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Evaluation of Depth Profiling Using Laser Resonant Desorption as a Method To Measure Diffusion Coefficients in Ice Florent Domine´* and Ire`ne Xueref



CNRS, Laboratoire de Glaciologie et Ge´ ophysique de l'Environnement, BP 96, 38402 St. Martin d’He` res Cedex, France



Diffusion of gases in ice is involved in cloud, snow, and ice core chemistry, but few data exist on the relevant diffusion coefficients. A novel method to measure diffusion coefficients in ice has recently been proposed by Livingston et al. (Anal. Chem., 2000, 72, 5590-5599). It is based on depth profiling of doped ice crystals epitaxially grown on Ru(001) by laser resonant desorption (LRD). Using this method, Livingston et al. obtained a value of the diffusion coefficient of the HCl hydrate in ice at 190 K of about 5 × 10-11 cm2/s. We argue here that this value is many orders of magnitude higher than what could be expected from literature values, which are not reported in sufficient detail by Livingston et al. We investigate the possibilities that their high value could be due to (1) diffusion in defects in the ice, which would be present in very high concentrations because of the ice growth method; and (2) the fact that diffusion of high concentrations of HCl in ice at 190 K forms an amorphous HCl:H2O solid mixture, where HCl diffusion is fast. We present new infrared spectroscopic data on solid HCl:H2O mixtures that confirm that such mixtures can indeed be formed in an amorphous state at 190 K. Our proposed interpretation is that by depositing large amounts of HCl on epitaxially grown ice, Livingston et al. created a superficial amorphous binary mixture and that fast diffusion of HCl in the ice, possibly accelerated by a high defect density, produced an amorphous HCl:H2O mixture. We conclude that the processes studied by Livingston et al. are different from those involved in the atmospheric and cryospheric sciences, and that their data, obtained by depth profiling using LRD, probably cannot be applied to those fields.



OBJECTIVES Understanding diffusion of species such as HCl in ice is important to elucidate aspects of atmospheric chemistry such as stratospheric ozone depletion1, ice core analysis2, and snow chemistry.3-4 Yet, few data are available on the diffusion of atmospheric trace gases in ice. * Phone: (33) 476 82 42 69. Fax: (33) 476 82 42 01. E-mail: [email protected]. (1) Solomon, S. Nature 1990, 347, 347-354. (2) Legrand, M.; Mayewski, P. Rev. Geophys. 1997, 35, 219-243.
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In a recent paper, Livingston et al.5 described a novel, elegant method to measure diffusion coefficients in ice films. Briefly, an ice film is grown epitaxially on a Ru(001) crystal. Doping by diffusion from the surface of the ice film is then performed, and the diffusion profile is measured by laser resonant desorption (LRD) depth-profiling using a radiation wavelength of 2.94 µm. The desorbed molecules are analyzed by a quadrupole mass spectrometer. The main stated purpose of this novel method is to provide data to the atmospheric and cryospheric sciences. Livingston et al.5 used LRD to measure the diffusion coefficient, DHCl, of what is referred to as “HCl hydrate” in ice and obtain a value DHCl ≈ 5 × 10-11 cm2/s at T ) 190 K. They concluded that this result illustrates the potential of LRD depth-profiling to study diffusion in ice. The first purpose of this paper is to note, after a brief review of Livingston et al.’s methods, that their value is much higher than previous measurements, some of which they do not discuss. Our second goal is to investigate the cause of these large disagreements and to propose (1) that the structure of the ice used is different from that of atmospheric ice and (2) that the dopant concentrations used are too high to duplicate atmospheric processes. The combination of both effects leads to our conclusion that although these measurements are probably interesting to study, some aspects of the physical chemistry of epitaxially grown ice, that is, their application to atmospheric problems, may not be possible. DEPTH PROFILING METHOD AND RESULTS To measure DHCl, Livingston et al.5 used a sandwich structure. They first grew epitaxially a 10-µm-thick ice film, then deposited an unspecified thickness of HCl at 120 K and deposited a 7-µmthick extra ice layer to encapsulate the HCl. Their LRD depth profiling, using a laser-pulse energy of 0.61 mJ, has a depth resolution of 0.5 µm. The profile of the HCl sandwich prior to diffusion (their Figure 12) shows that the HCl signal is concentrated on one pulse, suggesting that the HCl thickness is e0.5µm. There is, however, a weak signal on laser shots both before and after the strong HCl signal, suggesting that the HCl thickness might be ≈ 0.5 µm. The maximum HCl signal is ∼1200 counts, (3) Domine´, F.; Thibert, E.; Silvente, E.; Legrand, M.; Jaffrezo, J.-L. J. Atmos. Chem. 1995, 21, 165-186. (4) Domine´, F.; Thibert, E. Geophys. Res. Lett. 1996, 23, 3627-3630. (5) Livingston, F. E.; Smith, J. A.; George, S. M. Anal. Chem. 2000, 72, 55905599. 10.1021/ac010255a CCC: $20.00
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about 10 times as strong as the signal coming from a 0.1-µmthick H218O layer. Although the mass spectrometer sensitivity to HCl and H218O are certainly different, these observations appear to be consistent with a HCl deposit thickness of the order of 0.5 µm and in any case, probably thicker than 0.05 µm. The HCl signal is assigned to a HCl hydrate interlayer, suggesting that a mixed HCl-H2O layer is formed by depositing pure HCl on ice, but the structure of this layer is not detailed. Diffusion is then allowed to take place at 190 K. Gaussian depth profiles are obtained after 120 and 300 s. By fitting both profiles to the appropriate diffusion equation, DHCl values of (4.8 ( 1.5) × 10-11 and (5.1 ( 1.6) × 10-11 cm2/s are obtained. These values are assigned to the HCl hydrate diffusion coefficient, not to DHCl, but no details are given regarding the meaning of “HCl hydrate”. There are 4 known crystalline hydrates of HCl, the hexa-, tri-, di-, and monohydrates6,7 and it is not specified which one is involved. Note, by the way, that the tetrahydrate, which is mentioned by some authors,8,9 does not exist. The mechanism of diffusion is not discussed, and it may be of interest to know whether the HCl hydrate diffuses as the HCl-n(H2O) entity, or whether the diffusion of HCl results in the transformation of ice into hydrates of HCl. Comparison of Laser Depth Profiling Results with Literature Values. Livingston et al.5 briefly review part of the literature on the subject and state that “Quantitative measurements of diffusion in ice are almost non existent for species other than H2O isotopes”. They mention that “HCl diffusion coefficients have varied dramatically and range from DHCl ≈ 10-9 cm2/s to DHCl ≈ 10-13 cm2/s at T ≈ 185 K.” They also note that DHNO3 values “were ≈100 times greater than HCl at the same temperature”. However, values lower than those are found in the literature, and the temperatures at which they were measured or determined were often around 250 K, not 185 K. Mentioning the correct temperature is important when comparing values, because diffusion coefficients decrease with decreasing temperature. Wolff et al.10 report DHCl < 10-13 cm2/s at 253 K. Barnaal and SlotfeldEllingsen11 report DHCl ) 4 × 10-9 cm2/s at 258 K. Domine´ et al.3 and Domine´ and Thibert4 report values between ∼10-12 and 10-11 cm2/s in the range T ) 248-255 K. Krishnan and Salomon12 obtained values between 2.2 × 10-8 and 16 × 10-8 cm2/s in the range T ) 255-269 K. Koehler et al.13 report DHCl ) 10-12 cm2/s at 158 K from measurements on microcrystalline ice films. Horn and Sully14 obtained DHCl ) 1.5 × 10-11 cm2/s at 150 K using polycrystalline ice films probably similar to those used by Koehler et al.13 Thibert and Domine´15 performed a detailed study of the diffusion of HCl in ice and obtained by serial sectioning 27 diffusion profiles of HCl in large single ice crystals that yielded (6) Rupert F. J. Am. Chem. Soc. 1909, 31, 851-866. (7) Vuillard G. C. R. Acad. Sci. 1955, 241, 1308-1311. (8) Delzeit, L. A.; Rowland, B.; Devlin, J. P. J. Phys. Chem. 1993, 97, 1031210318. (9) Banham, S. F.; Sodeau, J. R.; Horn, A. B.; McCoustra, M. R. S.; Chesters, M. A. J. Vac. Sci. Technol. A. 1996, 14, 1620-1626. (10) Wolff, E. W.; Mulvaney, R.; Oates K. Geophys. Res. Lett. 1989, 16, 487490,. (11) Barnaal, D.; Slotfeldt-Ellingsen, D. J. Phys. Chem. 1983, 87, 4321-4325. (12) Krishnan, P. N.; Salomon, R. E. J. Phys. Chem. 1969, 73, 2680-2683. (13) Koehler B. G.; A. M. Middelbrook, A. M.; Tolbert, M. A. J. Geophys. Res. 1992, 97, 8065-8074. (14) Horn, A. B.; Sully, J. J. Chem. Soc., Faraday. Frans. 1997, 93, 2741. (15) Thibert, E.; Domine´, F. J. Phys. Chem. B. 1997, 101, 3554-3565.



DHCl values in the range of 1.1 × 10-12 to 1.45 × 10-11 cm2/s in the range T ) 238-265 K. However, their measurements were perturbed by the presence of defects, probably small angle boundaries, that acted as diffusion short circuits, and their values must, therefore, be considered as upper limits. Thibert and Domine´15 stressed the difficulty of obtaining coefficients of heterodiffusion in ice and pointed out many artifacts in previous studies. For example, they suggested that the high DHCl values of Krishnan and Salomon12 were due to surface diffusion, that the low value (which is only a lower limit) of Wolff et al.10 is due to an insufficient detection limit that prevented them from observing diffusion, and that the high value of Koehler et al.13 applied to polycrystalline ice films, in which diffusion in grain boundaries and on the grains surfaces that extend inside the macroscopic surface, could take place. The same suggestion may also apply to the result of Horn and Sully.14 Recently, Fluckiger et al.16 obtained several values of DHCl at 190 K using several methods to prepare ice samples. They obtained DHCl ) (1-4) × 10-14 cm2/s for single-crystal ice, 5.6 × 10-13 cm2/s for ice condensed from the gas phase, and ∼2 × 10-12 cm2/s for ice obtained by the rapid freezing of liquid water. These authors mention that they lacked optical methods to characterize their ice samples, but their data show that changing the mode of preparation of the ice can result in DHCl values varying by a factor of about 100. Regarding DHNO3, Livingston et al.5 omit the detailed study of Thibert and Domine´17 who obtained 18 diffusion profiles of HNO3 in large single ice crystals, and derived DHNO3 values in the range 1.1 × 10-11 to 2.6 × 10-10 cm2/s in the range T ) 238-265 K, i.e., ∼3-100 times greater than DHCl values at the same temperature. Most DHCl values available in the literature are, therefore, in the range 10-12 to 10-9 cm2/s at temperatures usually above 238 K. At lower temperatures, DHCl is expected to be much lower in single ice crystals. Domine´ et al.,18 in fact, pointed out that from their measurements and using a diffusion activation energy of 50 to 70 kJ/mol, a value of DHCl ≈ 10-16 to 4 × 10-18 cm2/s should be expected at T ) 190 K. Fluckiger et al.16 found DHCl in the 10-14 cm2/s range at 190 K, but this was an indirect measurement obtained by modeling HCl uptake by ice. Moreover, no ice characterization was performed, and defects that could accelerate diffusion may have been present. Fluckiger et al.16 themselves point out that “because of the large uncertainties, these values have to be considered as upper limits”. The value obtained by Livingston et al.,5 DHCl ≈ 5 × 10-11 cm2/s at T ) 190 K, therefore appears to be orders of magnitude higher than what could be expected from previous measurements, and we will attempt to suggest some reasons that may explain such high values. Interpretation of High DHCl Values Obtained by Depth Profiling. Two possibilities that may contribute to the actual explanation will be explored: (1) diffusion takes place essentially in defects, not in the ice crystalline lattice; and (2) the high HCl concentrations employed perturbed the ice lattice, and the solid may not even have been ice. (16) Fluckiger, B.; Chaix, L.; Rossi, M. J. Phys. Chem. A 2000, 104, 1173911750. (17) Thibert, E.; Domine´, F. J. Phys. Chem. B. 1998, 102, 4432-4439. (18) Domine´, F.; Thibert, E.; Van Landeghem, F.; Silvente, E.; Wagnon, P. Geophys. Res. Lett. 1994, 21, 601-604.
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Diffusion in Defects. Epitaxial growth on a substrate that has a 4% lattice mismatch with ice will generate dislocations near the interface. Lattice mismatch is not the only factor that could lead to perturbations of the ice structure. Held and Menzel19 have shown that the adsorption of a water bilayer on Ru(001) led to a striped structure, with gaps in the H2O coverage of the Ru surface. Such gaps, which are observed in the [010] direction every 6.5 Ru lattice constants, are very likely to lead to defects when subsequent layers are adsorbed. Thus, both the misfit and the striped structure will lead to a very high defect density near the interface. It is difficult to predict the impact of these defects on the surface of a 10-µm ice film, but the possibility that these will lead to the emergence of dislocations, small angle boundaries, or even grain boundaries on the surface seems a reasonable possibility. In addition, the orientation of Ru crystals is done with an accuracy of about 0.5°20,21 so that steps are present that can also generate defects. Diffusion in defects is much faster than in the crystalline lattice, and diffusion profiles in crystals with defects will be the result of a combination of both processes. Harrison22 separates 3 diffusion regimes in which different equations should be used to extract diffusion coefficients. The C diffusion regime applies when (Dt)1/2 , h, where h is the thickness of the defect (dislocation, grain boundary...). This means that the diffusion distance in the crystalline lattice is much less than the defect thickness. In this case, a diffusion profile will yield the diffusion coefficient in the defect. Using DHCl ) 10-16 cm2/s at 190 K (upper estimate of Domine´ et al.,18 obtained by extrapolating data from higher temperature using an activation energy of 50 kJ/mol), t ) 100 s, and h ) 10-7 cm, one finds that (Dt)1/2 ) h. Using the lower estimate of Domine´ et al.,18 DHCl ) 4 × 10-18 cm2/s at 190 K, obtained using a diffusion activation energy of 70 kJ/mol, one finds that (Dt)1/2 ) h/5, so that the C regime conditions are met. If the range of values suggested by Domine´ et al.18 at 190 K is correct, it then appears plausible that the conditions of Livingston et al.5 are in, or close to, the C diffusion regime. If this is indeed the case, then what Livingston et al.5 measured is the diffusion coefficient in the defects, D′HCl. How DHCl and D′HCl are related is unknown. In metals, D′/D is usually in the range 103-107 (refs 23,24), depending on the system considered and the proximity of the melting point. 190 K is far from the melting point, and if data obtained on metals has any validity here, a large value of D′HCl/DHCl would be expected. This would then be consistent with D′HCl ≈ 5 × 10-11 cm2/s at T ) 190 K, but DHCl may be ∼10-17 cm2/s or lower. In further support of the hypothesis that diffusion takes place in defects, we note that the self-diffusion of HDO in ice, studied by the same group25 using a similar method and ice grown on Ru(001) yielded a diffusion coefficient at 160 K that is at least 150 (19) Held, G.; Mentzel, D. Phys. Rev. Lett. 1995, 74, 4221-4224. (20) Michalk, G.; Moritz, W.; Pfnu ¨ r, H.; Menzel, D. Surf Sci. 1983, 129, 92106. (21) Deckert, A. A.; Brand, J. L.; Arena, M. V.; George, S. M. Surf. Sci. 1989, 208, 441-462. (22) Harrison, L. G. Trans. Faraday Soc. 1961, 57, 1191-1199. (23) Philibert, J. Diffusion et Transport de Matie` re dans les Solides. Les e´ditions de physique; Les Ulis, France, 1990. (24) Kaur, I.; Mishin, Y.; Gust, W. Fundamentals of Grain and Interphase Boundary Diffusion; Wiley: New York, 1995. (25) Livingston, F. E.; Whipple, G. C.; George, S. M. J. Phys. Chem. B 1997, 101, 6127-6131.
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times higher than the values derived from serial sectioning of large single ice crystals. The authors suggested that their near-surface measurements may be indicative of diffusion in the quasi-liquid layer of ice, but recent measurements using atomic force microscopy26 indicate that this layer is essentially non existent below ∼233 K. Thus, in that self-diffusion study, high defect concentrations that may be intrinsic to their method may also have affected their results. Nature of the Diffusion Medium. To obtain their diffusion profiles, Livingston et al.5 use a pure, or highly concentrated, HCl deposit formed at Te 120 K and encapsulated between two ice layers. It is not possible to determine the absolute HCl concentration of their diffusion profiles from the data shown. It is known, however, that above 110 K, HCl adsorbed on ice dissociates into Cl- and H3O+ (ref 27). Molecular HCl can be maintained on the ice surface at T up to 120 K, or even more, if a sufficient HCl pressure is applied,9 but even under those conditions, dissociated HCl predominates. Banham et al.9 showed that the HCl-H2O mixture formed by exposing ice to high HCl pressures at 140 K resulted in the formation of an amorphous binary mixture, often referred to as amorphous mono-, di- tri-, and hexahydrates. These names are not adequate, because amorphous mixtures need not be stoichiometric, but we will retain them here for consistency with previous publications. In any case, it is very likely that Livingston et al.5 formed an amorphous HCl-H2O mixture by depositing HCl on their ice at Te 120 K. Considering the work of Banham et al.9 and the HCl-H2O phase diagram6,7,15, the most likely stoichiometry of their amorphous mixture is 1:1. The process observed by Livingston et al.5 then appears to be interdiffusion of H2O and HCl between two phases: ice and a 1:1 H2O:HCl amorphous mixture. Diffusion of HCl into ice can lead to the formation of a solid solution of HCl in ice, the formation of crystalline HCl hydrates, or the formation of amorphous HClH2O mixtures of various compositions. These 3 possibilities are tested below. Thibert and Domine´15 have studied in detail the solid solution of HCl in ice and have proposed a phase diagram. They concluded by extrapolating data obtained at T g 238 K that the maximum solubility of HCl in ice at thermodynamic equilibrium was about 6 × 10-5 mole fraction, reached on a univariant line in the T-PHCl (dHCl partial pressure) phase diagram that starts at T ) 200 K and extends to lower temperatures. A change in the incorporation mechanism of HCl in ice over the extrapolated temperature range is possible, and this may lead to an error in the maximum solubility value, but it is difficult to imagine that this error could reach a factor of 10. It is important to evaluate the HCl concentrations observed by Livingston et al.5 in their doped ice. As mentioned above, Livingston et al.’s HCl deposit probably had an HCl mole fraction of ∼0.5. If this is indeed the case, and if the deposit is 0.5 µm thick, then their signal of 1200 counts may be used as a semiquantitative calibration. Their profile after 120 s of diffusion has a concentration at half the maximum of their Gaussian diffusion curve of the order of 0.05 mole fraction. Of course, the actual concentration might be significantly lower. But even then, this is much greater than the maximum solubility of HCl in ice of (26) Do ¨ppenschmidt, A.; Butt, H-J. Langmuir 2000, 16, 6709-6714. (27) Horn, A. B.; Chesters., M. A.; McCoustra, M. R. S.; Sodeau, J. R. J. Chem. Soc., Faraday. Trans. 1992, 88, 1077-1078.



6 × 10-5 mole fraction, and reconciling this value with that of Livingston et al.5 requires an unrealistic combination of errors and incorrect assumptions. If a solid solution is formed in the experiment of Livingston et al.,5 then it must be very supersaturated. The implications are that it is very unlikely to form for thermodynamic reasons, because there would be no driving force to supersaturate the ice. Even if it did form, the incorporation site of HCl would probably be different from that of the equilibrium solid solution, which would lead to a concentration-dependent diffusion coefficient. The profiles of Livingston et al.5 do not show any indication of such a dependence. It is true that since their HCl detection limit is not known, it is possible that the low HCl mole fractions characteristics of the equilibrium solid solution either form an unimportant part of their diffusion profiles, or were not at all detected. In any case, we conclude that the formation of a solid solution of HCl in crystalline ice is unlikely to have taken place in the experiments discussed here. Interdiffusion of H2O and HCl between ice and a H2O:HCl mixture may lead to the formation of one or several HCl hydrates of lower and lower HCl content as the distance from the original HCl layer is increased. Banham et al.9 observed that annealing amorphous HCl-H2O mixtures at T < 170 K could lead to the formation of the hexahydrate of HCl, depending on the initial composition of the amorphous mixture. The formation of a stoichiometric crystalline phase would not result in a Gaussian diffusion profile, however. Indeed, in such a system consisting of several crystalline phases, diffusion will lead to the equalization of the chemical potential of the diffusing species, but not to the equalization of the concentrations.28 Thus, one would then expect a sharp discontinuity in the diffusion profile on one side of which would be ice and on the other side of which would be the hexahydrate. It is also possible that successive hydrates would form, with a HCl concentration discontinuity at each boundary between successive hydrates. This is frequently observed in metals and alloys.28 Again, this is not observed by Livingston et al.,5 and we conclude that crystalline HCl hydrates are not formed in their experiments. Banham et al.9 observed that exposing crystalline ice to HCl at 140 K led to the formation of an amorphous HCl-H2O mixture of a finite thickness. Thus, the interaction of HCl with ice can lead to the formation of an amorphous mixture, and diffusion of HCl in ice has to take place at some point to lead to the formation of a new solid of finite thickness. Annealing at 160 K leads either to the formation of the crystalline hexahydrate, with the release of some of the HCl to the gas phase, or to the preservation of an amorphous HCl-H2O mixture, depending on the HCl pressure that had been applied.9 From the data of Banham et al.,9 it does not seem certain that an amorphous mixture could be maintained at 190 K. However, transitions between amorphous and crystalline phases are thermally activated and depend on conditions that could, for example, influence crystal nucleation. Banham et al. used microcrystalline ice films that were exposed to various HCl pressures, but Livingston et al.5 used epitaxially grown ice crystals, with HCl encapsulated between 2 ice layers. These different (28) Jost, W. Diffusion in Solids, Liquids, Gases; Academic Press: New York, 1960.



conditions may have led to different temperatures for the amorphous-to-crystalline transition in HCl-H2O mixtures. To illustrate this possibility, we studied the crystallization of HCl-H2O mixtures under a third set of conditions. HCl-H2O gaseous mixtures of various molar ratios were condensed on a silicon window at 190 K and studied by infrared spectroscopy. Figure 1 shows the spectra recorded during the growth of a HClH2O film from the condensation of a HCl:H2O 1:50 gas mixture. These spectra are not those of crystalline HCl hydrates.8 Figure 2 compares the spectrum obtained after a deposition time of 53 min to those reported by Delzeit et al.8 and that are attributed to amorphous HCl:H2O mixtures of molar ratios 1:4 and 1:6. From this comparison, we deduce that we formed an amorphous HCl mixture of composition intermediate between 1:4 and 1:6. From these data, we believe that conditions can be found under which amorphous HCl hydrates can be maintained at 190 K for time scales greater than those involved in Livingston et al.’s experiments. To sum up our interpretation, we then suggest that by depositing HCl on epitaxially grown ice films at T < 120 K, Livingston et al.5 formed an amorphous HCl-H2O mixture on top of the ice. This mixture was then encapsulated, which prevented the degassing of HCl when the film was heated to 190 K to observe diffusion. At 190 K, high concentrations of HCl diffused in ice to form an amorphous, or at least highly disordered, HCl-H2O mixture. Diffusion was probably facilitated by a high defect density. This is suggested by the results on H2O self-diffusion obtained with a similar method,25 but ice disordering by HCl may also have played a role to produce the observed very fast diffusion. Obtaining IR spectra of the ice-HCl mixtures that were used would provide a good test of these suggestions. We also suggest that a quantitative determination of the actual HCl concentration present in the samples would yield useful data. Relevance of the Depth Profiling Experiments to Atmospheric Problems. The physical and chemical conditions present in Livingston et al.’s experimental setup are very different from those prevalent in the atmosphere and cryosphere. Dislocation densities in atmospheric ice are very low, usually 
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