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The known room-temperature, solution-phase reaction between nitrite ions and iodide ions, which occurs in
acidic conditions (pH< 5.5), is shown to be accelerated when neutral aqueous solutions are frozen. The

reaction is proposed to occur in liquid “micropockets” within the ice structure at temperatures between the

freezing point and the eutectic temperature. The products, nitric oxide and molecular iodine, are known to
play significant roles in atmospheric compositional change, and therefore, the results obtained here, which
are not dependent on acidification, may impact on observed snowpack chemistry. Investigation of the effect
of oxygen on the chemical processing indicates that a chain reaction mechanism is operative.

Introduction polycrystalline ice. By contrast, type Il reactions occur on the
surface of growing single ice crystals. Type | reactions simply
involve the acceleration of a known solution-phase chemical
reaction during freezingf,-18 whereas type Il processing requires
an orientation effect during freezing to bring about new and
nexpected chemical transformatidfis?! Fundamentally, type
| freezing reactions are of an electrochemical redox nature,
with electron transfer taking place between the ice phase and
the liquid (or liquid-like) layer on growing single-crystal
ices?2-24 The atmospherically relevant freezing reaction in the
work reported here occurs in polycrystalline ice and is a type |
reaction.

In this study, the production of nitric oxide (NO) and
molecular iodine @) from the freezing of two known sea-salt
aerosol components, nitrite and iodide ions, has been investi-

The discovery over Antarctica of a seasonally variable
phenomenon resulting in high ozone depletion was originally
made by Farman et aland later related to heterogeneous
processing catalyzed by low-temperature particulate nvaftee.
observation has led to a general search for physical phenomen:’%
that can perturb the chemistry in the Earth’s cryosphere.
Subsequently, the discovery of ozone depletion events (ODE)
within the polar marine boundary layer in the mid-19808sas
given further impetus to both field and laboratory studies in
which halogen compounds that can be photolyzed by the sun
are released from cold surfaces.

Many areas of the Earth’s polar regions have long been
considered to exist in a clean, almost pristine, state. However,

in recent years, it has become increasingly apparent that this ; - .
viewpoint is not entirely valid because, as well as acting as a gated. The observations form the basis for the discovery of a

sink for many chemicals, frozen land masses and cold airborneprEViOUSIy unrecognized pathway involving the generation of

aerosols can also act as pollutant sources. For example, recer’f"b'le gaseous compounds from frozen aqueous ionic species.

field measurements have shown the emission of both &id
HONO from the sunlit snowpack to be attributable to nitrate

ion photolysis’~® The observation is important because the role Aqueous solutions of N©/I~ ions were frozen by two
of nitrogen oxides in atmospheric chemistry cannot be under- gifferent methods. In method 1, the sample was frozen by
stated as a result of their ability to generate tropospheric 0zone,pjacing the reaction vessel in a temperature-controlled ethanol
remove reactive OH radicals, produce N@dicals, and playa  path cooled by a Neslab CC-100 Cryocool refrigerator unit,
role in VOC oxidation. which was set at a fixed temperature-623.2 °C. This setup

Various physicochemical processes are known to occur whengajlowed for analysis of both the gas phase and the solution phase.
a |IqU|d Sample is frozen, which can promote (eleCtrO)Chemical The gas phase was monitored in situ by a Monitor Europe NO
reactions. A number of “freezing reactions” can be readily chemiluminescence analyzer, while the ionic speciation of the
identified in this regard and may be categorized as type I, Il, or solution phase was assayed before and after freezing using a
lll. Several clear differences exist between the categories. ForHpg453 UV/vis diode array spectrophotometer. The experi-
example, types | and Il take place in the liquid interfacial regions mental setup for method 1 is displayed in Figure 1. To prevent
between ice crystals (often called “micropockets”) within oxidation of the NO product, pureNvas used as a carrier gas
to transport the gas-phase species to the ti®miluminescence

* To whom correspondence should be addressed. E-mail: j.sodeau@ana|yzer_ The Blgas was maintained at a higher flow rate than
uc?'ﬁhiversity College Cork. the pump of the NQ chemiluminescence analyzer so as to

* Osaka Prefecture University. prevent air entering the system. One-half of the desiccator
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Figure 1. A schematic of the experimental setup for method 1. The thermocouple is marked TC. See text for more detail.

consisted of silica gel and the other half of phosphorus pentoxide possesses two strong distinctive absorption bands in the UV/
powder (BOs). The ethanol in the thermos flask was kept vis region at 288 and 352 rithwith decadic molar absorption
homogeneous by a pump immersed in the bath. coefficients of 40 000 and 26 400 L n@él cm™, respec-

In method 2, the N@/I~ samples were placed in sealed tively.3438 All of the above factors makest an ideal proxy
polypropylene syringes in order to keep the dissolved oxygen measure for the molecular iodine product in this system.
concentration constant. The samples were subsequently frozen Hence, a 7.5 mM NaNg@K! solution with an initial pH=
to —20 °C in a commercial freezer. Dissolved oxygen levels 6,10 was investigated as a function of freezing-28.2°C, as
were not adjusted for the air-saturated experiments; however,described in method 1. The production of triiodide ions after
for anoxic experiments, the dissolved oxygen content was this solution has been frozen is clearly seen in the UV/vis
reduced by bubbling Ngas through the solution. A WTW  spectrum displayed in Figure 2, following subtraction of the
CellOx 325 oxygen sensor coupled to an Oxi 340 oximeter was pitrite ion bands. Chemiluminescence monitoring allowed time
utilized to measure the dissolved oxygen concentration. The profiles for gas-phase NO, NDand NQ released from the
nitrate ion was pOStU'ated to be a potential side prOdUCt of the same thawing Samp|e to be obtained. The result is shown in
freezing reaction and, hence, was monitored by ion chroma- Figure 3, where arrow 1 marks the point at which the completely
tography using a Dionex ICS1500 system (eluent: 12 mM frozen sample was immersed in a hot water bath to initiate
NaCOs; flow rate: 1.5 mL/min). For method 2, the ionic  thawing and arrow 2 indicates the time at which the whole
speciation of the solution phase was analyzed before and aftersample was completely thawed. Note that a slight inertia is
freezing by use of UV/vis spectroscopy and ion chromatography; present in the system due to the time taken for the gas to reach
the gas phase was not monitored. the analyzer. It can be clearly seen from the graph that NO is

In both methods, the whole sample was frozen, that is, the released from the sample to the gas phase during the thawing
temperature of the entire sample was below the freezing point process.

of the solution in question. Instrumentation was not used to make  janca from the above results
this evaluation; it was simply determined by visual inspection. . :
No acid was added to the systems to be frozen; however, thepgessary to cause release of molecular iodine and nitric oxide
pH was recorded using a Horiba M-13 pH meter. Temperatures ¢ o system undergoes a freezbaw process. The probability
were measured using a Hanna Instruments 93531 thermometepy ¢, a freezing reaction occurring in the atmosphere is high,
with a type-K thermocouple. as a variety of natural freezehaw cycles are commonplace
within, for example, cirrus clouds, snowpacks, freezing fog,
hailstones, frost flowers, and glaciers. In fact, there is one known
The solution-phase, room-temperature reaction between nitriteexample published of such behavior occurring in the atmosphere,

it can be concluded that
acidifying a nitrite/iodide ion solution to pH< 5.5 is not

Results and Discussion

and iodide ions has been studied in detail previoési§? The which involves the oxidation of nitrite to nitrate ioA%The
overall reaction can be represented as potential structural driving forces in ices for such processes to
occur are outlined below.
2HNO, + 21" + 2H" — 2NO+ [, +2H,0 (1) As stated above, type | and Il polycrystalline freezing

reactions occur in liquid micropockets between ice grains. These
It has been shown previously that this process is so slow abovesites only exist within a certain temperature range between the
pH 5.5 that it can be considered to be negligfflend this freezing point and the eutectic temperature of the solution, which
result was confirmed in the current study. The generated | is known as the “frozen staté® At temperatures below the
combines rapidly with any iodide ions present in solution to eutectic temperature, the liquid micropockets solidify, and the
form triiodide ions (47). Hence, the following equilibrium is  freezing reaction terminaté8 For systematic investigations of
set up these systems, it is therefore imperative to know the eutectic

temperature of the multicomponent mixture in question. It is

L+ =I5 (2) then necessary to perform the reaction above this temperature

and below the freezing point of the solution. The eutectic
The equilibrium constant for eq 2 lies well to the trihalide side temperature of the NaNG©-KI—H,0 three-component system
of the balance with values ranging from 698 to 714 L has not been published, presumably due to its inherent complex-
mol~133-35 at 25.0°C. Moreover, the forward reaction is an ity. However, the eutectic temperatures of the relevant binary
extremely fast, diffusion-controlled reaction with a rate coef- systems are known;26 °C for NaNQ,—H,0*! and—22.8°C
ficient of k, = 5.6 x 10° M~ 57136 The triiodide ion also for KI—H0.42 Furthermore, the eutectic temperature of any
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Figure 2. UV/vis spectrum of a 7.5 mM NaNgKI solution before and after freezing. Initial pH 6.10. Reaction temperature —23.2°C.
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Figure 3. Time profile for NO, NQ, and NQ emitted from an aqueous 7.5 mM NadRI solution during thawing. Initial pH= 6.10. Reaction
temperature= —23.2°C.

ternary system must be lower than its lowest binary eutectic crystals in frozen laboratory samples have been detected by
temperature due to established phase-transformation laws. NMR spectroscopy-2 and microscopy?® Additionally, they

A number of generic 3-D phase diagrams for ternary eutectic have been observed in Antarctic ice samples by Raman
systems are published in the literattiré¥and, hence, were used  spectroscop$? scanning electron microscofyand, in Antarctic
to visualize the various phases with decreasing temperature. Ifand Greenland ice, by electrical conductivity meth&td$he
the ternary eutectic point was at a higher temperature than theshape and geometry of the interfacial areas between ice grains
lowest binary eutectic point, then a 2-D isothermal section of are not well established but have been categorized into three
the 3-D ternary phase diagram would, at some stage, display amain groupings, (a) lens-shaped inclusions (or films) at the grain
one-phase liquid region sharing a line boundary with a three- boundaries between two ice grains, (b) triple junctions at the
phase solid solution region. This feature would not conform intersection of three ice grains, and (c) four-grain junctions at
with Gibbs’s Phase Rute or the “Law of Adjoining Phase  the point where four grain-boundaries meet, yielding a tetra-
Regions™#346-48 Hence, the eutectic temperature of any ternary hedron shap®’ The junctions form at a variety of intersection
system has to be lower than its lowest binary eutectic temper- points in the ice structure and thereby set up a three-dimensional

ature. network. The size of the interfacial areas (or micropockets)
This conclusion is supported by specific examples discussedvaries with temperature and solute concentration, as dictated
in the literaturé® and by the definition of the eutectic poitt:52 by the phase diagram of the solution. Matsuoka et al. have used

Therefore, the ternary eutectic temperature for the NaNO  microscopy to measure the diameter of the lens-shaped inclu-
KlI—H>0 system would be found at a temperature lower than sions in laboratory ice as 3@50 um and the cross-sectional
—26 °C, and a system of liquid micropockets would thus be area of the triple junctions (in a frozen sample of 18W
expected to exist at the temperatures employed in the currentH,SQO, at —20 °C) to be about 1Q:m2.53 Ice samples from
study (i.e.,—20 and—23.2°C). Antarctica have been examined using scanning electron mi-
Liquid micropockets have been observed in both laboratory croscopy, and it has been found that the sulfur content is mainly
and field ice samples. For example, liquid regions between ice located in an area okl um? at the triple junctions (with
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Figure 4. Graph of [k7] versus time for air-saturated and anoxic freezing experiments. Air-satu®ed®,]o = 7.45 mg/L; Anoxic (30 min of
N2 bubbling) ©): [O2]o = 1.77 mg/L; Anoxic (3 h of N bubbling) (redx): [O2]o = 0.93 mg/L. [NaNQ]o = [NH4l]o = 0.5 mM. Initial pH=5.79
+ 0.05. Reaction temperature —20 °C.

concentrations greater thd M in thesolid phase at-160°C). product INO and reactant Ifollowed by a fast reaction with
In contrast, sulfur was undetectable in the bulk of the’dee H,ONO*
from Nansen in Antarctica has been measured to have a triple
junction cross-sectional area of 2m? at —20 °C, which INO+1 —NO+1, 5)
decreases with temperature +d. um? below —35 °C.>*

The acceleration of the NO/I~ freezing reaction in the I, + HZONO+fiSt>NO+ l,+ H,0 (6)

current study has been mainly attributed to the well-known
freeze-concentration effect. lons rejected from the growing ice
phase become concentrated in the liquid micropockets, as
dictated by the solution’'s phase diagram. The increase in
concentration in the micropockets results in an accelerated —
reaction with respect to its room-temperature counterpart, despite ING + HNO, = HN,O4l 0
the lower temperature. The freezeoncentration effect has
been observed in other freezing stud?é3d1417 and has been
stated to be the main factor for the enhancement of freezing
reactions® HN,O4l " + 17— 2NO+ I, + H,0 9)

One of the fundamental differences between the polycrys-
talline freezing reactions (type | and Il) is that the mechanisms In the cryosystem investigated in the current study, it might be
of type | freezing reactions tend to follow that of their solution- expected that formation of JONO" in the micropockets could
phase counterparts, while type Il reactions involve a previously be promoted by the well-known freezeoncentration effect.
unknown mechanistic pathway. However, there is some con- Hence, the small quantity of Hons (or BO™), initially present
troversy in the literature regarding the exact nature of the in the neutral solution (at pH 6.1) before freezing, becomes
reacting species in the solution-phase nitrite/iodide reaction at concentrated as water molecules are scavenged by the advancing
room temperature. The majority of the literature points toward ice front}* The “Workman and Reynolds” freezing potential
the nitroacidium ion (HONQO") as the reacting species, which of the system may also represent another factor that could

Path B proceeds with the intermediacy of the ionic species,
H,N,O3l ™, as shown in eqs-792930

HN,O,l + H™ = H,N,0,1 * (8)

is formed by the fast pre-equilibrium step shown in 8% enhance the formation of NO* by means of a proton-transfer
mechanism across the ieéquid interface®® Such changes in
HONO+ H "= HZONO+ 3) pH are commonplace in freezing reaction studies and have been

well documented#18.39.59
Kimura et al. seem to suggest that HONO is the reacting species, Effect of Molecular Oxygen. As mentioned previously, it
although the evidence used to support this conclusion is not has been discovered that dissolved oxygen has a large influence
definitive because of the presence of air in the reaction saffiple. on the solution-phase nitrite/iodide reaction at room tempera-
Therefore, all of the literature evidence points toward the ture32 Hence, it was postulated to also have an effect on the
involvement of a HONO" reacting species. Subsequent reaction nitrite/iodide freezing reaction. To investigate this hypothesis,
of this ion with iodide ions would form the intermediate nitrosyl eight air-saturated samples ¢l@= 7.45 mg/L), made up from

iodide (INO) via the equilibrium shown in eq?%30 the same stock solution of 0.5 mM Nal®Hl (pH = 5.79),
were frozen to—20 °C in sealed polypropylene syringes held
HZONOJr +1 =INO + H,0O 4) within a freezer, as described in method 2 above. Each sample

was taken out at different intervals a day or two apart, thawed

It has also been discovered that there are two parallel reactionto room temperature, and analyzed. The results are shown in

pathways, path A, which is fourth order, and path B, which is Figure 4. Analogous sets of experiments were carried out under
sixth order?930 Path A involves a slow reaction between the anoxic conditions for the same concentrations of NaN@d
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TABLE 1: Calculation of the Total Number of Moles of I 3~ for the presence of a chain reaction mechanism. This air-
and NO after Freezing and the Ratio of k= to NO saturated N@ /I~ freezing reaction, at pH 5.79 ane20 °C,
[NO; Jand [I'] no.of molest~ no. of moles NO ratios/NO has been estimated conservatively to be about 400 times faster
75 mM 3.91x 107 3.86x 109 101.4 thaq i'gs solutiop-phasg counterpart at room temperature.
15 mM 5.71x 1077 5.67 x 109 100.6 Nitrite and iodide ions have been detected in different

matrices throughout the atmosphere, for example, 4dih,

NH4l at a neutral pH. In one set,2\yjas was bubbled through  fog,52:63 snow?061 frost84 dew?® clouds®® marine aerosdi’
the solution for 30 min prior to freezing, which reduced the ocearf® 7! and brine water& Their concentrations in seawater
dissolved oxygen concentration to 1.77 mg/L. In a second set, range from suheM to uM levels88-71 making sea-salt aerosol
the solution was purged for 3 h, which was shown to reduce a potential reaction site for the nitrite/iodide freezing reaction.
the [O]o to 0.93 mg/L. These results are summarized in Figure At such concentrations, the freezing reaction has been estimated
4, where it can be seen that the data points of the two anoxicto cause sub-pptv increases in the NO mixing ratio in the surface
experiments agree well. Hence, the reaction can proceed to dayer (up to 100 m) of the atmosphere. This change is very
limited extent without oxygen, but it is also obvious that the small and would not significantly affect the measured NO levels
concentration of dissolved oxygen has a large effect on the of 2 pptv—2 ppbv’3 However, the freezing reaction in this study
amount of product generated. Not only is there a higher only attained about 1% completion. Furthermore, the amount
concentration of triiodide ion produced in the presence of of NO released to the atmosphere would, of course, depend on
oxygen, but also, the shape of the resultant curve is different. the number of freezethaw cycles undertaken by the system,
This behavior can be rationalized by application of a chain as shown in a previous stud¥lt is also known that additional
reaction mechanism within the liquid micropockets of the ice inorganic salts can affect the extent to which freezing reactions
structure, as discussed below. proceed:* Hence, for all of the above reasons, it is difficult to

Molecular oxygen trapped in the micropockets is capable of quantify the exact atmospheric impact of the chemistry described
oxidizing nitric oxide to nitrogen dioxide (N£in a termolecular in this study.
process, as shown in eq 10

Conclusions

2NO+ O, — 2NG, (10) ) o .
The freezing of ionic sea-salt components discussed above

The product can then react in two ways, with &s shown in provides a p(eyiougly unrecogniz.ed.production pathway for the
eq 11, or with water, as shown in eq22 release of nitric oxide gas and iodine gas to the .atmosphere.
Moreover, the fact that the low pH values, required for the
2NO, + 21” + IH = 2HNO, + 1, (11) solution-phase rea(_:tion, can be readily circumvented by th_e
presence of a freezing process creates a ready route to reaction
under often-encountered cryospheric conditions. The nitrogen
oxide gases play a critical role in the chemistry of the
atmosphere, and therefore, any process that affects the NO

Protonation of the nitrous acid produced by the above steps can ; ) : .
form the nitroacidium ion (HONO®), as shown in eq 3. budget needs to be examined in detail both in the laboratory

. . . ._and in the field. The importance of iodine in atmospheric
Therefore, the cycle would begin again, and a chain reaction . g .
. - chemistry has been demonstrated by its involvement in ozone-
mechanism would thereby become established. In fact, an

. . d . . . depleting processes in both the troposphere and stratosphere.
increase in NG concentration during the freezing experiment In summary, this study demonstrates the potential influence of
was detected by ion chromatography, and hence, it can be Y, y P

concluded that the favored reaction pathway is via eq 12. The "f_reezing reactions” on the chemical ba_lance of the cryosphere
. . . . S . via the release of active, ozone-depleting gases and vapors to
existence of this chain reaction mechanism is based on the likely the air
assumption that the NO product cannot diffuse from the sample ’
and, thus, is confined within the ice structure, leading to reaction
with molecular oxygen. This feature indicates that the reaction b
occurs in the constraining environment of the liquid micro-
pockets between ice grains.
In addition to the evidence presented in Figure 4, further proof _ _
exists of the chain reaction mechanism described above. The, (1) Farman, J. C.; Gardiner, B. G.; Shanklin, J Nature 1985 313
ratio of the number of moles ogt to NO was calculated for (2) Solomon, S.; Garcia, R. R.: Rowland, F. S.; Wuebbles, Nature
the method 1 experiments, and the results are shown in Table1986 321, 755-758.
1. The number of moles of NO was calculated by integrating _ (3) Bottenheim, J. W.; Gallant, A. G.; Brice, K. &eophys. Res. Lett.
the NO peak in the time profiles, While the numbgr of moles of 198?4)136##;;1%_ J.: Komhyr, W. 0. Geophys. Re4986 91, 5229
I3~ was calculated from the UV/vis spectra. It is clear from 5236,
Table 1 that, for both experiments, the number of molegof | (5) Barrig, L. A;; Bottgghe;gn, J.S\év_.; Schnell, R. C.; Crutzen, P. J;
produced is about one hundred times the number of moles OfRasgysgﬁbs%'n@V\?tuer%/onaela_jb\%/, R_:léile-deh K.; Anderson, P.; Ariya,
NO produced. This ratio suggests that the NO is processed 8% ; Bottenheim, J.; Burrows, J.; Carpenter, L. J.; Friess, U.; Goodsite, M.
described above to re-form the reacting speciegOfHO"), E.; Heard, D.; Hutterli, M.; Jacobi, H. W.; Kaleschke, L.; Neff, B.; Plane,
WhiCh, in turn, reacts with 1 to generate more2|and NO. J.; Platt, U..; Richter, A.;.ROSCOG, H.; Sander, R.; Shepson, P.; Sodeau, J.;
Therefore, the number of moles ef(and hencesl) is enhanced fﬁgﬁ’”' A.; Wagner, T.; Wolff, EAtmos. Chem. Phy2007, 7, 4375~
in comparison to the number of moles of NO. (It is assumed (7) Honrath, R. E.; Peterson, M. C.; Guo, S.: Dibb, J. E.; Shepson, P.
that all iodine molecules are converted to triiodide ions as soon B.; Campbell, B.Geophys. Res. Lett999 26, 695-698.
as they are formed). Considering that the stoichiometry of the | D(BJ) gi'gsﬁ)'/"s- ‘]lsei"o'ggt?b?'fggﬁ"m'”e' F.; Simpson, W. R.; Fuentes,
reaction in eq 1 predicts the ratio af Ito NO to be only about " (9) Jones, A. E.; Weller, R.; Wolff, E. W.; Jacobi, H. &eophys.

0.5, a ratio of about 100 is very large and is further evidence Res. Lett200Q 27, 345-348.

2NO, + H,0 = HNO, + H" + NO," (12)

Acknowledgment. This research was generously supported
y the Japan Society for the Promotion of Science (PE05009).

References and Notes



1682 J. Phys. Chem. A, Vol. 112, No. 8, 2008

(10) Butler, A. R.; Bruice, T. CJ. Am. Chem. Sod. 964 86, 313—
319.

(11) Eyal, Y.; Maydan, D.; Treinin, Alsr. J. Chem.1964 2, 133—
138.

(12) Pincock, R. E.; Kiovsky, T. El. Am. Chem. S0d965 87, 4100~
4107.

(13) Takenaka, N.; Ueda, A.; Maeda, Mature 1992 358 736-738.

(14) Takenaka, N.; Ueda, A.; Daimon, T.; Bandow, H.; Dohmaru, T.;
Maeda, Y.J. Phys. Chem1996 100, 13874-13884.

(15) Betterton, E. A.; Anderson, D. J. Atmos. Chen2001, 40, 171~
189.

(16) Takenaka, N.; Furuya, S.; Sato, K.; Bandow, H.; Maeda, Y.;
Furukawa, Y.Int. J. Chem. Kinet2003 35, 198-205.

(17) Ssato, K.; Furuya, S.; Takenaka, N.; Bandow, H.; Maeda, Y.;
Furukawa, Y.Bull. Chem. Soc. Jpr2003 76, 1139-1144.

(18) Takenaka, N.; Tanaka, M.; Okitsu, K.; Bandow,JHPhys. Chem.
A 2006 110, 10628-10632.

(19) Grant, N. H.; Clark, D. E.; Alburn, H. E.. Am. Chem. S0d.961,
83, 4476-4477.

(20) Fennema, O. IWVater Relations of Food®uckworth, R. G., Ed.;
Academic Press: London, 1975; pp 53%66.

(21) O’Driscoll, P.; Lang, K.; Minogue, N.; Sodeau,JJ.Phys. Chem.
A 2006 110 4615-4618.

(22) Finnegan, W. G.; Pitter, R. L.; Young, L. &tmos. Emiron. 1991,
25A 2531-2534.

(23) Finnegan, W. G.; Pitter, R. LJ. Colloid Interface Sci1997, 189
322-327.

(24) Finnegan, W. G.; Pitter, R. L.; Hinsvark, B. A.Colloid Interface
Sci. 2001, 242 373-377.

(25) Bobtelsky, M.; Kaplan, DZ. Anorg. Allg. Chem193Q 189, 234~
240.

(26) Masek, J.; Przewlocka, H.; Vicek, A. Lollect. Czech. Chem.

Commun.1965 30, 3594-3604.

(27) Ferranti, F.; Indelli, A.; Secco, F.; Lucarelli, M. @azz. Chim.
Ital. 1972 102, 125-133.

(28) Dazsa, L.; Szilassy, |.; Beck, M. TMagy. Kem. Foly1974 80,
267-272.

(29) Dazsa, L.; Szilassy, |.; Beck, M. Tinorg. Chim. Actal976 17,
147-153.

(30) Ferranti, F.; Indelli, AGazz. Chim. Ital198Q 110, 273-277.

(31) Eguchi, W.; Tanigaki, M.; Mutoh, K.; Tsuchiya, Kagaku Kogaku
Ronbunshul989 15, 1109-1114.

(32) Kimura, M.; Sato, M.; Murase, T.; Tsukahara,Bull. Chem. Soc.
Jpn. 1993 66, 2900-2906.

(33) Palmer, D. A.; Ramette, R. W.; Mesmer, R.JESolution Chem.
1984 13, 673-683.

(34) Awtrey, A. D.; Connick, R. EJ. Am. Chem. Sod951, 73, 1842
1843.

(35) Jones, G.; Kaplan, B. B. Am. Chem. S0d928 50, 1845-1864.

(36) Ruasse, M.-F.; Aubard, J.; Galland, B.; AdenierJAPhys. Chem.
1986 90, 4382-4388.

(37) Katzin, L. I.J. Chem. Phys1955 23, 2055-2060.

(38) Meyerstein, D.; Treinin, ATrans. Faraday Socl963 59, 1114
1120.

(39) Takenaka, N.; Daimon, T.; Ueda, A.; Sato, K.; Kitano, M.; Bandow,
H.; Maeda, Y.J. Atmos. Cheml99§ 29, 135-150.

(40) Pincock, R. EAcc. Chem. Red.969 2, 97—-103.

(41) Helberg, M. HAnn. Chim.1925 10, 121-125.

(42) Deluca, P.; Lachman, lJ. Pharm. Scil965 54, 1411-1415.

(43) Yeh, H. C. InPhase Diagrams: Materials Science and Technalogy
Alper, A. M., Ed.; Academic Press: New York, 1970; pp 1807.

(44) Porter, D. A.; Easterling, K. EPhase Transformations in Metals
and Alloys Van Nostrand Reinhold: New York, 1981.

Letters

(45) Gibbs, J. WTrans. Conn. Acad. Arts Sci875-1878 Ill, 108—
248; 343-524.

(46) Palatnik, L. S.; Landau, A. Eh. Fiz. Khim.1955 29, 1784-1803.

(47) Palatnik, L. S.; Landau, A. Eh. Fiz. Khim.1955 29, 2054-2073.

(48) Palatnik, L. S.; Landau, A. Eh. Fiz. Khim.1956 30, 2399-2411.

(49) Lide, D. R., Ed.CRC Handbook of Chemistry and Physi8S§th
ed.; CRC Press: Boca Raton, FL, 2005.

(50) Atkins, P. W.Physical Chemistry3rd ed.; Oxford University
Press: Oxford, 1986.

(51) Welti-Chanes, J.; Berndez, D.; Valdez-Fragoso, A.; Mioa-Paz,
H.; Alzamora, S. M. InrHandbook of Frozen FoodHui, Y. H., Cornillon,
P., Guerrero Legarretta, 1., Lim, M. H., Murrell, K. D., Nip, W.-K., Eds.;
Marcel Dekker, Inc.: New York, 2004; pp 124.

(52) Sadoway, D.Introduction to Solid State Chemistry: Phase
Equilibria and Phase DiagramdvIT Open CourseWare: Cambridge, MA,
2004.

(53) Matsuoka, T.; Fujita, S.; Mae, S. Phys. Chem. B997 101,
6219-6222.

(54) Fukazawa, H.; Sugiyama, K.; Mae, S. J.; Narita, H.; Hondoh, T.
Geophys. Res. Lett998 25, 2845-2848.

(55) Mulvaney, R.; Wolff, E. W.; Oates, KNature 1988 331, 247—
249.

(56) Moore, J. C.; Wolff, E. W.; Clausen, H. B.; Hammer, C. .
Geophys. Res1992 97, 1887-1896.

(57) Nye, J. F.; Frank, F. GSymposium on the Hydrology of Glacigrs
Cambridge, U.K., 1973; Vol. 95, pp 15261.

(58) Workman, E. J.; Reynolds, S. Bhys. Re. 195Q 78, 254—259.

(59) Heger, D.; Klaova J.; Klan, P.J. Phys. Chem. B00G 110, 1277
1287.

(60) Watanabe, N.; Kishi, M.; Hayakawa, ®osui to Haisuil991, 33,
22-28.

(61) Gilfedder, B. S.; Petri, M.; Biester, H. Geophys. Re2007, 112,
D07301.

(62) Miller, D. R.; Byrd, J. E.; Perona, M. Water, Air, Soil Pollut.
1991, 32, 329-340.

(63) Sigg, L.; Stumm, W.; Zobrist, J.; Zurcher, Ehimia 1987, 41,
159-165.

(64) Mitchell, D. L.; Lamb, D.J. Geophys. Re4989 94, 14831-14840.

(65) Okouchi, H.; Kajimoto, T.; Arai, Y.; Ilgawa, MBull. Chem. Soc.
Jpn. 1996 69, 3355-3365.

(66) Lammel, G.; Cape, J. Chem. Soc. Re 1996 25, 361—369.

(67) Staebler, R.; Toom-Sauntry, D.; Barrie, L.; Langéneio U.;
Lehrer, E.; Li, S.; Dryfhout-Clark, HJ. Geophys. Re4999 104, 5515—
5529.

(68) Orr, A. P.J. Mar. Biol. Assoc1926 14, 55-61.

(69) Fukushi, K.; Nakayama, Y.; Tsujimoto,dl.Chromatogr. 22003
1005 197-205.

(70) Biswas, S.; Chowdhury, B.; Ray, B. CTalanta2004 64, 308—
312.

(71) Wong, G. T. F.; Zhang, L.-Estuarine, Coastal Shelf S@003
56, 1093-1106.

(72) Amachi, S.; Muramatsu, Y.; Akiyama, Y.; Miyazaki, K.; Yoshiki,
S.; Hanada, S.; Kamagata, Y.; Ban-nai, T.; Shinoyama, H.; FujMidrob.
Ecol. 2005 49, 547-557.

(73) Emmons, L. K.; Carroll, M. A.; Hauglustaine, D. A.; Brasseur, G.
P.; Atherton, C.; Penner, J.; Sillman, S.; Levy, H.; Rohrer, F.; Wauben, W.
M. F.; VanVelthoven, P. F. J.; Wang, Y.; Jacob, D.; Bakwin, P.; Dickerson,
R.; Doddridge, B.; Gerbig, C.; Honrath, R.;"bler, G.; Jaffe, D.; Kondo,
Y.; Munger, J. W.; Torres, A.; VolzThomas, Atmos. Eniron. 1997, 31,
1851-1904.



