively that carbonic acid’s vapor pressure is lower than that
of H2O, CO2, and the observed reaction products, since H2CO3 is the
last of these to sublime under vacuum in the 200–250 K region
(Moore and Khanna, 1991). A white color is likely for H2CO3 made
by acid–base chemistry (photographs in Loerting et al., 2000), and
the work by Winkel et al. (2007) showed that the X-ray powder
pattern of frozen H2CO3 is featureless.

In this paper, we reinvestigate the intrinsic IR band strengths of
H2CO3 and, for the first time, measure this molecule’s radiolytic
destruction at several temperatures. These new radiation
experiments take into account amorphization of the sample.
Furthermore, the highest temperature at which destruction mea-
surements are made has been raised from �10 K to 200 K. Temper-
ature-dependent changes in the position and width of the H2CO3

feature at 2618 cm�1 (3.82 lm) have been recorded. The first
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measurements of the vapor pressure and heat of vaporization of
pure H2CO3 are given, along with the first example of a low-tem-
perature acid–base reaction of the molecule.
2. Experimental

In each experiment described in this paper, carbonic acid first
was made either by ion-irradiation of an H2O + CO2 ice or by a
low-temperature acid–base reaction between HBr and KHCO3, fol-
lowed by warming the resulting mixture under vacuum, effectively
freeze-drying and purifying the H2CO3. Both synthetic methods
will be described. Many of the other details concerning our exper-
imental setup, and procedures for growing and ion-irradiating ice
films, were presented in earlier papers (e.g., Moore et al., 2007;
Hudson and Moore, 2004).

An initial gas mixture was made by combining equal partial
pressures of water vapor (from 18 MX cm H2O) and CO2 (Mathe-
son, research grade) or 13CO2 (Cambridge Isotopes, 99%). This mix-
ture was led through a metering valve into a high-vacuum
chamber (�10�7 torr) and then condensed onto a pre-cooled
(�14 K) aluminum mirror connected to a closed-cycle helium cryo-
stat. A typical ice film had a thickness of �5 lm and an area of
�5 cm2. Such films were irradiated with 0.8 MeV protons from a
Van de Graaff accelerator to a fluence of about 1 � 1015 pro-
tons cm�2 (current �0.1 lA). Doses were calculated as described
in Moore and Hudson (1998) using the average stopping power
and molecular density of the ice (Table 1), and the measured pro-
ton fluence. All radiation doses were converted to a common scale
of eV per 16-amu molecule, referred to as simply ‘‘eV per mole-
cule” in the remainder of this paper. The eV per 16-amu scale
was chosen so that our results could be compared directly to pub-
lished data. Irradiated samples were warmed to 240 K to sublime
away the unreacted H2O and CO2, as well as the reaction products,
leaving a layer of pure crystalline H2CO3.

Changes in the IR spectra of irradiated ices were followed by
Fourier-transform infrared (FTIR) spectroscopy using a Nicolet
Nexus 670 instrument. In this setup, the incident IR beam passed
through the sample, was reflected by the underlying aluminum
mirror, and then passed through the ice a second time, and to
the IR detector, for what are sometimes called transmission–reflec-
tion–transmission spectra. Measurements were made at 2 cm�1

resolution from 5000 to 650 cm�1, averaged over 150 scans.
For studying the vapor pressure of H2CO3, the compound first

was made by an acid–base reaction between a 1 M solution of
HBr (Sigma–Aldrich) and a 0.1 M solution of KHCO3 (Sigma–Al-
drich), similar to the technique of Hage et al. (1993). A few micro-
liters of the KHCO3 solution were injected through a septum, using
a syringe, onto a KBr substrate at 10 K, attached to the tail section
of a closed-cycle helium cryostat. Next, a few microliters of the HBr
solution were injected the same way to form a layer atop the fro-
zen KHCO3 solution. This process was repeated about 10 times to
increase the ice’s thickness. Subsequent warming of the sample
to �200 K removed the H2O and initiated a reaction between HBr
Table 1
Physical properties of ices.

Ice Molecular mass
(g mol�1)

Density
(g cm�3)

Proton stopping powerc

(MeV cm2 g�1)

H2O 18 1 273
CO2 44 1.7 240
H2O + CO2 (1:1) 31 1.35a 256.5a

H2CO3 62 1b 254

a Average value for a H2O + CO2 (1:1) mixture.
b Assumed value.
c Calculated for 0.8 MeV protons, according to method of Ziegler et al. (1985).
and KHCO3 to form H2CO3, with spectral changes that were fol-
lowed with IR spectroscopy. The sample then was heated to 240–
255 K, and IR spectra recorded over time, with a focus on the
1300 and 1500 cm�1 features of H2CO3. Band areas were measured
and combined with intrinsic band strengths, so called A values, to
determine the vapor pressures and enthalpy of sublimation
(DHsub) of H2CO3 (Khanna et al., 1990). These measurements were
made with a Mattson Polaris spectrometer operating in a conven-
tional transmission mode.
3. Results

We first present new measurements on the radiolytic destruc-
tion of H2CO3. These results were used to redetermine the intrinsic
band strengths of H2CO3, which we then describe. The band
strengths, in turn, were critical for calculating the other properties
that we report, namely carbonic acid’s radiolytic yield (G value)
and its vapor pressures.

3.1. Spectroscopy

Trace (a) in Fig. 1 shows the mid-IR spectrum of a H2O + CO2

(1:1) ice mixture at 14 K. Upon irradiation of the ice to a dose of
6.8 eV molec�1, new features appeared in the spectrum, as seen
in trace (b). The new bands at 2580, 1712, 1483, 1294, and
1016 cm�1 are assigned to H2CO3, while features at 2853, 2143,
2045, and 1038 cm�1 are due to H2O2, CO, CO3, and O3, respec-
tively. Upon warming to 240 K, H2O, CO2, and all irradiation prod-
ucts except H2CO3 sublimed into the vacuum system. Traces (c)
and (d) of Fig. 1 show the resulting spectra of crystalline H2CO3

at 240 K, and after recooling to 14 K.
IR peak positions of H2CO3 and H2

13CO3 at 14, 100, and 200 K
are listed in Table 2, with band assignments from Gerakines et al.
(2000) and DelloRusso et al. (1993). For the strongest H2CO3 band
in the 2–5 lm region, at 2618 cm�1 (3.820 lm), the position and
full-width at half-maximum (FWHM) were measured from 10 to
240 K. The results are shown in Fig. 2.

3.2. Radiolytic destruction

The destruction of crystalline H2CO3 by 0.8 MeV protons was
followed by measuring the decrease in IR band areas after various
Fig. 1. (a) Infrared spectrum of H2O + CO2 (1:1) ice at 14 K. (b) The same ice after
proton irradiation to a dose of 6.8 eV molec�1 shows new features identified with
H2CO3, and indicated by asterisks. (c) Spectrum of crystalline H2CO3 at 240 K after
H2O, CO2, and minor volatiles sublime. (d) Crystalline H2CO3 after recooling from
240 K to 14 K.



Table 2
IR band positions for crystalline H2

12CO3 and H2
13CO3.

H2CO3 band assignmenta Band position (cm�1) Integration limits (cm�1)

14 K 100 K 200 K

H2CO3

OAH stretch 2749 + 2833 2757 + 2833 2764 + 2832 2660–2883
OAH stretch 2618 2618 2615 2450–2660
C@O stretch 1695 1695 1696 1554–1794
CAOH asym. stretch 1503 1503 1501 1385–1554
CAOH i.p. bend 1303 1301 1297 1065–1385
CAOH sym. stretch 1038 1037 1036 1020–1050
CAOH o.p. bend 875 875 875 826–985

H2
13CO3

OAH stretch 2748 + 2813 2756 + 2810 2762 + 2808 2660–2883
OAH stretch 2617 2614 2611 2450–2660
C@O stretch 1662 1662 1662 1554–1794
CAOH asym. stretch 1476 1473 1474 1385–1554
CAOH i.p. bend 1288 1285 1289 1065–1385
CAOH sym. stretch 1037 1036 1035 1020–1050
CAOH o.p. bend 904 899 883 826–985

a Assignments are from Gerakines et al. (2000) and DelloRusso et al. (1993). The abbreviations i.p. and o.p. refer to in-plane and out-of-plane
vibrations, respectively.

Fig. 3. H2CO3 spectra are compared at 14 K between 2900 and 1500 cm�1 (a) before
and (b) after irradiation to a dose of 5.2 eV molec�1, and (c) after warming to 200 K
and recooling to 14 K. The irradiated H2CO3 shows weaker, broader bands than the
unirradiated material. The lower pair of traces compares the (c) annealed sample’s
spectrum to the (a) original spectrum.

Fig. 2. Peak position and full-width at half-maximum (FWHM) of the 2618 cm�1

(3.820 lm) band of crystalline-phase H2CO3 as a function of temperature.
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doses. As an example, spectra in the 2900–1500 cm�1 (3.45–
6.67 lm) region before and after irradiation to a dose of
2.0 eV molec�1 are compared in Fig. 3. The H2CO3 bands are seen
to decrease, indicating a loss of molecules, and at the same time
H2O and CO2 are formed (H2O is not shown). In addition, irradia-
tion caused the H2CO3 bands to widen, indicating amorphization
of the crystalline sample.

To accurately quantify carbonic acid’s radiolytic destruction it
was necessary to distinguish between spectral changes caused by
(a) loss of H2CO3 molecules and (b) amorphization. This was done
by warming the sample to 200 K after each irradiation step to fully
recrystallize the partially-amorphous ice and to sublime away the
H2O and CO2 formed by radiolysis. The ice then was recooled to
14 K, as shown in trace (c) of Fig. 3, for comparison to the original
spectrum of the unirradiated ice, trace (a). Spectra a and c are sim-
ilar, but the latter has slightly smaller H2CO3 bands, caused by the
destruction of crystalline H2CO3.

The normalized band areas for H2CO3 have been plotted in Fig. 4
as a function of radiation dose. Table 2 lists all bands that were
averaged for this graph along with their integration limits. Also
in Fig. 4 are linear regression lines through the data points. The cor-
responding half-life doses for H2CO3 irradiated at 14, 100, and
200 K are then 11, 11, and 7 eV molec�1, respectively.
3.3. Intrinsic band strengths

For our experiments, Eq. (1) is the connection among the col-
umn density (N, molec cm�2) of a molecule in an ice sample, the



Fig. 4. Normalized band areas of H2CO3 as a function of radiation dose at 14, 100,
and 200 K. Each point is an average of areas for the spectral bands listed in Table 2.
For the 14 and 100 K experiments, the sample was warmed to 200 K after each
irradiation step and then recooled to the starting temperature to recrystallize any
amorphous ice.
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molecule’s intrinsic band strength (A, cm molec�1), and the inte-
grated absorbance of a spectral band:

N ¼ ln 10
R

Absð~mÞd~m
2A

ð1Þ

The ‘‘ln10” coefficient converts from common to natural loga-
rithms and the factor of ‘‘2” accounts for the two passes our IR
beam makes through an ice, at nearly normal incidence. See also
d’Hendecourt and Allamandola (1986).

Eq. (1) was used to determine the A values of H2CO3 as follows.
Spectra a and b in Fig. 3 show that carbon dioxide is a radiation
decomposition product of carbonic acid, with the overall reaction
being (2):

H2CO3 ! H2Oþ CO2 ð2Þ

The 1:1 stoichiometry of (2) requires that any increase in the
CO2 column density of the ice be matched by a loss of H2CO3, so
that in absolute terms DN(CO2) = DN(H2CO3) for each radiation
dose. From this, and relationship (1), Eq. (3) is obtained:

D
R

Absð~mÞd~m
� �

CO2

AðCO2Þ
¼

D
R

Absð~mÞd~m
� �

H2CO3

AðH2CO3Þ
ð3Þ

Values of A(CO2) are known (Gerakines et al., 1995), and so
measurements of CO2 and H2CO3 band areas at different radiation
doses allowed calculation of A(H2CO3) from Eq. (3).

For our determinations of A(H2CO3), we proton-irradiated
H2CO3 to form CO2. After each radiation step, the changes in the
CO2 and H2CO3 band areas were measured. The sample then was
warmed to 200 K to recrystallize the partially amorphized H2CO3,
Table 3
IR band positions and strengths (A) for H2CO3 at 14 and 100 K.

Band position A (10�

Wavenumber (cm�1) Wavelength (lm) 14 K

2749 + 2833 3.634 + 3.530 5.3 ±
2618 3.820 7.5 ±
1695 5.900 10.8 ±
1503 6.653 5.2 ±
1303 7.675 8.5 ±
1038 9.634 0.15 ±
875 11.43 4.5 ±

a From 18 K photodissociation of H2CO3 (Gerakines et al., 2000).
b From 185 K implantation of H+ into CO2 ice to form H2CO3 (Garozzo
and to sublime away any H2O and CO2 formed, and then recooled
to the original temperature. After this annealing cycle, some CO2

often remained trapped in the H2CO3 (trace (c) of Fig. 3). In order
to relate only the amount of CO2 formed to the amount of H2CO3

destroyed, at each radiation step we subtracted the band area of
any remaining CO2 in the annealed ice from the area of the CO2

band recorded after the next irradiation. Table 3 gives the results
of these A(H2CO3) measurements at 14 and 100 K, corrected for
amorphization. The error given in Table 3 is the standard deviation
of the linear regression. Because most of the CO2 product immedi-
ately sublimed away upon formation at 200 K, no band strengths
were determined at that temperature. Note that the measurements
in Table 3 are based on A(CO2) = 7.6 � 10�17 cm molec�1 (Gerakin-
es et al., 1995), and that no decomposition of H2CO3 into CO ap-
peared to occur. A few experiments with H2

13CO3 were
conducted to verify that all of the CO2 formation observed in our
work was due to the proton irradiation, and not from leaks in the
vacuum system. No such contamination was detected in any
experiment.
3.4. Radiation yield of H2CO3

The radiation-chemical yield, denoted G, of a substance is the
number of molecules produced by absorption of 100 eV. Previ-
ously-reported values for G(H2CO3) from H2O + CO2 (1:1) ices at
14 K were 0.028, 0.030, and 0.02 for MeV protons and UV photons
(Gerakines et al., 2000), and for 10 keV electrons from H2O + CO2

(2:1) ices at 90 K (Hand et al., 2007), respectively. These values
were based on the growth of H2CO3 IR bands as a function of radi-
ation dose, and represent the formation of H2CO3 within an amor-
phous ice mixture dominated by H2O and CO2. We repeated this
type of experiment by irradiating H2O + CO2 (1:1) at 14 K and
50 K in small steps, the 1500 cm�1 band’s area being measured
after each irradiation. The column density of H2CO3 was calculated
from Eq. (1) using our new band strength for crystalline H2CO3.
From these experiments we found, G = 0.11 and 0.12 for H2CO3 for-
mation at 14 K and 50 K, respectively.

As a check on this result, we proton-irradiated an H2O + CO2

(1:1) mixture at 14 K to a dose of about 10 eV molec�1. We then
warmed the sample, as already described, to 240 K followed by
recooling to 14 K. Several IR bands of the resulting crystalline
H2CO3 were integrated and used, with the appropriate A values,
to calculate H2CO3 column densities. From these results, and the
absorbed energy column density (eV cm�2), we found
G(H2CO3) = 0.22, averaged over five different 14 K experiments.
The agreement of G values between the two methods is reasonable
given the fact that crystalline-phase H2CO3 band strengths were
used for both calculations, and that some carbonic acid may have
formed on warming the irradiated ice. All of our G values for
H2CO3 formation are compared with published values in Table 4.
17 cm molec�1)

100 K 18 Ka 185 Kb

1.9 3.3 ± 0.9 9.8 –
3.4 7.2 ± 1.7 16.0 –
4.4 14.8 ± 3.3 11 35
2.1 9.1 ± 1.8 6.5 11
2.9 12.3 ± 1.2 10 12.6
0.04 0.17 ± 0.05 0.14 –
0.5 3.7 ± 0.9 5.6 –

et al., 2008).



Table 4
Radiation chemical yields (G) of H2CO3.

Phase and temperature Yield (G)
Number of H2CO3 molecules formed or destroyed per 100 eV absorbed

This work Gerakines et al. (2000) Hand et al. (2007)

Gp+ Gp+ Guv Ge�

Formation
Crystalline 0.22 ± 0.03 – – –
Amorphousa

�10 K 0.11 ± 0.003 0.028 ± 0.024 0.030 ± 0.016 –
50 K 0.12 – – –
90 K – – – 0.020

Destruction
Crystalline

10 K �1.3 ± 0.09 �4.2 ± 0.3 ruv = 1.3 ± 0.3 � 10�18 cm2 –
100 K �1.2 ± 0.11 – – re� � 10�16 cm2

200 K �1.8 ± 0.05 – – –

a H2CO3 was formed in an amorphous ice made from H2O and CO2 (1:1). In the last column, a mixture of H2O + CO2 (2:1) was used by Hand
et al. (2007).

Fig. 5. A comparison of the IR spectra of H2CO3 formed by the irradiation of an
H2O + CO2 (1:1) ice and the acid–base reaction of warmed HBr + KHCO3. The upper
spectrum was taken with the reflection method described in the text, while the
lower spectrum was recorded in a conventional transmission mode.

Fig. 6. Normalized areas (averaged) of the 1300 and 1500 cm�1 bands of H2CO3

plotted as a function of time for five different temperatures. Each point is from the
average area of the IR bands at 1300 and 1500 cm�1. For each set of points fitted,
r2 > 0.99.
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We also have observed H2CO3 formation during irradiations of
H2O + CO2 ices at temperatures as high as 120 K. However, those
results have not yet been quantified and are left for a future paper.

3.5. Vapor pressures and thermal destruction

The vapor pressure of H2CO3 was determined by measuring the
rate of decrease of the band areas of crystalline H2CO3 due to sub-
limation while maintaining the ice in a vacuum system at a specific
temperature (see Khanna et al., 1990). A non-radiation technique
was first used to make H2CO3 from an acid–base reaction between
HBr and KHCO3, as described in Section 2. Fig. 5 shows the similar-
ity between the spectra of radiolytically- and chemically-formed
H2CO3. The chemically-formed H2CO3 also contains some KBr (a
side product) and this may account for the 8–18 cm�1 shift of some
bands with respect to their positions in the radiation-formed
H2CO3.

Fig. 6 shows the decrease in the normalized average areas for
the 1300 and 1500 cm�1 bands of H2CO3 as a function of time at
five different temperatures. Each decrease is related to a change
in column density, the number of molecules per cm2 leaving the
ice surface as a function of time. To determine column densities
we used A values measured at 100 K. The 185 K A-value data from
Garozzo et al. (2008) were not used since their A(1695 cm�1) value
is quite large, perhaps because the H2CO3 may still contain trapped
H2O. The slopes of similar non-normalized plots gave the sublima-
tion fluxes (molec m�2 s�1) at each temperature. Eq. (4) then was
used to calculate the vapor pressure, p:

Sublimation flux ¼ p=ð2pmkTÞ1=2 ð4Þ

In Eq. (4), m is the mass of an H2CO3 molecule, k is the Boltz-
mann constant, and T is the absolute temperature, giving a vapor
pressure in N m�2, which was converted to units of bar. A plot of
the calculated vapor pressure from 238 to 256 K is shown in
Fig. 7a. The same data is graphed in Fig. 7b as ln(p) versus 1/T, from
which the slope gives the enthalpy of sublimation as
DHsub = 71 ± 9 kJ mol�1.

3.6. Chemical destruction

In addition to measurements of both the sublimation and the
radiolytic destruction of solid H2CO3, we also have observed
H2CO3 loss by chemical reaction. Previously, we found that ammo-
nia (NH3) hinders H2CO3 formation in irradiated solid-phase
H2O + CO2 + NH3 mixtures (Gerakines et al., 2000). In separate
experiments, we now have irradiated layered ices consisting of a
mixture of solid H2O + CO2 over a layer of NH3, both ices being
formed at �10 K (Fig. 8). Subsequent irradiation produced H2CO3

in the upper layer, as already described in this paper, with the



Fig. 7. The vapor pressures of H2CO3 at five temperatures are shown in Fig. 7a. A
line is drawn to guide the eye. In Fig. 7b, the slope of the regression line (r2 = 0.944)
gives the heat of sublimation, DHsub = 71 ± 9 kJ mol�1.

Fig. 8. From bottom to top, the IR spectrum of a mixture of H2O and CO2 deposited
on top of a layer of NH3 at 20 K, that same ice after proton irradiation, the irradiated
ice warmed to 200 and 250 K, and a reference spectrum of room-temperature
ammonium carbonate, (NH4)2CO3. The spectra at 200 and 250 K have been
expanded vertically by factors of about 2 and 10, respectively.

Fig. 9. The IR reflection spectra of Europa and Callisto compared to spectra of an
unirradiated H2O + CO2 mixture at 140 K, crystalline H2CO3 at 140 K, and H2CO3

mixed with H2O and CO2 at 150 K. The H2CO3 absorbance spectra were inverted and
arbitrarily scaled for this comparison. Callisto’s infrared feature at 3.880 lm
(2577 cm�1) is matched best by an IR band of H2CO3 trapped in the amorphous
H2O + CO2 mixture.

Table 5
Radiolytic half-lives of crystalline H2CO3, corrected for amorphizationa.

Environment Depth
(lm)

Volume dose
rate (eV molec�1 s�1)

Half-life

Laboratory 1.0 1.3 � 10�3 2.4 h
Europab 100 1.0 � 10�8 35 years
Callistob 100 2.5 � 10�11 1.4 � 104 years

a Based on the 100-K destruction rate measured in our laboratory.
b Volume dose rates for Europa and Callisto from Cooper et al. (2001).
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underlying NH3 ice experiencing only minimal IR-detectable
changes. During warming, NH3 diffuses upward through the irradi-
ated H2O + CO2 layer containing H2CO3. The resulting acid–base
reaction and the eventual loss of any remaining NH3 with contin-
ued warming produce the spectrum shown in Fig. 8 (250 K). The
upper trace in Fig. 8 is a room-temperature reference spectrum
of ammonium carbonate, (NH4)2CO3. The match between the two
spectra is very close, although small contributions from ammo-
nium bicarbonate (NH4HCO3) and even ammonium carbamate
(NH2CO2NH4) cannot be completely ruled out. (For additional
experimental details, and an earlier, now-discarded interpretation
of Fig. 8, see Khanna and Moore, 1999). The overall impression of
Fig. 8 is that of essentially 100% completion for the following
reaction:

H2CO3 þ 2NH3 ! ðNH4Þ2CO3 ð5Þ

To the best of our knowledge, Fig. 8 is the first published evi-
dence for any reaction of solid H2CO3 since its discovery (Moore
and Khanna, 1991). In fact, had this acid–base reaction not pro-
ceeded in the manner just described, it would have cast consider-
able doubt on the H2CO3 spectral assignment.

4. Discussion and astrophysical implications

The results presented here, and in the earlier papers already ci-
ted, show that carbonic acid is readily synthesized by both ionizing
radiation and vacuum-UV light acting on frozen H2O + CO2 ice mix-
tures. After formation, H2CO3 can survive on a planetary surface to
the extent that the molecule is protected from warming and from
reactions with NH3 and other bases. In some cases, radiation envi-
ronments are sufficiently well known so that our data (Fig. 4) can
be used to estimate life-times. Table 5 shows the results of such a
calculation, giving a half-life for carbonic acid at 100 K on both
Europa and Callisto.

The spectra we have recorded, such as in Fig. 1, illustrate the
differences between carbonic acid in an amorphous matrix and
pure crystalline H2CO3. On warming from 14 to 240 K (traces (b)
and (c) of Fig. 1), some peaks shift, some bands narrow, and some



Table 6
Selected thermodynamic properties of H2CO3, H2O, and CO2.

Ice Vapor pressures (bar) Heats of sublimation, DH (kJ mol�1)

240 K 245 K 250 K 255 K

H2CO3
a 2.90 ± 0.05 � 10�12 7.92 ± 0.07 � 10�12 1.60 ± 0.01 � 10�11 2.33 ± 0.03 � 10�11 71 ± 9

H2Ob 2.73 � 10�4 4.60 � 10�4 7.60 � 10�4 1.23 � 10�3 51.1
CO2

c 12.8 15.2 17.9 20.9 25.2

a Values for H2CO3 are from Fig. 7a and b.
b The data for H2O–ice are from Murphy and Koop (2005).
c Vapor pressures for CO2 are from Stull (1947) while the heat of sublimation is from Giauque and Egan (1937).
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splitting is observed. As an example, the broad, weak band near
2555 cm�1 (3.914 lm) sharpens considerably and moves to
2612 cm�1 (3.828 lm) on warming to 240 K. Fig. 2 shows that this
same feature then displays small, reversible shifts in position as
the temperature of the carbonic acid is changed. The importance
of documenting such spectral variations is demonstrated by
Fig. 9, which overlays this same OH stretching feature of carbonic
acid on reflectance spectra of Callisto and Europa. The spectrum of
pure crystalline H2CO3 at 140 K is shown as is one in which car-
bonic acid is trapped in an amorphous ice mixture at 150 K. For
comparison, a spectrum of H2O + CO2 (7:1) at 140 K is shown. It
is seen that the CO2 band near 4.26-lm on Callisto and Europa is
shifted to smaller wavelengths compared to laboratory-measured
CO2, indicating that CO2 may be complexed at the molecular level
with other materials on the satellite surfaces (e.g., Hibbitts and
Szanyi, 2007, and references therein). Comparing the band shapes
and positions for crystalline-phase pure H2CO3 and for H2CO3

trapped in amorphous H2O + CO2 ice, the weak �3.87-lm Callisto
feature is seen to be better fit with the amorphous ice. Any similar
feature on Europa is within the noise of the data as demonstrated
in Fig. 9. See Johnson et al. (2004) for a suggestion of H2CO3 as a
possible candidate molecule for Callisto. Additional details on the
shifts and intensity changes of H2CO3 features can be found in
Winkel et al. (2007).

Our analysis of data from irradiated H2CO3 considers both radi-
ation-induced chemistry and radiation-induced amorphization.
Separating these effects is important because measurements of
both H2CO3 loss and CO2 growth are needed for an accurate deter-
mination of intrinsic IR band strengths of carbonic acid. Along
these lines, the band strengths we report in Table 3 are signifi-
cantly different (>50%) from some of the older, uncorrected values.

In this paper we have presented data on the destruction of
H2CO3 at 14, 100, and 200 K, with corrections made for amorphiza-
tion. The decrease in column density (molec cm�2) of H2CO3 plot-
ted as a function of deposited energy density (eV cm�2) was used
to calculate G(�H2CO3), and values are listed in Table 4. Our
destruction measurements, based on the 100 K data, can be con-
verted into radiolytic half-lives on Europa and Callisto, and these
are given in Table 5.

We observed that the H2CO3 abundance increased on irradiat-
ing an amorphous H2O + CO2 mixture, and eventually reached a
plateau, as also reported by Hand et al. (2007). In our experiments
the plateau was met after about 6 � 1019 eV cm�2 was delivered to
the sample, and corresponded to equal rates of formation and
destruction for H2CO3. At that point �5% of the CO2 had been used
and of that �40% ended up in H2CO3. The remainder of the carbon
from CO2 was converted to CO and a small trace of CO3. A similar
process on Callisto could result in �2% H2CO3 relative to CO2.

Table 6 summarizes our vapor pressures for H2CO3 and, for
comparison, those of frozen H2O and CO2 at the same tempera-
tures. It is seen that the vapor pressures for H2CO3 are eight orders
of magnitude smaller than those of H2O–ice, and about eleven or-
ders of magnitude smaller than those of CO2. Therefore, on warmed
Solar System surfaces, both CO2 and H2O could vaporize leaving
behind pure H2CO3 for temperatures at or above 170 K. Once in this
freeze-dried state, H2CO3 would be susceptible to energetic
destruction, but otherwise would be fairly stable in a vacuum envi-
ronment to temperatures as high as �200 K.

We also have determined, for the first time, the heat of sublima-
tion of H2CO3. The value of 71 ± 9 kJ mol�1 is large compared to
those for H2O (51.1 kJ mol�1) and CO2 (25.2 kJ mol�1), which will
assist H2CO3 in remaining on planetary surfaces after the sublima-
tion of the other two molecules. For comparison to other carboxylic
acids, DHsub is 62.5 kJ mol�1 for formic acid (HCOOH) and
67.9 kJ mol�1 for acetic acid (CH3COOH). See Calis-Van Ginkel
et al. (1978).

Having discussed our results, it is appropriate to point out some
limitations and possible future work. Two sources of error in
Table 1 are the unknown density and radiation stopping power of
a 1:1 H2O + CO2 ice. Our approach was simply to assume these quan-
tities to be an average of the values of the individual components. A
direct measurement, particularly of the density, is desirable.

The H2CO3 formation we report is for this molecule generated in
an amorphous mixture of H2O + CO2 (1:1). However, to quantify
carbonic acid production we were forced to use our A values for
crystalline H2CO3. The reason for this is that neither of the synthetic
techniques we used to prepare H2CO3 resulted in the pure amor-
phous material. To our knowledge, pure amorphous H2CO3 has
not yet been made and so no spectra or band strengths are avail-
able. A related point concerns the purity of the carbonic acid in
our vapor pressure measurements. The acid–base reaction used
to make H2CO3 gave KBr as a by-product. We do not expect this
to influence the vapor pressures of Fig. 7a, but a check with
H2CO3 made by a different method is desirable.

We also note that our vapor pressure work was done with an IR
spectrometer operating in a conventional transmission mode,
while measurements of radiolytic destruction utilized reflection
spectroscopy. The spectra in the two cases were essentially identi-
cal, as seen in Fig. 5.

Finally, the data we have presented here may well have terres-
trial applications. Tossell (2009) has suggested solid-phase H2CO3

as a candidate for sequestration of atmospheric CO2, and specifi-
cally mentioned the need for measurements of carbonic acid’s
properties. Among the desired data are carbonic acid’s heat of sub-
limation and vapor pressures, which we report in this paper.
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