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ABSTRACT

Atmospheric gases trapped in polar ice have been used to reconstruct polar and global 

climate changes, providing better time resolution when less diffused. Experiments have shown 

that gas diffusion in ice is negligible on a laboratory time scale, but its cumulative impact on old 

glacial ice (> 1 Myr) remains unclear. Here, we employ density functional theory calculations to 

investigate the diffusion mechanism of gases trapped in ice-Ih from the atomistic level. The 

results suggest that the diffusion energy barrier between interstitial sites is primarily dependent 

on the atomic size and charge distribution of hopping gases. The diffusion of noble gases (He, 

Ne, Ar, Kr, and Xe) primarily occurs via the interstitial mechanism, consistent with previous 

results of classical molecular dynamics simulations. In contrast, the precisely determined 

diffusion paths and energy barriers for CO2, O2, and N2 suggest that these molecular gases prefer 

to hop along the hexagonal channel also via the interstitial mechanism, and the bond-breaking 

mechanism proposed previously to explain the diffusion of those molecular gases as fast as He 

and Ne may be unnecessary.

KEYWORDS

ice core, noble gases, gas diffusion mechanism, interstitial mechanism, paleorecord 

smoothing, density functional theory
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INTRODUCTION

As an archive of climate records, polar ice cores, particularly the atmospheric gases 

preserved therein, have been used to reconstruct polar and global climate changes.1-3 For 

instance, variations in CO2 concentrations have reflected changes in the global carbon cycle and 

atmospheric temperature.2, 4-5 The O2/N2 ratio has been used to estimate the atmospheric O2 

partial pressure relevant to changes in global erosion and ocean temperature.6 This ratio is shown 

to have potential applications in orbital tuning of the ice core chronology, as it is affected by 

surface snow metamorphism associated with local summer insolation.7-9 Additionally, isotope 

ratios of Ar (δ40/38Ar and δ38/36Ar) and Kr (81Kr/Kr and 85Kr/Kr) in trapped gases have been 

utilized for radiometric age dating of ice cores.10-11

The behavior of atmospheric air entrapped in accumulating ice sheets strongly depends 

on the porosity of the ice, which decreases with depth. While air resides within the 

interconnected porous structure of a firn column, ranging from near-surface snowpack down to 

the firn-ice transition depth (< 100 m), convective and diffusive gas mixing alters its gas 

composition over time.12-14 Below the firn-ice transition depth, trapped air remains in the gas 

phase as air bubbles until it turns into air hydrates at bubble-clathrate transition depths below 

several hundred meters.15-16 Mechanical mixing of gases is no longer allowed after bubble close-

off, and gas permeation causing elemental and isotopic fractionation can only change the gas 

composition at a given depth. However, the gas dynamics in ice is much slower than gas mixing 

in the firn layer, and its effects have been considered minor. Indeed, experimentally determined 

diffusion rates of gases in ice are revealed to be negligible on a laboratory time scale.17-20 For 

example, the displacement of Ar gas in ice would be less than ~4×10−4 m per hour, given its low 

diffusion coefficient (D) of ~1.0×10−11 m2∙s−1 (Table 1 for other gases) and the mean square 

displacement (MSD) of Ar ≤ 6Dt (where t is duration).21

Despite that, recent advances in deep ice core research give rise to the question of 

whether and how gas diffusion affects the paleorecords from old glacial ice, especially regarding 

the recent interest in glacial ice older than a million years.5, 22-24 Based on a simple estimation 

using the experimentally determined D, the MSD of Ar in ice may reach up to the order of 

meters in 10 kyrs (MSD ≤ ~4.3 m; Table 1). Diffusive gas exchange after close-off is mainly due 
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to the gas permeation that usually occurs via the dissolution of gas at the bubble-ice interface 

(characterized by solubility, S) and then molecular diffusion through the ice (characterized by 

diffusivity, D).16, 25-26 In most cases, the experimentally measured results correspond to the 

permeability (P) 17, which is the product of solubility and diffusivity (S × D), but S and D are 

often required to be parameterized. For example, a numerical diffusive gas exchange model 

required S and D, and they were estimated indirectly by combining the experimental and 

theoretical results.16 Another complication arises from the heterogeneity in glacial ices (e.g., 

ionic and structural defects, grain boundaries, and pore structures) that may serve as barriers to 

gas diffusion.21, 27 In addition, the phase transition to the clathrate at greater depths would result 

in changes in the dynamics applied to the trapped gases because of the intrinsically distinct 

atomic structures of ice clathrate.26, 28

In understanding the complex phenomena of gas diffusion in glacial ice, theoretical 

studies have complemented experimental results. Previously, classical molecular dynamics (MD) 

simulations provided atomistic insight into the diffusion mechanism of various gases (He, Ne, 

Ar, N2, O2, CO2, CH4, and H2O) in the ice-Ih lattice structure (Table 1).29-31 These gases were 

shown to be trapped in two crystallographically distinct interstitial sites, namely, the uncapped 

trigonal (Tu) and capped trigonal (Tc) sites, and hop between them (see Figure 1). Diffusion-

related parameters of those gases, such as S and D, were determined from the simulated diffusion 

trajectories at finite temperatures (< 270 K) using the Arrhenius-type diffusion equation. The 

results of classical MD simulations proposed that, while noble gases simply hop between 

adjacent interstitial sites (the interstitial mechanism), molecular gases (such as CO2) tend to 

break the ice lattice structures along their hopping paths (the bond-breaking mechanism).29-31 

This bond-breaking mechanism is unusual for common crystals, but it was expected that 

relatively weak hydrogen bonds (H-bonds) would allow molecular gases to break the ice-Ih 

lattice structure during hopping.29

However, this atomistic description based on classical MD simulations needs to be 

revisited because of methodological limitations, particularly in describing complicated 

intermolecular interactions. To represent the intermolecular interactions, classical MD 

simulations applied empirical-parameter-based analytical potential functions to atoms/molecules 
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assumed to have point/fixed charges (see Refs. for details of KKY interatomic potential model 

used in previous studies29-32).33 Although corrections for the long-range dispersive forces such as 

H-bonds were made, the simplified intermolecular interactions may not properly account for the 

nonuniform molecular charge distributions of the hopping gases (i.e., characterized by the 

electrostatic potential surface). Furthermore, the differential electron density, estimated from the 

electron distribution, is important to determine the intermolecular interactions in ice (e.g., see 

Ref.34 for the cooperative strengthening of local H-bonds in ice-Ih by neighboring H2O 

molecules). In this regard, recently advanced theoretical methods that can precisely determine 

the intermolecular interactions from the total valence electron density distribution should be used 

to validate the gas diffusion mechanism in ice.

In this study, as a first step to comprehensive understanding of the gas permeation in 

polar ice cores occurring via dissolution at the gas-ice interface and molecular diffusion through 

the ice-Ih lattice structure, we investigate the diffusion mechanism of various gases dissolved in 

ice-Ih. Specifically, the diffusion paths and electronic diffusion energy barriers (ED) of noble 

gases (He, Ne, Ar, Kr, and Xe) and other major atmospheric gases (CO2, O2, and N2) are 

explored by employing DFT calculations. Recent advances in DFT calculations enable the 

accurate determination of intermolecular interactions between hopping gases and surrounding 

H2O molecules from complete valence electronic structures.35-36 Considerable differences from 

the previous classical MD simulation results, particularly for the diffusion mechanism of 

molecular gases and the relationship between ED and the atomic sizes of the hopping gases, are 

presented. The conceptual advances achieved herein complement our understanding of the gas 

diffusion mechanism in glacial ice below the close-off depth, thereby stimulating further studies 

to probe precise diffusivity, dissolution processes (solubility), diffusion-assisted isotope 

fractionation, and numerical gas diffusion modeling for old glacial ice containing past 

atmospheric signals.
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Table 1. Diffusion-related parameters of trapped gases in ice given in previous theoretical and 

experimental studies.

1 Path 2 D0 (m2∙s−1) 2 QMD (eV) 3 D (m2∙s−1) 3 T (K) 4 MSD (m)
5 Theoretical results (classical MD simulations)

Tu-Tu(V) 2.07×10−6 0.17 8.25×10−10 250 4.22×10−3

Tu-Tc-Tu(H) 9.52×10−7 0.18 2.66×10−10 250 2.40×10−3He
Average 1.63×10−6 0.17 4.96×10−10 250 3.27×10−3

Tu-Tu(V) 7.41×10−11 0.04 1×10−11 250 4.65×10−4

Tu-Tc-Tu(H) 8.05×10−10 0.07 2.62×10−11 250 7.52×10−4N2

Average 2×10−10 0.05 1.74×10−11 250 6.12×10−4

Tu-Tu(V) 9.1×10−10 0.09 1.38×10−11 250 5.47×10−4

Tu-Tc-Tu(H) 4.3×10−9 0.09 5.94×10−11 250 1.13×10−3O2

Average 3.5×10−9 0.10 3.29×10−11 250 8.43×10−4

Tu-Tu(V) 4.5×10−7 0.20 5.06×10−11 250 1.05×10−3

Tu-Tc-Tu(H) 5.8×10−8 0.14 1.06×10−10 250 1.52×10−3CO2

Average 9.1×10−8 0.15 7.72×10−11 250 1.29×10−3

5 Experimental results
Tu-Tu(V) 3.4×10−7 0.12 1.30×10−9 250 5.29×10−3

He
Tu-Tc-Tu(H) 1.1×10−7 0.13 2.63×10−10 250 2.39×10−3

He 1×10−9–
1.2×10−9

258-
268

4.65×10−3–
5.09×10−3

Ne 6.2×10−11–
1.1×10−10

258-
268

1.16×10−3–
1.54×10−3

Ar ~1×10−11 258-
268 4.65×10−4

1 Diffusion paths of hopping gases (see Figures 3a, 4a, and 5a). 
2 Preexponential factors (D0) and dynamic diffusion energy barriers (QMD) determined from classical MD 
simulations29-31 and experiments17-19 by applying the Arrhenius-type equation to the simulated diffusion trajectory.
3 Diffusion coefficients (D) at a given temperature (T) estimated as per the Arrhenius-type diffusion equation with 
corresponding D0 and QMD.
4 Mean squared displacements (MSD) per hour when D is given and normal diffusion is assumed, i.e., (6Dt)1/2. The 
actual MSD would be less due to hindrance by the lattice structure and structural heterogeneities, including defects, 
grain boundaries, and pore structures.21

5 Diffusion-related parameters for He,31 H2O,31 N2,30 O2,29 CH4,29 and CO2
29 obtained by the classical MD 

simulations and those for H2O,18 H2,19 He,17, 20 Ne,17 and Ar17 determined experimentally.

METHODS

Ice-Ih with extrinsic gases

The ice-Ih structure used to investigate the gas diffusion mechanism was retrieved from 

previous X-ray diffraction data.37 Natural ice usually contains diverse structural and ionic defects 
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due to molecular disorientation and vacancies (e.g., Bjerrum defects).38-39 In this study, however, 

the fully ordered and defect-free ice-Ih structure was chosen to simplify the diffusion model and 

improve the efficiency of calculations. The supercell structure, consisting of 144 H2O molecules 

with lattice parameters of 13.5480 Å, 15.6439 Å, and 21.8123 Å for the a-, b-, and c-axes, was 

used to reduce the interactions originating from the periodically repeated images (e.g., 

interaction between the repeated extrinsic gases). The hopping paths of the extrinsic gases were 

determined from the topological arrangements of the Tu and Tc sites illustrated in Figure 1: (1) 

Tu-Tu(V) (hopping from Tu to Tu through the open hexagonal channel parallel to the c-axis) and 

(2) Tu-Tc-Tu(H) or Tu-Tu(H) (hopping from Tu to Tu between the horizontally stacked bilayers in 

the ab-plane either passing through or bypassing the center of the adjacent Tc site). Throughout 

the manuscript, the superscripts (V) and (H) indicate either the direction of the hopping path or 

the molecular orientation (vertical along the c-axis and horizontal in the ab-plane).

Figure 1. Crystallographically distinct interstitial sites in the ice-Ih lattice structure (trapped Ar 

atoms are shown as examples). (a) The uncapped trigonal site (Tu). It is surrounded by 12 

H2O molecules (orange circles) and is part of an open hexagonal channel parallel to the c-axis. 

(b) The capped trigonal site (Tc). It is surrounded by 6 H2O molecules (orange circles) and 

capped with two H2O molecules (green circles).
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Calculations

DFT calculations have been used to investigate various materials necessary for 

environmental and solid earth studies, e.g., the chemical reactions at interfaces40-44 and the 

atomic and electronic structures under extremely high pressures45-51. The calculation parameters 

used here were determined and adjusted based on these previous studies. Electronic structure 

calculations, geometry optimizations, and transition state searching (TSS) were carried out using 

CASTEP.35 The interatomic interactions were described with the on-the-fly generation ultrasoft 

pseudopotential and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.35, 52 

The plane-wave cutoff energy of 800 eV, the convergence criterion for self-consistent-field 

(SCF) calculations of 1×10−6 eV∙atom−1, and the Monkhorst-Pack (MP) grid for Brillouin zone 

sampling of 1×1×1 (i.e.,  point) were applied. The long-range dispersion intermolecular 

interactions, which are indispensable for molecular crystals,36, 51 were corrected with the 

Tkatchenko–Scheffler (TS) method.53 In addition, the scalar relativistic correction via the 

Koelling-Harmon method was applied consistently in all calculations to improve the accuracy of 

the calculations, including relatively heavy elements (i.e., Kr and Xe).54 Geometry optimization 

to determine the most stable configurations of ice-Ih containing extrinsic gases was carried out 

through the two-point steepest descent (TPSD) algorithm with convergence criteria of 1×10−5 

eV∙atom−1, 0.03 eV∙Å−1, 0.05 GPa, and 0.001 Å for the total energy, maximum force, maximum 

stress, and maximum displacement, respectively.55 The diffusion paths of hopping gases and the 

corresponding energy changes, as well as the electronic diffusion energy barrier (ED), were 

precisely determined via TSS calculations, which were carried out via the synchronous transit 

method (LST/QST) with a convergence criterion of 0.05 eV∙Å−1.56

The convergence of the total energy was tested by varying the cutoff energy (600–1400 

eV), the SCF tolerance (2×10−6–5×10−7 eV∙atom−1), and the MP grid (1×1×1–3×3×3); the results 

sufficiently converged with the parameters listed above. The convergence of ED was also 

examined for He, Ar, and Kr gases by comparing the results with those obtained by employing 

more accurate parameters (5×10−6 eV∙atom−1, 0.01 eV∙Å−1, 0.02 GPa, and 5×10−4 Å for geometry 
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optimizations and 0.01 eV∙Å−1 for TSS); the results converged within the order of ~0.01 eV, but 

the deviation increased slightly with increasing atomic size of the hopping gas. The calculated 

total energies and ED for relatively large noble gases and molecular gases also differed slightly 

even at crystallographically identical sites or paths. This might be due to the structural instability 

of the finite-sized ice-Ih supercell structure containing extrinsic gases. Nevertheless, given the 

above discussed validation of total energy and ED, the accuracy of the results was sufficient to 

address the diffusion mechanism of gases trapped in ice-Ih. A previous study showed that PBE-

TS calculations could provide comparable results to those of highly accurate calculations, e.g., 

the post-Hartree-Fock method and the hybrid functional of PBE and the Hartree-Fock exchange 

terms (i.e., PBE0) with TS dispersion correction (PBE0-TS). However, intermolecular 

interactions, such as hydrogen bonds between H2O molecules, could be slightly overestimated.36

To compare and verify inaccuracies in classical MD simulations, we calculated the 

potential energy profiles of CO2/ice-Ih between adjacent Tu sites along the c-axis using 2nd-

order Moller–Plesset (MP2) perturbation theory. The MP2 method is a wave-function-based 

method that is often used to validate DFT results for van der Waals (vdW) or hydrogen bond (H-

bond) dominant systems.57 The MP2 calculations were carried out using a CO2/ice-Ih cluster 

model containing 18 H2O molecules with three different sizes of the basis set, i.e., STO-3G, 6-

31G(d), and aug-cc-pVDZ, in Gaussian 09.58

Diffusion dynamics are usually described by the Arrhenius-type diffusion equation [D = 

D0∙exp(−ED/kBT)]. We could determine the ED values for gases hopping in the ice-Ih lattice. 

However, determining the pre-exponential factor (D0) further requires phonon calculations, as it 

indicates the ratio between the products of vibration modes for the initial and transition states of 

gas diffusion (i.e., the so-called attempt frequency; ν0 ≈ Πi
Nνi/Πj

N-1νj for the vibrational modes at 

the initial state, i, and transition state, j; see details in Ref.59). Given the definition of attempt 

frequency (ν0), its value for each hopping path may present a nonnegligible difference. Despite 

that, we assumed almost identical ν0 for each path (i.e., ν0
(V) ≈ ν0

(H)) to estimate the diffusion 

energy barrier for the total diffusion flux (i.e., the apparent diffusion energy barrier, 〈ED〉). Here, 

〈ED〉 was determined as follows:
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〈𝐸D〉 ≈ ― 𝑘B𝑇 ∙ ln [exp ( ―
𝐸(V)

D

𝑘B𝑇) + exp ( ―
𝐸(H)

D

𝑘B𝑇)]
ED

(V) and ED
(H) refer to the electronic diffusion energy barriers for the hopping gases along the 

vertical and horizontal paths, respectively. This semiquantitative analysis is expected to be 

helpful for understanding the trend of diffusion flux.

RESULTS AND DISCUSSION

DFT and classical MD simulations

The DFT calculations showed significantly different results from previous MD 

simulations with respect to molecular orientation, stable sites, and diffusion mechanism. For 

instance, classical MD simulations relying on empirical potentials identified the Tu site as a 

stable site for CO2 binding.29 However, in this study, CO2 tended to be rather stable between two 

adjacent Tu sites. Figure 2 demonstrates that as the basis set size increased, the energy minimum 

was closer to the DFT-calculated ED value. The MP2 calculations with a large basis set, aug-cc-

pVDZ, also predicted the energy minimum between Tu sites in line with the current DFT 

calculation. The trend of the previous MD simulations, showing the energy minimum at the Tu 

site, was only reproducible with STO-3G, the minimal basis set whose accuracy was much 

inferior to that of the other basis sets. These results validate our DFT calculation results but 

indicate the inaccuracy of the empirical-parameter-based force field calculations.
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Figure 2. Electrostatic potential barriers acting on the CO2 molecule hopping through the open 

hexagonal channel parallel to the c-axis (Figure 4a) calculated here at the MP2 level 

perturbation theory with different sizes of basis sets; STO-3G (red line with circles), 6-32G(d) 

(blue line with triangles), and aug-cc-pVDZ (black line with diamonds). Data of the previous 

MD study was from Ikeda-Fukazawa et al., 2004 (black solid line).29

Diffusion of noble gases

Figure 3 presents the diffusion paths and corresponding energy changes (ΔE) of noble 

gases (He, Ne, Ar, Kr, and Xe) trapped in ice-Ih. On the Tu-Tu(V), Tu-Tc-Tu(H), and Tu-Tu(H) 

hopping paths, transition states were found at the boundaries between adjacent interstitial sites 

with slight shifts of H2O molecules (Figure 3a). In Figure 3b, the ΔE values of the hopping 

gases, equivalent to the energy required to hop between adjacent interstitial sites (ED), are 

presented for different diffusion coordinates. Whereas the largest atoms, Xe, did not prefer to be 
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trapped inside the relatively small H2O molecule-capped Tc sites, He, Ne, Ar, and Kr atoms 

could be trapped therein. The total energy of ice/gas increased significantly after hopping to the 

Tc site due to the distortions of nearby lattice structures: ~0.18 eV for He, ~0.34 eV for Ne, 

~0.69 eV for Ar, and ~0.84 eV for Kr (Figure 3b). Then, the proportion of noble gases trapped in 

the Tc site would be exceedingly small because the larger the energy differences are the greater 

the preference of the Tu site. The ΔE at the Tc site and the ED for all available paths increase 

with increasing atomic sizes of the hopping gases. This result agrees with the physical intuition 

that larger atoms require greater energy to pass the boundary between adjacent interstitials, as 

they need greater structural distortion. The atomic-size dependence of ED will be further 

discussed together with the results of molecular gases in Figure 7.

Figure 3. (a) Diffusion paths of noble gases (He, Ne, Ar, Kr, and Xe) trapped in ice-Ih, along the 

vertically aligned open hexagonal channel parallel to the c-axis (V) and between the 

horizontally stacked bilayers in the ab-plane (H): Tu-Tu(V), Tu-Tc-Tu(H) (hopping along Tu-

Tc(H) and then Tc-Tu(H)), and Tu-Tu(H). The transition states of each hopping process are 
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presented. (b) Energy differences (ΔE) of the hopping gases for different diffusion coordinates 

and electronic diffusion energy barriers (ED) given relative to the energy at the most stable Tu 

site.

Diffusion of molecular gases

Compared to noble gases, CO2, O2, and N2 gave more complicated results depending on 

their orientations, sizes, and charge characteristics. Figure 4 presents the energy changes of 

vertically oriented CO2, O2, and N2 gases hopping along the Tu-Tu(V) path (i.e., the open 

hexagonal channel parallel to the c-axis). The O2 and N2 gases were stable when they were 

entirely trapped in the Tu site, and their transition states were reached at the boundary between 

the vertically aligned Tu sites (Tu∙∙∙Tu; see Figure 4a). The ED of N2 hopping along the Tu-Tu(V) 

path, i.e., ED
(V)(N2), was larger than ED

(V)(O2) by ~0.15 eV despite the similar atomic sizes of N 

and O (the vdW radii, RW, of N and O atoms are ~155 pm and ~152 pm, respectively). This 

result could be attributed to the distinctly different charge distributions of N2 and O2 molecules. 

O2 exhibits almost homogeneous and neutral charge character, but N2 has a significant gradient 

in the molecular charge distribution ([−]N[+]N[−]) due to the presence of lone-pair electrons and 

hence induces stronger intermolecular interactions with nearby H2O molecules on the hopping 

paths.60 In contrast to O2 and N2 molecules, CO2 was stabilized when it was hanging at the open 

hexagonal ring in a perpendicular direction with its carbon atom at the center (at Tu∙∙∙Tu; Figure 

4a); the ΔE at Tu∙∙∙Tu was lower by ~0.2 eV (see Figure 4b). This result, different from those of 

N2 and O2, might be primarily due to the strong intermolecular interactions between CO2 and 

neighboring H2O molecules, as shown in Figure 4a: the interactions between positively charged 

C ([+]C) of the CO2 molecule and negatively charged oxygen ([−]O) of surrounding H2O 

molecules in the hexagonal ring and between [−]O of the CO2 molecule and [+]H of nearby H2O 

molecules. Furthermore, CO2, even with the relatively large carbon atom (~170 pm of RW), had a 

smaller ED
(V)(CO2) than those for N2 and O2: ED

(V)(N2) > ED
(V)(O2) > ED

(V)(CO2). It can then be 

concluded that, for the diffusion of CO2, the characteristic charge distribution was more 

influential than its size. In addition, the energy required for the structural distortion of the ice-Ih 

lattice structure by slightly pushing aside H2O molecules on the hopping path would be included 
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in ED for these molecular gases; see below the effect of lattice distortion on the ED of CO2 

(Figure 5).

Figure 4. (a) Diffusion paths of vertically oriented molecular gases (CO2, O2, and N2) trapped in 

ice-Ih along the Tu-Tu(V) path (the open hexagonal channel parallel to the c-axis). The initial, 

transition, and final states are presented. (b) Energy differences (E) of the hopping gases for 

the diffusion coordinates and electronic diffusion energy barriers (ED) compared to the energy 

at the most stable site.

Figure 5 presents the diffusion paths and corresponding energy changes of horizontally 

oriented CO2, O2, and N2 gases hopping along the Tu-Tu(H) path between the horizontally 

stacked bilayers. As shown in Figure 5a, horizontally oriented linear molecular gases tended to 

bypass the center of the Tc site. Figure 5b shows that the calculated ED for these horizontally 

oriented molecular gases, ED
(H), was higher than the corresponding ED

(V), but the trend was 
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similar: ED
(H)(N2) > ED

(H)(O2) > ED
(H)(CO2). Both O2 and N2 molecules could be entirely trapped 

in the Tu site even when horizontally oriented. Thus, the difference between ED
(H)(N2) and 

ED
(H)(O2) might be due to their distinct molecular charge distributions, as discussed above. In 

contrast, the longer CO2 molecule was not entirely trapped in the Tu site (Figure 5a); one of the 

oxygen atoms was likely to be in the Tc site. In addition to the characteristic molecular charge 

distribution, this stable configuration of CO2 across the boundary between adjacent Tu sites 

would affect ED
(H)(CO2). It already deforms the relatively small Tc site by pushing aside H2O 

molecules and, thus, may decrease the energy required for the structural distortion that facilitates 

CO2 hopping. 

Figure 5. (a) Diffusion paths of horizontally oriented molecular gases (CO2, O2, and N2) trapped 

in ice-Ih along the Tu-Tu(H) path (between the horizontally stacked bilayers in the ab-plane). 

The initial, transition, and final states of each hopping are presented. (b) Energy differences 

(E) of the hopping gases for the diffusion coordinates and electronic diffusion energy 

barriers (ED) compared to the energy at the most stable site.
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In addition to the molecular orientation-specific diffusion of CO2, O2, and N2 molecules, 

Figure 6 presents the energy required to change their molecular orientations in the ice-Ih lattice 

(ER). As shown in Figure 6a, the relatively small O2 and N2 molecules (molecular lengths of 

~1.22 Å and ~1.10 Å, respectively) can rotate even when they are trapped in the Tu site. The 

stronger intermolecular interaction of N2-H2O than of O2-H2O, induced from the characteristic 

charge distributions of N2,60 led to ER(N2) > ER(O2), as shown in Figures 4 and 5. In contrast, the 

CO2 molecule (with a longer molecular length of ~2.34 Å) should pivot around the adjacent Tc 

center to change its molecular orientation. Thus, the ER(CO2) was greater than those of N2 and 

O2: ER(CO2) > ER(N2) > ER(O2). In addition, we found that the total energy of ice/gas increases 

after rotation of the molecular gases from vertical to horizontal by ~0.22 eV for CO2, ~0.10 eV 

for N2, and ~0.08 eV for O2 (Figure 6b), implying relative instability compared to vertically 

oriented molecules. Then, the proportion of vertically oriented molecules would be greater than 

that of horizontally oriented molecules; the lower the total energy is, the more likely the 

configuration is to exist.

Page 16 of 31

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

Figure 6. (a) Molecular rotations of molecular gases (CO2, O2, and N2) trapped in ice-Ih, from 

the vertical direction (parallel to the c-axis) to the horizontal direction (in the ab-plane). The 

initial, transition, and final states of each hopping are presented. (b) Energy differences (ΔE) 

of the rotating gas molecules and electronic rotation energy barriers (ER) compared to the 

energy at the most stable states.

Gas diffusion mechanism

A systematic understanding of the tendency of gas diffusion in ice-Ih is possible by 

combining the results in Figures 3–6. Figure 7a presents the relationship between ED and RW of 

the largest atom of the hopping gases. Previous classical MD simulations reported that the 

molecular diffusion of CO2, O2, and N2 trapped in ice-Ih is easier between the stacked bilayers in 

the ab-plane than along the c-axis.29 In contrast, the current results, showing the lowest ED for 

the Tu-Tu(V) path, demonstrate that molecular diffusion through the open hexagonal channel 

parallel to the c-axis is the primary mechanism for both noble and molecular gases rather than 
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the other horizontal paths between the stacked bilayers in the ab-plane. For hopping in the ab-

plane, the trendlines of Tu-Tc(H) and Tu-Tu(H) imply that (1) He and Ne preferred the Tu-Tc-

Tu(H) path passing through the center of the adjacent Tc site but (2) relatively large Ar, Kr, and 

Xe preferred the Tu-Tu(H) path that bypasses the center of the adjacent Tc site. Note that the ED 

of Tc-Tu(H) indicates additional energy for the subsequent hopping from the intermediate state 

(Tc) to the final state (Tu) in the Tu-Tc-Tu(H) path.

Together with the site- and orientation-specific stability and preference of the gases 

trapped in ice-Ih (see Figure 1 for noble gases and Figure 6 for CO2, O2, and N2), this refined 

perspective could improve the mechanistic and atomistic understanding of the experimentally 

measured diffusion-related phenomena, or those cannot be measured yet. For instance, a 

previous study reported that the randomized c-axis distribution of ice particles (characterized by 

the lattice preferred orientation) at the upper region tends to converge in the vertical direction of 

the glacier with depth because the dominance of deformation modes changes from vertical 

compression in the upper part to horizontal shear in the lower part (see Ref.61 for details). In this 

circumstance, the preferred gas diffusion through the open hexagonal channel parallel to the c-

axis suggests anisotropic gas diffusion in deep glaciers along the vertical direction, as assumed in 

the previous numerical models.16, 26

Figure 7b shows the apparent diffusion energy barrier, 〈ED〉, for the total flux of gas 

diffusion in ice-Ih (see Methods for details). The 〈ED〉 of hopping gases, which appeared to be 

primarily determined from the ED of the most preferred Tu-Tu(V) path, increases with increasing 

RW: 〈ED〉 ≈ 0.01×RW − 0.92 (R2 = 0.83). We noted that the 〈ED〉 of CO2 and N2 notably deviates 

from the overall trend. Figure 7c shows the relative diffusivity (D/D0) of gases hopping via the 

interstitial mechanism. These values are estimated from the 〈ED〉 as per the Arrhenius-type 

diffusion equation, i.e., exp[-〈ED〉/kBT], and quantification of the absolute diffusion rate (D) 

further requires the pre-exponential factor (D0) to be determined. Details will be discussed in the 

Further studies section. Considering the nonuniform charge distributions of CO2 and N2 

molecules, this result suggests that the diffusion dynamics in ice are determined primarily by the 

sizes of hopping gases, but the charge characteristics of hopping gases also affect it. Note that the 
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relationship between 〈ED〉 and RW may differ from this simple linear pattern together with the 

results of larger-sized and/or distinctively charged molecular gases in future studies.

Figure 7. (a) Relationships between the electronic energy barriers (ED) and the van der Waals 

radii (RW) of the hopping gases trapped in ice-Ih for each path: Tu-Tu(V) (white circles), Tu-

Tu(H) (orange squares), Tu-Tc(H) (green diamonds), and Tc-Tu(H) (cyan diamonds). The solid 

lines indicate the ED trends of noble gases only. The results for CO2 (purple), O2 (red), and N2 

(blue) are presented for the Tu-Tu(V) (circles) and Tu-Tu(H) (squares) paths. (b) Relationship 

between the apparent diffusion energy barrier, 〈ED〉, and RW for the whole data set: 〈ED〉 ≈ 

0.01×RW − 0.92 (R2 = 0.83). (c) Semi-quantitatively predicted relative diffusivity (D/D0) of 

the gases hopping via the interstitial mechanism (Figures 3, 4, and 5); D/D0 = exp[−〈ED〉/kBT] 

at 270 K.

The energy barriers along the diffusion paths for He, Ne, Ar, N2, O2, and CO2 

determined here and in previous studies29-31 are summarized in Table 2 to compare the tendency 

of gas diffusion dynamics: the electronic diffusion energy barrier (ED) determined via DFT 

calculations (Figure 7), the potential barrier (EMD) acting on the hopping gases, and the diffusion 

coefficients (DMD) retrieved from classical MD simulations. In the following discussion, ED and 

EMD, DMD, indicate 〈ED〉, 〈EMD〉, and 〈DMD〉, respectively (see Methods).
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Previous classical MD simulations determined the relative differences in the potential 

barriers acting on the hopping gases (EMD) in ice-Ih (Table 2): EMD(He) < EMD(Ne) < EMD(Ar) < 

EMD(O2) < EMD(N2) < EMD(CO2). The EMD increased with the atomic/molecular size of the 

hopping gases. If interstitial hopping prevails, the EMD should be inversely correlated with the 

diffusion coefficient (DMD) as per the Arrhenius-type diffusion equation. However, the diffusion 

of molecular gases was revealed to be faster than the interstitial mechanism could explain, and 

thus, the order of DMD dramatically differed from that predicted from EMD assuming interstitial 

hopping: DMD(He) > DMD(CO2) > DMD(Ne) > DMD(O2) > DMD(Ar) > DMD(N2). The previous 

study suggested that this difference is a consequence of the anomalous bond-breaking 

mechanism (i.e., occurred by breaking the ice lattice structure along the hopping path).

Compared to the previous classical MD results,29 the DFT calculations showed 

significant differences in the potential barrier acting on the hopping gases and the gas diffusion 

mechanism, particularly for CO2, O2, and N2 gases. The results of noble gases (He, Ne, and Ar) 

show that interstitial hopping is predominant, as previously suggested. In addition, we found that 

CO2, O2, and N2 gases also tend to hop along the open hexagonal channel via the interstitial 

mechanism instead of the previously suggested bond-breaking mechanism (Figures 4, 6, and 7a). 

The calculated ED values for these molecular gases were surprisingly small and rather 

comparable to He and Ne than the other large atomic gases. Consequently, the order of ED is 

significantly different from EMD: ED(He) < ED(CO2) < ED(Ne) < ED(O2) < ED(N2) < ED(Ar) < 

ED(Kr) < ED(Xe) (see Table 2 and Ref.29). In principle, the ED and EMD trends should be similar 

or identical because they both originate from intermolecular interactions between the hopping 

gases and the surrounding H2O molecules; however, the difference is substantial, as shown in 

Table 2. We ascribed these discrepancies to the methodological limitations of classical MD 

simulations in describing the intermolecular interactions (Figure 2). We noted noticeable 

differences between ED and EMD (e.g., ED > EMD for noble gases and ED < EMD for CO2, O2, and 

N2), but the direct comparison is not straightforward because they were obtained from 

completely different theoretical methods.

Since ED governs the diffusion dynamics as per the Arrhenius equation (via the 

interstitial mechanism), the diffusivity (DDFT) might be inversely correlated with ED within a 
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typical temperature range of experiments or the cryosphere (below the melting point). Then, the 

order of gas diffusivity would be DDFT(He) > DDFT(CO2) > DDFT(Ne) > DDFT(O2) > DDFT(N2) > 

DDFT(Ar) > DDFT(Kr) > DDFT(Xe) (see Figure 7c). This result demonstrates that the fast diffusion 

of molecular gases (CO2, O2 and N2) can arise from the interstitial hopping mechanism instead of 

the bond breaking mechanism suggested in previous studies using classical MD simulations.29-31 

Note that the order of gas permeability can differ depending on the solubility of gases at the gas-

ice interface (see the Further studies section for details).
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Table 2. Diffusion energy barriers of hopping gases trapped in ice determined in this study (ED; 

eV) and in previous classical MD studies (EMD; eV). 

1 Tu-Tu(V) 1 Tu-Tc-Tu(H) or Tu-Tu(H) 2 Apparent diffusion
3 ED

(V) 4 EMD
(V) 3 ED

(H) 4 EMD
(H) 5〈ED〉 6〈EMD〉

CO2 0.26 1.53 0.52 8.27 0.26 ~1.53
O2 0.32 0.42 0.57 2.31 0.32 ~0.42
N2 0.47 0.48 0.77 2.67 0.47 ~0.48
Ar 0.66 0.28 0.78 1.54 0.66 ~0.28
Ne 0.31 0.07 0.37 0.36 0.31 ~0.07
He 0.15 0.03 0.18 0.12 0.14 ~0.03

1 Diffusion paths of hopping gases (Figures 3a, 4a, and 5a).
2 Diffusion energy barriers estimated for the apparent diffusion, indicating the trend of total diffusion flux: 〈D〉 = 
D(V) + D(H).
3 Electronic diffusion energy barriers (ED) acting on the vertically (ED

(V)) and horizontal (ED
(H)) hopping gases 

calculated herein using DFT calculations (Figure 7).
4 Potential barriers (EMD) acting on the hopping gases estimated with the analytical potential functions used in the 
classical MD simulations.29-31

5 Apparent diffusion energy barrier, 〈ED〉, determined from the directional-specific energy values. See details in the 
Methods.
6 Apparent diffusion energy barrier, 〈EMD〉, and diffusion coefficients, 〈DMD〉, retrieved from the previous classical 
MD study.29

Further studies

The current results suggest that interstitial hopping is the primary diffusion mechanism 

for noble and molecular gases trapped in ice-Ih. Thus, we could present the relative diffusivity of 

gases based on the calculated diffusion energy barrier (ED) acting on the hopping gases as per the 

Arrhenius-type diffusion equation. Nevertheless, to quantitatively estimate the hopping 

probability and diffusion rate, the pre-exponential factor (D0) of the Arrhenius-type diffusion 

equation needs to be determined from the attempt frequency (ν0) of gas diffusion and the 

structural factors (e.g., the number of hopping sites, the hopping distance, and the dimension of 

diffusion). The attempt frequency can be calculated from the changes in vibration modes of the 

gas atom/molecule and the surrounding H2O molecules during the hopping process (𝜈0 =

, where νi and νj refer to the total vibration modes at the initial and transition states ∏N
i 𝜈i ∏N ― 1

j 𝜈j

respectively; see Ref.59 for details). If the attempt frequency of gas diffusion is quantitatively 

determined, it can be applied to the investigation of diffusion-assisted isotope fractionation in old 
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glacial ices. In addition to the current results for CO2, O2, and N2 gases, the diffusion mechanism 

of CH4, one of the prominent greenhouse gases, needs to be further explored because of its 

substantially different molecular geometry.

As discussed above, ice core paleorecord smoothing after close-off is generally 

attributed to gas permeation from one bubble to another through the ice layer, which can be 

understood as a two-step process: (i) gas dissolution at the gas-ice interface via adsorption on the 

ice surface and penetration into the ice lattice structure and (ii) molecular diffusion through the 

ice-Ih lattice structure.16, 25-26 Since this study has focused on the molecular diffusion mechanism, 

the gas dissolution process (i.e., solubility) needs to be further explored to fully understand the 

gas permeation in ice (e.g., see Ref. for the CO2 diffusion model, considering both solubility and 

diffusivity4). Figures 3 and 6 show the positive relationship between the structural instability of 

gas/ice system and the size of hopping gases, which may suggest that the solubility (S) also has 

the trends of S(He) > S(Ne) > S(Ar) > S(Kr) > S(Xe) for the noble gases and S(O2) > S(N2) > 

S(CO2) for the molecular gases. However, their overall trend can be different from that of 

diffusivity expected from ED, since the molecular gases (e.g., CO2 and N2) can have very low 

solubility due to their molecular geometries and characteristic electrostatic charge distribution. 

For example, the CO2 molecule has negative partial charges at both ends and can be strongly 

adsorbed to the unpaired H atoms on the ice surface (see Ref. for the CO2 adsorption model on 

ice surface62), requiring large energy to penetrate the ice lattice structure by overcoming the 

strong bindings with surface protons (i.e., corresponding to the activation energy for dissolution; 

ES). Then, its solubility can be extremely low, which would not be case for the noble gases. 

Consequently, the trend of permeability (P = S × D) would be different from that of diffusivity 

established in this study (Figure 7c): P/P0 ≈ exp[−(ED+ES)/kBT].16, 25-26 For example, field 

experiments have suggested P(He) > P(Ne) > P(O2) > P(Ar) > P(Kr) ≈ P(Xe) ≈ P(CO2) ≈ P(N2) 

based on the firn air composition in the bubble close-off zone of polar glaciers.63-64 Further 

studies are necessary with well-designed atomistic-level simulations for such molecular gases to 

precisely understand the gas permeation process, particularly gas adsorption on the ice-Ih 

surface, penetration into the ice-Ih lattice structure, and thermodynamics stability changes.16, 25-

26, 65 Additionally, considerations should be made on the crystallinity and structural defects in the 

ice layer surrounding closed-off bubbles. The grain boundaries in a polycrystalline ice and the 
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potential presence of amorphous layer at the gas-ice interface would have effect on both 

dissolution and molecular diffusion processes.66-67 The structural and ionic defects in ice-Ih, such 

as molecular disorientations, ionic defects, and molecular vacancies, might hinder diffusion 

dynamics (see Refs.38-39, 68 and other references therein).

Compared to the pristine ice-Ih studied here, its transition to ice clathrate in deeper 

glaciers would change the diffusion condition for trapped gases.26, 28 Clathrate hydrates are 

nonstoichiometric crystals consisting of H2O-molecular cages in which guest gas molecules (e.g., 

CO2 and CH4) can be trapped.15, 69-70 This structural difference would lead to remarkably 

different diffusion dynamics compared to ice-Ih. Although previous studies revealed the 

diffusion mechanism of CO2 and CH4 in clathrate via DFT-based calculations and classical MD 

simulations, differences in the gas diffusion mechanisms for ice and clathrate have not been 

systematically investigated.

CONCLUSION

We determined the diffusion paths and electronic diffusion energy barriers (ED) of noble 

(He, Ne, Ar, Kr, and Xe) and other major atmospheric gases (CO2, O2, and N2) trapped in ice-Ih. 

The precise DFT calculations revealed interstitial hopping as the primary diffusion mechanism 

for both noble and molecular gases investigated here. The noble gases tended to hop along the 

open hexagonal channel parallel to the c-axis, as suggested in previous classical MD simulations. 

The molecular gases (CO2, O2, and N2) preferred to be aligned parallel to the c-axis and, thus, 

hop along the open hexagonal channel via the interstitial mechanism instead of the previously 

suggested bond-breaking mechanism. Previously, the bond-breaking mechanism was proposed to 

explain the faster diffusion of molecular gases than predicted from the potential barriers 

assuming interstitial hopping. Newly calculated ED values for CO2, O2, and N2 suggested that 

fast diffusion of these molecular gases, comparable to those of He and Ne, is possible even via 

the interstitial mechanism. A direct relationship between ED and the sizes of hopping gases and 

the effect of the molecular charge distribution of the hopping gases were established, thereby 

complementing the experimentally and theoretically determined diffusion trends of gases in ice 
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from an atomistic viewpoint. We believe that a refined understanding of the gas diffusion 

dynamics in ice can help future paleoclimatic studies to investigate the diffusion-induced 

elemental and isotopic fractionations in old glacial ice.
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