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Effect of Sodium on HCI Hydrate Diffusion in Ice: Evidence for Anion—Cation Trapping
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The effects of sodium (Na) on hydrogen chloride (HCI) hydrate diffusion in ice were investigated using
infrared laser resonant desorption depth-profiling (LRD) techniques. By exciting-tté $retching vibration

in H,O, LRD was used to depth-profile into ice sandwich multilayers containing either an HCI or a Na/HCI
interlayer. Diffusion coefficients for HCI were determined by measuring the relaxation of the HCI concentration
gradient versus time. The HCI hydrate diffusion coefficient at 190 K in pure iceDvass.1(+1.7) x 1074

cn/s and lower for the Na/HCI interlayers. The HCI diffusion coefficients varied fforr 1.2(-0.5) x

10 cmf/s toD < 9.0 x 10713 cn¥/s for initial interlayer molar ratios of Na/GE 0.04 to Na/Cl= 0.5,
respectively. The effect of Na on HCI hydrate diffusion in ice is attributed to angation trapping. Similar
trapping interactions may influence the distribution of species in ice cores used to interpret the historical
record of Earth’s atmosphere.

I. Introduction HCI diffusion in ice has been investigated using a variety of

Ice is the most prevalent molecular solid on Earth and plays €xPerimental techniques including infrared LRD depth-profil-
a special role in many global atmospheric and environmental |ng,_14v15r_n|crotome sectioning and liquid chromatog_raﬁtw,ﬁ
processe:3 The Greenland and Antarctic ice sheets contain 'adioactive tracer methods,scanning electron microscopy
99% of the ice and 80% of the freshwater on Edrfvace gas ~ (SEM) and X-ray analysi§} and attenuated total internal
phase and aerosol species can be irreversibly adsorbed onto icéeflection infrared (ATR-IR) spectroscop§.Conflicting HCI
surfaces and incorporated into the snowpack. Consequently,diffusion kinetics have been measured with reported HCI
glacial and polar ice cores provide a history of Earth's diffusion coefficients ranging fronD ~ 10°° cn¥/s to D ~
atmosphere dating back over 420 000 yédce core analysis 107 cn¥/s at T ~ 185 K2681417.1923 The various HCI
yields signatures of local temperature fluctuations, geologic €xposure conditions and HCl concentrations, as well as different

activity, and anthropogenic effects on the environnféfrit. ice growth conditions, ice morphologies, and spatial resolutions
To extract chronological records of Earth’s atmosphere, the and detection sensitivities may have influenced the HCI diffusion
concentrations of species encapsulated in the ice core must béneasurements.
correlated with ambient atmospheric concentrations. The par- The diffusion coefficients determined for HCI and other
titioning of species between the gas/aerosol and the solid icespecies in ice are generally much larger than the diffusion
phases is defined by the air-to-snow transfer functibh. coefficients derived from ice core analysis. Polar ice core data
Postdepositional processes such as diffusion, desorption, andeveal clear annual cycles for Cland many species that
chemical or photochemical reactions can perturb the air-to-snowcorrespond to migration distances e cm over time periods
transfer functior?.®” Postdepositional diffusion can smooth of ~10—20 kiloyears? These distances and time intervals imply
concentration profiles and hide seasonal trends of trace speciesnaximum apparent diffusion coefficients Bf ~ 10712 cm/s
contained in the ice. Diffusion can also be coupled with chemical at T ~ 240 K. The disparity between the inferences from ice
interaction to either destroy the identity of a species or trap the core analysis and the experimental diffusion measurements may
species and limit further migration. be explained, in part, by variable impurity trapping effects. The
The solubility and diffusion of hydrogen chloride (HCI) in  glacial ice core is a heterogeneous system where many co-
ice have received attention because HCI plays a role in adsorbed anion and cation species may interact strongly to
controlling the acidity of the atmosphetdhe interaction of impede diffusion. The experimental diffusion rate for species
HCI with ice is also important in the heterogeneous chemistry in pure ice may be inherently faster because of the absence of
of the upper tropospheté® and polar stratospheté!? HCI coadsorbates.

diffusion in ice can affect the reaction kinetics of chlorine Cooperative trapping effects of anions and cations have been

activation on ice clouds and influence the ability of ice particles ,roposed to explain the location and movement of several
to sequester HCI. HCI diffusion can also control the extent of species in Antarctic ic&2425 Analysis of Dolleman Island,

HCI removal from the gas phase via sedimentation and influence antarctic ice cores has revealed that near the ice surface, the

the dechlorination of the polar stratosphéte. Na™ and M@+ cation peaks are in-phase with a ratio close to
* Corresponding Author. Fax: 303-492-5894. E-mail: Steven.George@ the ratio foun_d in seawater because of their common origin from
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of new peaks may be caused by anion trapping (e.g), &id (a)
salt formation with the N& or Mg?" cation species.

3

The seasonal trends observed for nitrate in Summit, Green- Z Ef
land polar ice have also been correlated with ion interactibns. -~ e &
Simultaneous measurements of the ice acidity andNaDion =
concentrations revealed different behavior in acidic and alkaline ) g
ice. In acidic ice, the N@ levels remained approximately 1‘ T Pistance
constant with no observable seasonality. ThissN€moothing Ru(001) HClor
was consistent with the ability of NO to diffuse through the EGCkr
acidic ice layers. In contrast, the NOconcentrations displayed (b)
distinct seasonal patterns in alkaline ice. These narrow seasonal =
peaks indicated reduced NOanion mobility that was attributed ? &
to the interaction of N@ with cations in alkaline ice such as é Er:YAG é
Ccat and Na .26 s

Although anion-cation trapping phenomena have been g
suggested to explain previous ice core results, there have been f -
no direct experimental observations. To explore anication Ru(001) HClor Dstunce
trapping phenomena in ice, the present study investigated the HCl+Na

trapping effect of sodium on HCI hydrate diffusion in ice. Figure 1. LRD depth-profiling experiment used to measure HCI

Sodium is one of several metal cations detected in glacial ice hydrate diffusion in ice. (a) Er:YAG laser pulses depth-profile the ice

cores and originates from marine, continental, and terrestrial sandwich structure and measure the initial HCI concentration profile.

sourced:?” This study is also complemented by previous (b) After HCI diffusion, a second LRD depth-profile observes the
: . . BV . -~ relaxation of the initial HCI concentration profile.

measurements of HCIl and Na diffusion kinetics in pure ice using

infrared laser resonant desorption (LRD) depth-profiling tech-

niquesi4-15.28 permitted the concentration profile of the diffusing species to

be determined versus distance into the ice bulk. The ice film
thickness was determined following LRD depth-profile analysis

Il. Experimental Section using optical interferometry during isothermal desorption of the

A. Laser Resonant Desorption (LRD) Depth-Profiling.A ice film.32
detailed description has been provided earlier for the experi- B. Measurement of HCI Diffusion Using LRD Depth-
mental setuph>28and rotary Q-switched Er:YAG lasér2° Profiling. HCI hydrate diffusion measurements in pure ice and

Briefly, the LRD experiments were conducted in an ultrahigh Na-dosed ice were conducted by monitoring the HCI concentra-
vacuum (UHV) chamber located on a vibrationally isolated tion versus time using LRD probing as depicted in Figure 1. A
optical table. Crystalline ice films were grown on a single-crystal laminated ice/HCl/ice or ice/NaHCl/ice sandwich structure was
Ru(001) metal substrate. The excellent lattice match betweenprepared by initially growing an ice multilayer on the Ru(001)
Ru(001) and hexagonal ice promotes the growth of crystalline substrate. The $#0 sample (Optima Grade, Fisher Scientific)
ice films3° The measurements of HCI hydrate diffusion in pure was purified by several freeze@ump-thaw cycles with liquid
ice and Na-dosed ice were performed using the infrared LRD nitrogen prior to use. The bottom ice film layers were grown at
depth-profiling techniqué?15:31 temperatures ranging from= 100 to 160 K and subsequently

LRD was accomplished using a Er:YAG TEMQ-switched annealed to ensure crystallinity.
laser (LaserSight Technologies, Inc., Model 1-2-3) with an A localized HClI trihydrate interlayer was formed by condens-
output wavelength of = 2.94um and a pulse duration 6100 ing HCl vapor (HCI,>99% anhydrous grade, Aldrich Chemical
ns. A newly designed close-coupled circular diffuse BaSO Co., Inc.) on top of this ice multilayer at = 140 K433 Low
reflector cavity (Shiva Laser Systems, Inc.) was implemented temperatures were employed for HCI deposition to avoid HCI
to achieve high laser output energies and enhanced pulse-to-desorption or preliminary HCI diffusion. The,@ LRD signals
pulse stability:>?°The Er:YAG laser radiation resonantly pumps and calibrated HCI LRD signals were consistent with initial HCI
the O—H stretching vibration in the D molecules in the ice  trihydrate interlayers that ranged in thickness frem.02 to
lattice3! The incident laser energy is rapidly thermalized and 0.1 um!* A localized Na/HCI interlayer was created by
induces desorption from the ice film. depositing Na on top of the HCIA® stacked layer using a Na

In the LRD depth-profiling experiment, a series of Er:-YAG alkali-metal SAES getter souré&Typical Na deposition rates
laser pulses was used to desorb iteratively thin layer sectionswere ~1 ML/min. The Na flux and Na concentration were
of the ice film1415 The incident laser energy was adjusted to calibrated using temperature-programmed desorption (TPD)
achieve the desired probe depth in the ice film. Previous LRD analysis?® The ice/HCl/ice or ice/NaHCl/ice sandwich struc-
depth-profiling studies have demonstrated that varioy® H tures were completed by growing an additional ice layer on top
desorption depths can be readily obtained by adjusting the Er: of the HCI or Na/HCI adlayers.
YAG laser pulse energl.Laser pulses were incident at an angle The Er:YAG laser was then used to depth-profile into the
of 54° with respect to the surface normal. The focused Er:YAG ice laminate structure and measure the HCI concentration versus

laser pulse was Gaussian with a beam waist~@00 um time 1415.28Prior to diffusion, the HCI should remain localized
(fwhm). This focused laser pulse produced elliptical desorption in the ice laminate structure and the initial LRD depth-profile
areas with typical dimensions ef175um x ~225um. att = 0 should resemble the profile depicted in Figure la. The

The desorbed species were mass analyzed with high sensitiviemperature of the ice sandwich was then raised to the diffusion
ity using an Extrel C50 quadrupole mass spectrometer with line- temperature for a fixed time interval. Subsequently, the ice
of-sight to the ionizer. Consecutive laser pulses desorbed deepesandwich structure was cooled rapidly to terminate further
into the ice bulk. The quadrupole mass spectrometer signalsdiffusion and a second LRD depth-profile was obtained using
were recorded for eackhx sublayer. These measurements the Er:YAG laser. Diffusion of the HCI interlayer species will
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Figure 2. HCI LRD signal versus distance in an ice sandwich Figure 3. HCI LRD signal versus distance in an ice sandwich
multilayer containing either an HCl interlayer (open squares) or a Na/ multilayer containing either an HCl interlayer (open squares) or a Na/
HCI interlayer at a Na/Cl molar ratio of Na/Gt 0.1 (solid circles) HCI interlayer at a Na/Cl molar ratio of Na/Gt 0.5 (solid circles)
obtained (a) at = 0, (b) after diffusion aff = 190 K fort = 120 s, obtained (a) at = 0, (b) after diffusion aff = 190 K fort = 120 s,

and (c) after diffusion a = 190 K fort = 300 s. and (c) after diffusion al’ = 190 K fort = 300 s.

result in the relaxation of the initial HCI concentration gradient HCI concentration profile at = 120 s reveals limited HCI
as illustrated in Figure 1b. The HCI concentration profiles hydrate diffusion of only~0.5 um. Diffusion simulations are
measured at successive diffusion times can then be used taconsistent with a HCI hydrate diffusion coefficient Bf =

derive the HCI diffusion coefficients 1> 4.0(0.6) x 10712 cn¥/s.
The LRD depth-profiling results obtained after HCI hydrate
IIl. Results diffusion atT = 190 K fort = 300 s are shown in Figure 2c.

Figure 2 shows a comparison of the measured HCI LRD For the HCl interlayer in pure ice, the HCI concentration gradient
signals versus distance in ice sandwich multilayers containing has relaxed further with HCI migration occurring over lengths
either an HCl interlayer or a Na/HCl interlayer. The HCI LRD ~ of ~4 um. Diffusion simulations yield a HCI hydrate diffusion
diffusion results for the HCl and Na/HCl interlayers are Ccoefficient of D = 5.1(+1.6) x 107! cn/s. In comparison,
represented by the open squares and solid circles, respectivelyonly small HCI diffusion distances 0£0.5-1.0um and a HCI
The simulations based on Fick’s Law are denoted by the solid hydrate diffusion coefficient ob = 3.3(0.5) x 102 cn¥/s
lines. The Na/Cl molar ratio of the initial Na/HCI interlayer ~are observed for the Na/HCI interlayer. HCI hydrate mobility
was Na/Cl= 0.1. The incident Er:-YAG laser pulse energy was for an initial interlayer molar ratio of Na/G+ 0.1 is a factor of
E = 0.65+ 0.02 mJ and corresponds to an@Hdesorption 13 £ 2 smaller than HCI hydrate mobility in pure ice.
depth during LRD of 0.53im. Figure 3 compares HCI LRD signals versus distance in ice

The LRD depth-profiling results in Figure 2aat= 110 K sandwich multilayers containing either an HCI interlayer or a
show that the HCI hydrate interlayer is initially localized &t Na/HCl interlayer at a higher molar ratio of Na/€l0.5. The
0. The temperature of the ice sandwich structure was then raisedncident Er:YAG laser pulse energy w&s= 0.60+ 0.01 mJ
to T=190 K fort = 120 s with a constant 4D backing pressure  and corresponds to an,8 desorption depth during LRD of
and subsequently cooled rapidly+d 10 K to terminate further ~ 0.48 um. Figure 3a shows that the HCI interlayer is initially
HCI diffusion. The HCI LRD signals versus distance into the well localized at = 0. Figures 3b and 3c reveal that HCI hydrate
ice sandwich structure are shown in Figure 2b. LRD results diffusion at an initial interlayer molar ratio of Na/& 0.5 was
reveal that the HCI concentration gradient in pure ice has relaxednot observed after diffusion times bf= 120 s and = 300 s

considerably with HCI hydrate diffusion occurring ove um. at T = 190 K. Since the HCI diffusion lengths do not exceed
The diffusion simulations yield a HCI hydrate diffusion coef- the H,O desorption depth of0.5um, the simulations yield an
ficient of D = 4.8(%1.5) x 107! cn¥/s. upper limit to the HCI hydrate diffusion coefficient &f < 9.0

The HCI hydrate diffusion is very different in the presence x 10-13cn¥/s. These LRD results demonstrate that HCI hydrate
of Na. Figure 2b shows the LRD results for an Na/HCl interlayer diffusion at an initial molar ratio of Na/Ck 0.5 is decreased
with an initial molar ratio of Na/Cl= 0.1. These results by a factor of>57 compared with HCI hydrate diffusion in
demonstrate that HCI diffusion is reduced markedly by Na. The pure ice.
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Figure 4. HCI hydrate diffusion coefficient at 190 K measured in ice
sandwich multilayers using LRD depth-profiling versus Na/Cl molar
ratio of the initial Na/HCI interlayer.

Figure 4 shows the measured HCI hydrate diffusion coef-
ficient versus the initial interlayer Na/Cl molar ratio at=
190 K. The HCI hydrate diffusion coefficient in pure icels
= 5.11.7) x 10 cm?/s atT = 190 K. The HCI hydrate
diffusion coefficients in the presence of sodium vary fr@m
= 1.20.5) x 10 cn?/s to D < 9.0 x 10713 cn¥/s at
interlayer molar ratios of Na/CkE 0.04 to Na/Cl= 0.5,
respectively. The HCI hydrate diffusion rate in ice is reduced
significantly by sodium. Interlayer molar ratios higher than Na/
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is believed to correspond to sodium in its ionized cationic form,
Na'. Sodium could ionize in ice by forming a solvated electron
via Na+ nH,O — Na' + e (H,O),. This ionization process is
supported by numerous experimeftat’ and theoretic4f4°
studies. Sodium could also undergo ionization by reacting with
H,0 to produce K Na + HyO — Na" + OH™ + 1/,H,.43:50

We could not determine the reaction that converts sodium
atoms into sodium ions. Hevolution was not observed during
Na exposure onto the ice multilayer. However, the Na fluxes
were very low and there is a finitesHbackground pressure in
our UHV chamber. An electron current to the Ru(001) substrate
may also be present during solvated electron formation. We did
not attempt to measure this possible electron current. Our main
supporting evidence for Nain ice is provided by the LRD
measurements that detect Nwith the ionizer of the mass
spectrometer either on or of.This observation is consistent
with direct Na desorption from Na/ice.

The LRD results in Figures-24 demonstrate that sodium
can dramatically alter HCI hydrate diffusion in ice. This study
represents the first direct experimental investigation of trapping
in ice. The trapping effect of Na is attributed to direct arton
cation interactions and an immobile NaCl salt in ice. Longer
ranged electrostatic interactions between the™ Nad CI
hydrated ions may also contribute to the observed trapping
behavior. An alternative possibility is that NaCl salt has very
little solubility in ice. The majority of the NaCl salt species
would then be forced to remain at the interface of the ice
sandwich structure because only a limited concentration is
soluble in the ice bulk. Whatever the origin of the immobile

Cl = 0.5 were not employed because the HCI migration lengths NaCl salt, similar trapping processes may influence mobility

were less than the 4@ desorption depth during LRD 0.5
um.

IV. Discussion

The HCI molecules were contained in the ice/HCl/ice
sandwich structure with a local,@:HCI stoichiometry of 3:1.
This HO:HCl ratio corresponds to a HCI trinydrate phase with
a thickness 0~0.02 um and~0.1 um for Figures 2 and 3,
respectively?® HCI diffusion from this trihydrate phase involves

the migration and dilution of various HCI hydrate phases through ONS-
the ice lattice. Numerous studies exist concerning the formation

in ice and alter the historical record of Earth’s atmosphere
contained in glacial and polar ice cores.

The trapping effect of Na on HCI hydrate diffusion in ice
may not be directly relevant to HCI diffusion in ice cores. HCI
LRD signals near the center of the concentration profiles in
Figures 2 and 3 correspond to HCI levels~of5—10) x 1C?
moleculestm?® or ~0.01-0.02 HCI mole fraction. The HCI
concentrations in the low intensity wings of the concentration
profiles are typically<10% of the maximum HCI concentra-
In comparison, a variety of laboratory studies have
measured HCI impurity solubilities in ice ranging from 1x3

and identification of amorphous and crystalline HCI hydrates 10’ t0 1.8 x 107* mole fraction (-0.3 to 360 ppm by mass)

in ice??3337 Amorphous HClice hydrate thin films with
various HO:HCI stoichiometries have been observed using
infrared (IR) spectroscopi%3435IR spectroscopy and laser-

over a temperature range frofi= 190—273 K 8816-1851-54 A
recent comprehensive examination measured equilibrium HCI
mole fractions that varied from 1.24 1076to 12.36x 1076

induced thermal desorption (LITD) techniques have also been (2-48-24.72 ppm by mass) over the temperature range from

utilized to assign the various mono-, di-, tri-, tetra-, and 238 10 265 K? ) ) _
hexahydrate phases of crystalline HCI hydrates in ice over the The HCI concentrations measured in these LRD studies of
temperature range froli = 85 to 215 K22:33-37 Numerous HCI hydrate diffusion are much larger than the HCI impurity

studies have also been conducted to define the various hydratesolubilities in ice under atmospheric conditions or HCI con-

on the HCl/ice phase diagrahi®s3°

HCI dissociates in ice to form 0" and CI. The HO*
hydronium ion is observed in the infrared spectrum of ice
exposed to HCI? Theoretical calculations confirm the facile
dissociation and ionization of HCI on ice surfa¢g&3he high

centrations in ice core$:56The HCl/ice phase diagram reveals
that the HCI hydrates examined in these LRD experiments can
be formed only at lower temperatures or higher HCI partial
pressures than are typical under atmospheric conditfofike

HCI detection limit for the LRD depth-profiling technique

HCI concentrations observed on ice surfaces also must becoupled with quadrupole mass spectrometry2x 106 HCI

explained by HCI dissociatioff. The low calculated adsorption
energy of~5—7 kcal/mol for molecular HCI on ice surfaces is
insufficient to rationalize HCI adsorption on ice and HCI uptake
into icet

HCI hydrate diffusion in ice is postulated to occur by®+
and CI migration into vacancies in the ice latti¢e.The
movement of Cf anions may be impeded by cations. The
coadsorbed Na in the /Na—HCI/H,O sandwich structures

mole fraction or~4 ppm HCI by mas$? The LRD depth-
profiling studies have the sensitivity to detect HCI impurity
concentrations in ice only at the maximum solubilities of-10
25 ppm HCI by mass.

The Na detection limits for LRD coupled with quadrupole
mass spectrometry is £ 108 Na mole fraction or~10 ppb
Na by mas$8 This sensitivity is adequate to detect Na in ice
core samples. Na levels measured in natural Antarctic ice
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