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In these experiments, a few bilayers of@®were vapor-deposited on a pure crystallingddHce film or an

ice film doped with a small amount of HCI. Upon deposition, H/D isotopic exchange quickly converted the
D,0 layer into an HDO-rich mixture layer. Infrared absorption spectroscopy followed the changes of the
HDO from the initial HDO mixture layer to HDO isolated in the,®l ice film. This was possible because
isolated HDO in HO ice has a unique, sharp peak in the @ stretch region that can be distinguished from

the broad peak due to the initial HDO mixture layer. The absorbance of isolated HDO displayed first-order
kinetics and was attributed to diffusion of HDO from the HDO-rich mixture layer into the underlyyy H

ice film. While negligible diffusion was observed for pure ice films and for ice films with HCI concentrations
up to 1 x 10* mole fraction, diffusion of HDO occurred for higher concentrations efZR) x 10~ mole
fraction HCI with a concentration-independent rate constant. The diffusion under these conditions followed
Arrhenius behavior fol = 135-145 K yieldingE, = 25 + 5 kJ/mol. The mechanism for the HDO diffusion
involves either (i) molecular self-diffusion or (ii) long-range H/D diffusion by a series of multiple proton hop
and orientational turn steps. While these spectroscopic results compare favorably with recent studies of
molecular self-diffusion in low-temperature ice films, the diffusion results from all the ice film studies at low
temperatures (ca. < 170 K) differ from earlier bulk ice studies at higher temperaturesTca.220 K). A
comparison and discussion of the various diffusion studies are included in this report.

Introduction as a function of temperature was measured. The results indicated
that the predominant point defects in ice argOHnterstitials

a-IS—PS ds'fef\ljzg?rg;:z’i?ﬁr Tocﬂegugﬁjg: :ggu\?tl:?/v Ztrlédclggvlgntir;ﬁtl and not vacancies. Interstitials are@molecules in ice that
P y groups. Yo not occupy regular crystal lattice sites, while vacancies are

compiled by Hobbs,while more recent studies were reviewed unoccupied crystal lattice sites. Hondoh'’s research group also
by Petrenko and WhitworthBecause the diffusion coefficient P ystar 1atl - ; group
determined the diffusion coefficient of the,® interstitials,

is very small, all the older studies were performed at modestly . . . .
low temperatures betweer238-271 K. These studies (i) used alo_ng _W'th their eqU|I_|br|um concentration. The energy of
the isotopic probes ¥180, D,O, and BO as tracers to follow activation was determlneql to be_ _the sum of twq cqmponents:
the diffusion process, (i) included bulk ice samples of poly- the energy of formation of interstitials and the activation energy
crystalline ice, artificially grown single-crystal ice, and naturally ~for motion. Because the total energy of activation was consistent
grown single-crystal ice, and (iii) examined diffusion for with those energies from the tracer studies, it was concluded
different crystallographic orientations. Microtome sectioning of that the mechanism for self-diffusion of water molecules in ice
the bulk ice into very thin layers followed by scintillation or  involves interstitial diffusion, at least for the temperature range
mass spectrometric detection was used to measure the diffusion~220-269 K. Recent molecular dynamic studies from Hon-
of the tracer species. Studies indicated that diffusion of water doh’s group confirmed this conclusids.
molecules in ice involves molecular self-diffusion of intact water
molecules since the diffusion coefficients fop® and K80
were approximately identicaf
As an example of the earlier tracer studies, Ramseier studied
T»0 diffusion into artificially and naturally grown ice from 243
to 268 K3 Diffusion perpendicular to the optical axis éxis)
was observed to be greater (eal12%) than diffusion parallel George's research grotfp'? studied the diffusion of KO
to thec axis. This anisotropy was attributed to the geometry of and HDO into HO ice from 146 to 170 K using a laser-induced
the lattice structure. It was concluded that molecular self- thermal desorption technique with mass spectrometric detection.
diffusion in ice takes place by a vacancy mechanism. However, Multilayer crystalline ice was grown epitaxially on a Ru(001)
others argued that diffusion occurred by an interstitial mecha- metal substrate. After deposition of a thin ice film, a tracer
nism?# molecule (B0 or HDO) was adsorbed onto the surface.
The mechanism for molecular self-diffusion in ice was Diffusion of the tracer molecule from the surface into the thin
examined by Hondoh'’s laboratdry for T ~ 220—269 K. Using ice film was detected by isothermally desorbing the ice
X-ray topography the variation of the size of dislocation loops multilayer with a laser pulse and then monitoring the water
species with mass spectrometry. While the determined energy
* To whom correspondence should be addressed. of activation is similar to the values from the earlier bulk ice
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More recently the diffusion of water in ice was examined
for thin vapor-deposited ice films at low temperatures {c&.
170 K). The results suggest that diffusion in low-temperature
ice films differs from diffusion in bulk ice samples at higher
temperatures.
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studies, their diffusion coefficients are more thafties larger steel tubing directed at the ZnSe windowsGHand HCI/HO
than the value obtained by extrapolation of the tracer data to vapors were introduced through a separate needle valve and
160 K. inlet system than the O vapor to prevent cross-contamination.
More recently Kang's research grddp* examined both Vapors were from pure water (Aldrich, reagent grade), aqueous
vertical water diffusion and H/D isotopic exchange on very thin solutions of HCI (dilutions of water and Aldrich 37 wt % HCI,
ice films using C% reactive ion scattering (RIS) with mass 99.999%), and pure f (Cambridge Isotope Laboratories,
spectrometric detection. For this diffusion study, very thin 99.96%). The partial vapor pressures of HCI angDHvere
amorphous KO ice films were vapor-deposited on Ru(0001) determined from the equilibrium pressures above the aqueous
between 100 and 140 K. A fractional coverage gf0was then acid solutions at either 0C or room temperatur€. The
added onto the ice film. Vertical diffusion of2D into the HO concentrations of the HCI solutions were determined by titration
ice film and reverse migration of 4@ to the surface resulted in  with a NaOH solution standardized with KHP. The mole fraction
a change in the surface concentration. This study provided of HCl in an ice film was determined according to condensation
information directly at the ice surface with a depth resolution kinetics, as explained below in the Results.
of 1 BL. A first-order rate constant and activation energy were  Experiments were performed by first introducing®or HCI/
determined for diffusion from the surface into the amorphous H,0 vapor at a rate 0f0.5 mTorr/s onto the ZnSe window at
ice film. The activation energy is similar to the energy associated 150 K. The thickness of the deposited crystalline ice layer was
with the motion of interstitials mentioned above and suggests determined using the known conversion value of 0.163 Abs/
that the measured diffusion is due to an interstitial mechanism. um of ice at 824 cm?, giving a thickness of 0.5 0.02um.18
Using the first-order rate constant and the assumption that theThe infrared spectrum of the ice films confirmed the polycrys-
probing depth for molecular diffusion is one interlayer spacing, talline nature of the ice. After the ice was annealed at 150 K
a diffusion coefficient was estimated. This estimated diffusion for at least 20 min, the window was cooled to the temperature
coefficient is more than dimes larger than the value obtained of interest. About +2 mTorr of D,O was then introduced into
by extrapolation of the tracer data to 140 K. the cryostat, leading to an absorbance of-3% mAbs at 2424
In this report, a spectroscopic study of the diffusion of HDO cm™1. Previous interference studies from this laboratory gave a
into pure and acid-doped ice films is presented. These experi-conversion value of 2.35 Ahah for the O-D stretching band
ments consisted of the vapor deposition of a few bilayers of at 2424 cm? for pure crystalline RO icel5 Using this value,
D,O on a pure crystalline 30 ice film or an ice film doped it is estimated that approximately-@5 A or ~2—5 bilayers
with a small amount of HCI. Upon deposition, H/D isotopic (BL) of D,O were deposited on the ice. Infrared spectra were
exchange quickly converted the®@ layer into an HDO mixture  collected as a function of time for at least 1 h. To clearly observe
layer. The diffusion of HDO from the mixture layer into the the resulting spectra, the spectrum of the underlying ice film
underlying crystalline KD ice film was monitored using infrared  was used as the background. In all cases, spectra were acquired
absorption spectroscopy, which was possible because isolatethy averaging 32 scans with a resolution of 4 @énand an
HDO in H,O ice has a unique, sharp peak that can be acquisition time of 39.5 s.
distinguished from the initial broad peak of the HDO mixture Temperature Study. The experimental setup for the tem-
layer. Previously? the observed spectral changes were attributed perature study was the same as that for the concentration study,
to H/D isotopic exchange of D occurring onH0 ice, which except the cryostat was also equipped with a turbomolecular
is now believed to be wrong. In particular, (i) the initiah® pump situated directly above the ZnSe window. The temperature
layer was not pure ED but an HDO isotopic mixture and (i)  range for these experiments was dictated by extraneous ice
the spectral change observed for the acid-doped ice films wasdeposition below 135 K and ice loss by sublimation above 145
not due to H/D exchange on the ice surface but to interdiffusion K. The minimal deposition or sublimation in this temperature
of HDO and HO between the isotopic mixture layer and the range was taken into account by calibration of ice films without

H20 ice film. In this report additional data are presented D,O. This calibration resulted in a small adjustmentlL0%)
concerning the acid and temperature dependence, along within the measureét values.

an analysis that attributes the spectral changes to HDO diffusion Experiments were performed by first introducing 20104

into an HO ice film. The results compare favorably with the mole fraction HCI vapor at a rate ef0.5 mTorr/s onto the
other studies of diffusion in low-temperature ice films but differ znse window at 150 K. The thickness of the deposited film
from the earlier bulk ice studies at higher temperatures. A \as 0.504+ 0.01um, based upon the same conversion as in the
discussion of these differences for the diffusion of water in ice cgoncentration study. The infrared spectrum of these acid-doped
films and in bulk ice samples is included in this report. ice films indicated that the films appeared to be essentially pure
crystalline ice. The ice was annealed at 150 K for at least 10
. ) . min and then cooled to the temperature of interest. The
Concentration Study. The experimental setup for this system temperature was recorded and maintaine#@al K throughout

has been described in det&if'6In brief, ice films were grown the course of the experiment. Roughly2 BL of D,O were

by vapor deposition onto an infrared transparent ZnSe window e qgited on the ice, and infrared spectra were collected as a
positioned at the end of a coldfinger contained in a closed-Cycle g,¢tion of time for at least 2 h. To clearly observe the resulting
liquid-He cryostat (Advanced Research Systems DE 202 gnecira the spectrum of the underlying ice film was used as
expander). The temperature of the window was measured ante hackground. In all cases, spectra were acquired by averaging

regulated by a silicon diode sensor and a LakeShore 32135 goans with a resolution of 4 cthand an acquisition time of
temperature controller. The pressure within the cryostat was 3g g o

maintained aP < 107 Torr, as measured with a cold cathode
gauge. The cryostat system, with KBr outer windows, was

Experimental Methods

: . . Results
situated in the sample compartment of a purged Nicolet Magna !
550 series FTIR spectrometer. Figure 1 shows the change in the infrared absorption spectra
Vapor was introduced from a glass line (volurse2 L) into of the O-D stretch region as a function of time whern2 BL

the cryostat through a needle valve and a 6-in. piece of stainlessof D,O were deposited at 145 K on (a) a purgiHce film and
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Figure 1. Infrared absorption spectra as a function of time fei52BL of D,O deposited at 145 K on (a) pure® ice film, showing negligible
spectral changes, and (b»210-* mole fraction HCI-doped kO ice film (ca. 1 HCI to 5000 KD molecules), indicating the appearance of isolated
HDO in ice. The spectra situated below the dashed line are the subtractien@from thet = 3285 and 3004 s spectra for pure ice and 20~
mole fraction HCI-doped ice, respectively. For this particular data, approximately twice as raDclvd3 deposited on the acid-doped ice film as
on the pure ice film, as evidenced by th@x absorbance at= 0 s. DO deposition was complete aftei200 s. The absorbance scales for (a) and
(b) are the same, and the spectra are offset for clarity.

(b) an acid-doped $O ice film. On the pure ice film, the shape exchange occur very quickly at the surface (ca5BL) of ice

of the resulting broad peak did not appear to change appreciablyfilms from 90 to 140 K. Therefore, upon vapor deposition of
during the time probed (ca. up to 2 h). However, whenth®H  D,0O on an HO ice film over the temperature range 13645

ice film was doped with HCI (ca. 2 104 mole fraction HCI, K, short-range vertical diffusion and H/D isotopic exchange
or 1 molecule of HCI to 5000 D molecules), the ©D stretch quickly convert the thin BO layer into an isotopic HDO mixture
spectrum changed significantly as the band at 2424'cm layer. George’s group observed the same type of rapid isotopic
narrowed and increased in absorbance, indicative of HDO exchange of BO on an HO film at 120 K!*

isolated in H,O ice. It should be noted that well over 50 To confirm that H/D isotopic exchange occurred and to
experiments have been performed on pure and acid-doped icedetermine the composition of the resulting HDO mixture layer,
films, consistently yielding these results. Tihe 0 s spectra in various DO ice spectra were collected for comparative pur-
Figure 1 correspond to the first spectra acquired; since spectralposes. Figure 2a shows the spectrum fer52BL of D,O
acquisition takes a definite period of time (39.5 s), the 0 deposited on a pure  ice film just after deposition at 145 K
spectra correspond to the average of the first 39.5 s. The(ca. thet = 210 s spectrum from Figure 1a). This peak is broad
deposition of the RO layer was complete within the first 200 (fwhm = 114 cntl) and featureless. An amorphous@ice

s of exposure. film at 80 K (Figure 2e) is broader and shifted to a higher
Previously!®> the results displayed in Figure 1 had been frequency, while a crystalline D ice film at 150 K (Figure

interpreted in terms of H/D isotopic exchange efIoccurring 2d) shares a common maximum with thelayer spectrum

onthe HO ice surface. Since the initial spectrum ofon a but has two pronounced shoulders. Thus, the initigh Dayer

pure ice film did not appear to change during the course of the is not “pure” amorphous or crystalline ;D ice. Ice films
experiment, it was concluded that no isotopic exchange occurred.prepared by mixing ar-1:1 ratio of 3O and BHO in the vapor
This conclusion conflicted with the extensive and thorough work phase and then depositing at 80 K (cf. amorphous) and 150 K
from Devlin’s laboratory concerning isotopic exchange in (cf. crystalline) are shown in Figure 2b and c, respectively. The
ice 21920Furthermore, since isotopic exchange involves a proton vapors were mixed in the-2 L glass line where isotopic
hop step, it was suggested that there are few active protons orscrambling on the glass surface produced an equilibrium gas
the pure ice surface, thus the need for doping the ice film with composition of 25% B0O:50% HDO:25% HO. The amorphous
acid in order for exchange to occur. It was concluddidat the ice spectrum is broader and shifted to a higher frequency, while
results were unique and differed from Devlin’s work because the crystalline ice spectrum appears to match the spectrum of
isotopic exchange was being examinealthe ice surface as  the initial D;O layer. The crystalline ice-mixture spectrum also
opposed tan ice. However, the previous interpretation of these matches the published ice spectrum of Haas and Horning for
results in terms of H/D isotopic exchange now appears to be this same compositio#i.
wrong. In particular and as demonstrated below, (i) the initial ~ Thus, the spectrum observed just after the deposition-& 2
D0 layer was not pure D but an HDO isotopic mixture and  BL D,O layer on crystalline kD ice films, for both pure and
(i) the spectral change observed for the acid-doped ice films acid-doped ice at 145 K (Figure 2a), closely resembles the
was not due to H/D exchange but to the diffusion of HDO into spectrum of the crystalline ice mixture of Figure Zihe initial
the HO ice film. D,0 layer is therefore not a pure O ice layer but is actually
Concerning the initial BO, the 2-5 BL D,O layer is not a an isotopically mixed layer of £, HDO, and HO. On the
pure layer but an isotopic mixture. According to the recent work basis of a comparison of the spectra in Figure 2 (parts a and b),
from Kang's laboratory3-14vertical diffusion and H/D isotopic ~ the composition of the layer is estimated to be 25%[30%
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Figure 2. Infrared absorption spectra of the-@ stretch region for (a) 25 BL of D,O on pure crystalline kD ice film just after deposition at
145 K, (b) crystalline ice film from deposition of1:1 gas mixture of BO and HO at 150 K (film composition is 25% D:50% HDO:25% HO),

(c) amorphous ice film from deposition 6f1:1 gas mixture of BO and HO at 80 K (film composition is 25% ED:50% HDO:25% HO), (d) pure
crystalline BO ice film at 150 K, (e) pure amorphous,® ice film at 80 K, (f) 2-5 BL of DO on 2 x 10~* mole fraction HCI-doped ice film

1 h after deposition at 145 K, and (g) isolated HDO in crystallin®Hhte film at 150 K. Spectra have been offset for clarity. Reference spectra
(b—e, g) have been scaled to the same absorbance as the unscaled reaction spectra (a, f).

HDO:25% HO. The thickness is estimated to be ¥0 BL, or 0.010
two times 2-5 BL of D,O. This estimate is consistent with a
study from George’s research group, where rapid and complete 0.008 -

H/D exchange was observed that converted 1.5 BL £ bBn
a thin HO ice film at 120 K into a localized 3 BL HDO
adlayert!

If we return to Figure 1, while no spectroscopic changes were a
observed for the pure ice films, significant changes occurred
for the acid-doped ice filmsThese spectroscopic changes are 0,000 12
attributed to the interdiffusion (or isotopic mixing) of HDO from
the HDO-rich mixture layer into the underlying.B ice film _g//\/\\
and of HO from the film into the HDO-rich mixture layefhe 0000 7
sharp peak at 2424 crhthat grows in with time is due to the
formation of HDOisolatedin the HO ice film, which can easily
be distinguished from the initial spectrum of the HDO mixture
layer. The resulting spectrum (Figure 2f) is significantly sharper Figure 3. Infrared absorption spectra of the-O stretch region at
(fwhm = 26 cnTl) than the spectrum for the HDO mixture _145f_'|< forﬂ(a) 12‘h5 g)‘; of IIDZtOdOEDZS _10;; r_noI?_lfractiog (H)C|'d0pt‘3d|

; ; Ice Tiim aiter , ISolate n ICe TIim, anda (C) spectral

layer _(Flgure 2_a) and compa_res_favorably with the spectrum of subtraction (a)- (b), revealing the spectrum for (HDQ)Specfra are
HDO isolated in bulk crystalline ice (Figure 2g). The reference jgcot for clarity.

spectrum of isolated HDO was obtained by depositing a@ H ) o o
ice film that possessed a very small amount of HDO. This was This fast preequilibrium step maintains a steady-state amount

accomplished in the following way: £ vapors were intro-  Of the (HDO} species. Step 2 represents the slower diffusion
duced into the glass line and removedHvapors were then ~ Of HDO into the underlying ice film.
introduced and H/D exchange occurred on the glass line According to step 1, the (HD@Jspecies should be present
producing a very small amount of HDO. The resultingCH in the initial mixture spectrum and should slowly decrease with
vapors with a very small amount of HDO (c&. 1%) were time. On the basis of the relative amount of the isotopes in the
then deposited as an ice film. The resulting spectrum of isolated INitial mixture (ca. 25% [0:50% HDO:25% HO), 50% of
HDO in crystalline HO ice (Figure 2g) agrees with that reported the HDO should exist as the (HDjearest neighbor, which
by Devlin19 Devlin identified in his studie$®2°22To observe this species,
The present spectroscopic results can be explained by thedn isolated HDO spectrum can be subtracted from the reaction
following expressions: spectrum, as shown in Figure 3. The subtraction yields two
peaks at 2447 and 2403 cfy in agreement with the (HDQ)

0.006 -

0.004

Absorbance

2550 2500 2450 2400 2350 2300
Frequency (cm’ b}

D,O + H,0 < (HDO), 1) spectrum reported by Devlin and co-worké#slo obtain this
(HDO), spectrum, it was assumed that 85% of the absorbance
(HDO), — 2HDO (solated 2 at 2424 cm? could be attributed to HDO. The HDO spectrum

was then scaled accordingly, and the two spectra were subtracted
Step 1 represents the isotopic exchange equilibrium that iswith a subtraction factor of 1. This method is similar to that
quickly established on the ice films, both pure and acid-doped, employed by Devlin and co-workers to isolate the (HRO)
giving rise to the initial isotopic mixture layer (see Figure 2a). spectrunt?
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0.005 T The data for the acid-doped ice film (filled circles) fit well to

the single exponential, indicating first-order behavior and
yielding a first-order rate constark, associated with step 2
above. The recent vertical diffusion studies by Kang’s labora-
tory!3 also produced first-order behavior. For thec20~* mole
fraction HCI data shown in Figure &% = 1.5 x 1023 s ! at
145 K. Since the initial deposition of D occurred over the
first 200 s, these data were not included in the kinetic fits and
are not included in Figure 5.

The absorbance at 2424 chfor the HDO mixture layer on
pure ice is also presented in Figure 5 (open circles). It is virtually
constant for the first 1500 s and then slowly decreases at longer
0.000 : : , . times as a result of sublimation. This slight sublimation loss is
2550 2500 2450 2400 2350 2300 the only evidence of the dynamic nature of the ice surface from

Frequency (cm™) our study. Assuming an equilibrium vapor pressure of Z0-°
Figure 4. Infrared absorption spectra of (HDQJs a function of time 10T @t 145 K, the condensation rate should equal the sublima-
for 2—5 BL DO on 2 x 10~* mole fraction HCl-doped ice at 145 K. tion rate, which is calculated to be 0:6@.2 BL/min for HO
Normalized isolated HDO spectra (Figure 3b) were subtracted from ice and 0.007-0.04 BL/min for DO ice at this temperaturé: 2>
raw absorption spectra (Figure 1b) as described in the text. Spectra areThis constant reconstruction of the ice surface is believed to
offset for clarity. occur to only 2-3 BL deep, according to a molecular dynamics
study forT = 180-210 K26 It is possible that our results may

0.004 A

0.003 +

Absorbance

0.002 A

0.001 {

0000 be affected by this fast exchange at the surface, where the depth
of reconstruction is perhaps—2 BL deep for the present
0.005 experimental temperatures. For example, if net condensation
N of H,O were occurring throughout the experiment, then th®/D
2 0.004 HDO layer would become embedded in the ice film. This would
£ ® acid-doped ice lead to rapid H/D exchange and the formation of isolated HDO.
__% 0,003 4 O  pureice However, this was not observed on the pure ice films. If the
< vapor pressure of D in the cryostat is much less thanx7
107° Torr, this would lead to net sublimation of,D from the
0.007 (SEBTRLITD o surface. Calculations, using the larger sublimation rate, indicate
SRS e that ~2 BL of D,O ice should sublime after 3000 s at this
0.001 ; ; ; ; , . temperature, which agrees with the data in Figure 5 and with
500 1000 1500 2000 2500 3000 the estimate of the HDO mixture layer thickness. Therefore,
Time (s) concerning the dynamic nature of the ice surface, the spectro-
Figure 5. Absorbance at 2424 crhas a function of time foran HDO ~ Scopic data indicate only the very slow sublimation @@rom
mixture layer (4-10 BL) at 145 K on Q) pure RO ice film and @) the surface of pure ice films. On acid-doped ice films, this

2 x 10-*mole fraction HCI-doped ice film. The solid line corresponds  sublimation would compete with the HDO diffusion, causing
to a first-order fit (see eq 3). The data in this figure correspond to the the measured rate constants to be slightly smaller. The amount
spectra in Figure 1. A small amount of sublimation is observed for ¢ o hjimation was therefore taken into account by calibration
this pure ice sample as evidenced by the slight negative slope of theOf the sublimation of pure ice films at the approoriate temper-
data after~1500 s (see text). ! on of p . pprop p
atures. This calibration resulted in a small adjustmeritq%)

The evolution of the (HDQ)peak with time is shown in N the measured values. , _
Figure 4. These spectra were obtained by subtracting an Concerning the acid concentration study, the first-order rate

appropriately scaled isolated HDO spectrum from each spectrumConstant was determined according to eq 3 for ice films with
in Figure 1b. The isolated HDO scaling factor was determined Various concentrations of HCI. The rate constant displays an
from the longest time spectrurh£ 3004 s) and the measured  °ff-on” behavior as a function of HCI concentration, as shown
first-order rate constant (see below). The (HP@pectrum N Figure 6. At concentrations below 1 10~* mole fraction,
slowly decreases with time, and the two peaks become moren€dligible diffusion was observed, while, at concentrations of
distinct. These results indicate that the (HR@rms very 2 X 10 mole fraction and above, HDO diffusion occurred.
quickly and is then slowly depleted over time by diffusion of Within exgenmental error, the rate constant is constant fer (2
HDO into the underlying ice film, consistent with step 1 (the 20) x 10~ 3”“1'19 fraction HCI with an average value of (H5
fast preequilibrium step) and step 2 (the slower diffusion step) 0-2) x 107 s™ at 145 K (ca. the average for the data from

above. Note that even though the diffusion-i89% complete ~~ Figure 6). .
att = 3004 s, (HDO) is still clearly present. The acidic ice films were not created under equilibrium

According to step 2, the slow formation of isolated HDO conditions but by the co-condensation of HCI angDH/apors

dominates the observed spectral changes (see Figure 1b). T&Nto a cold inf_rared window. Since diffusion of HCI at these
quantitatively characterize these changes, the absorbance at 242#mperatures is thought to be very slow, the HCI should be
cm-1was measured as a function of time, an example of which €venly distributed in the ice films and the composition should
is shown in Figure 5. The data presented correspond to theP€ controlled by condensation kineti¢siccordingly, the mole
spectra in Figure 1 at 145 K. These data were fit to a single fraction of HCI in the ice has been determined as

exponential, first-order expression of the following form:
P P g Xict = (Prci/ Przo) Qe 0z0) My of MHCI)UZ (4)

ki
absorbance=A(1—e ") + B ®) For the experimental temperature range, it was estimated that
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Figure 7. Arrhenius plot for the diffusion of an HDO mixture layer
(4—10 BL) into 20 x 10* mole fraction HCI-doped ice film between

135 and 145 K. Circles represent data, and the line represents a linear
fit of the data, yieldingea = 25 &+ 5 kJ/mol. Error bars correspond to

=+ one standard deviation from at least four experiments.TFer135

K the error bars are smaller than the size of the data point.

Figure 6. Averaged first-order rate constant as a function of mole
fraction HCI in the ice film. Error bars fok = O points aret+ one

standard deviation from at least 3 measurements, while error bars for
k = 0 points are the average of the nonzero standard deviation values

el & ap,o = 0.8—1, based upon measured mass accommoda-
tion coefficients?328 The partial vapor pressures of HCI and
H,O were determined from the equilibrium pressures above the on” behavior may therefore be explained as follows. For the
aqueous acid solutions. For the present experimental conditionsyery lowest HCI concentrations, the protons may be more or
the HCI probably exists in ice in the form of an ionic solid less mixed in the ice. At the higher concentrations, the larger
solution, according to the HEIH,0 temperature composition proton activity drives the protons to the surface. Once near the
phase diagrar. surface, the hydrated protons turn on the H/D diffusion, at which

The reason for the “off-on” behavior is unclear at this time. point the diffusion process is then controlled by the orientational
For the low concentrations up tox 10~4 mole fraction (ca. 1 turn step (see Discussion below).
molecule of HCI to 16 molecules of HO), the HCI has probably George’s group also observed concentration-independent
been incorporated and ionized in the ice structure, forming processes in ice with acid dosing. The rate gODdesorption
protonic and Bjerruni-defects but otherwise not significantly  from and the rate of HDO diffusion into a thin film of ice was
disrupting the ice lattice structure, at least in terms of increasing observed as a function of HCl and HN6urface coverag#:32
diffusion. For higher acid concentrations of 2 10~4 mole The surface coverage of the acid was-053BL for HCI and
fraction and above, local microcrystals of the HCI hexahydrate 0.5-3 BL for HNOs. Over this range, the {® desorption rate
may form within the solid ionic mixture. Hobbs has suggested and the HDO diffusion rate were independent of acid coverage.
that local clustering of impurities can occur in it€ormation The changes in the measured rates relative to pure ice films
of an HCI hydrate in the ice might be revealed by the infrared were attributed to an increase in the number of protonic and
spectra. For both pure and acid-doped ice films, the spectra wereBjerrumL-defects in the case of HCI dosing and to the possible
qualitatively and quantitatively very similar due to the very low formation of acid hydrates for the HNQlosing. No further
HCI concentrations and the spectroscopic detection limits. explanation was given for the acid concentration independence.
However, at the very highest acid concentration, a small broad Concerning the temperature studies, the first-order rate
absorption band between 1700 and 1900tand a small sharp  constant as a function of temperature was measured for 20
peak at 1635 cm' were detected, indicative of $* due to 104 mole fraction HCI ice films. The& values were obtained
the HCI hexahydraté’? A mixed ice—acid-hydrate solid would according to eq 3 fof = 135-145 K. At least four experiments
have an increased number of defects, especially dislocationswere performed at each temperature. The resulting first-order
and grain boundaries between the two microcrystalline solid rate constants display Arrhenius behavior as shown in Figure 7
regions?”30 Enhanced diffusion would then occur due to the producing an activation energiy, = 25 £+ 5 kd/mol. This
increased number of defects. It is possible that once thesemeasureds, value compares well with the reported value for
microcrystalline regions are established, increasing the acidthe energy associated with the breaking of an ice-like hydrogen
content of the ice films simply increased the relative size of bond of ~23 kJ/mol?33-35 Additionally, it agrees with the
the microcrystals but not necessarily the number of grain energy value from a study of the dielectric properties of HCI-
boundaries. doped ice by Takei and Maerb.In their model, an HCI

An additional explanation for the “off-on” behavior comes molecule is considered to replace anCHin the ice lattice,
from very recent work by Kang's grou. They examined generating a Bjerrunh-defect and an kD™ ion (i.e. extrinsic
proton transfer and H/D diffusion in very thin ice films using protonic defect). The temperature dependence of the ac (or high-
Cs' reactive ion scattering and low-energy sputtering. Briefly, frequency) and dc conductivity was measured. The energy of
the results indicate that (1) protons can very quickly migrate activation for the ac conductivity was attributed to the liberation
from inside an “ice sandwich” to the surface, which is followed and migration ofL-defects. Their reported value ks = 25.0
by a slower H/D diffusion by recurrence of a proton hop  + 0.3 kJ/mol. The agreement with the present value suggests a
molecular turn process, and (2) excess protons tend to collectcommon mechanism. For this study, the addition of HCI into
at the surface where they become hydrated with increasingthe ice films increases the number of protonic and Bjerrum
temperature and thereby buried just below the surface. For thisL-defects? One proposed mechanism for diffusion of water
study, this means that for the HCI-doped ice films the excess molecules in ice includes the combined migration of interstitials
protons may not be homogeneously mixed throughout the ice with L-defectst? If, under the present experimental conditions,
film but may become concentrated near the surface. The “off- the diffusion is mostly limited by_-defect migration, then the
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TABLE 1: Recent Results for Diffusion in Low-Temperature Ice Films

10'8D(140 K)

measuremnt Trange(K)  Ea(kd/mol) (cnéls) ref (year)
H,%0 diffusion into crystalline KO ice 155-165 69.9 0.8 S. M. Georé®(1996)
HDO diffusion into crystalline HO or DO ice 153-170 71.1 1.2 S. M. George!?24(1997, 1998, 1999)
(HDO from isotopic mixture)
HDO diffusion into crystalline RO ice 146-161 79.5 5.2 S. M. Georg&(1999)
(HDO from H/D exchange of HCI on D ice surface)
HDO diffusion into ;O crystalline ice 146-161 55.2 0.2 S. M. Georg&(1999)
(HDO from H/D exchange of HN@on ice surface)
D0 diffusion into surface (ca.-15 BL) of amorphous KO ice  106-140 13.7 80 H. Kantj (2004)
HDO diffusion into HCI-doped crystalline 4 ice film 135-145 25 11 this work (2006)

(HDO from isotopic mixture)

mechanism is similar to the ac conductivity measurements by coefficients show just the opposite trend for these acid-dosed

Takei and Maeno, thereby yielding a similar activation energy. ices. This group suggested that a compensation effect relates
E, and the diffusion coefficient. It was further suggested that

Discussion HCI enhances diffusion by creating ionic and Bjerrurdefects

hile HNO;s reduces diffusion by forming stable HNShyrate
In the discussion that follows, the present results are compared\évaglles thfiSIimituHDO ImLiJg:atio?)né s NShy

with the results from the previous ice film studies and discussed , . . e
Kang's research grodpexamined vertical water diffusion

in terms of a molecular self-diffusion mechanism. Then, the . ST X L :
into very thin ice films using Csreactive ion scattering (RIS)

differences between the film studies and the previous bulk ice ith ' tric detection. A h Hee i
studies are discussed. Finally, the present results are discusself!!! Mass Spectrometric detection. Amorp ouOHce films

in terms of an alternative mechanism, namely, a long-range H/D were vapor-deposited on Ru(QOOl) between 100 and 140 K with
diffusion mechanism by a proton heprientational turn thicknesses of 45 BL. A fractional coverage of BD was then
sequence added onto the ice film. Self-diffusion ofJD into the BO ice

Comparison of Ice Film Studies.George’s research grotip'? film and reverse migration of #D to the surface resulted in a
had previously studied diffusion of water in low-temperature cha_lnge in the surfacz_e concentration Of the Isotopic species,
ice films. In particular, the diffusion of }180 and HDO into Whlc_h was detected with a depth resolupon .Of 1BL. D|ffu_S|on
HO ice from 146 to 170 K was examined using a laser-induced into just the top 3 BL was probed. The diffusion followed first-

thermal desorption technique with mass spectrometric detection.orOIer kinetics, yielding a f'FSt“”der rate constant. The rate
The ice samples were multilayer ice films grown epitaxially on constant showed Arrhenius-like temperature dependence, yield-

a Ru(001) metal substrate to thicknesses-86—200 BL and ing an energy of activation c_)f .13'7 kJ/_moI. While this energy
were reported to be crystalline according to LEED measure- of activation Is ratht_ar low, it is very important to note that
ments!O After deposition of a thin ice film, a tracer molecule changes right at the ice surface were probed and the ice sample
was adsorbed onto the surface Experimeﬁts includéiDHca was amorphous and not crystalline. Interestingly, the activation
1 BL) diffusing into HO ice and HDO (ca. 29 BL) diffusing _energy_is similar to the energy asso_ciated with the motion of
into H,0 or D,O ice. The HDO was produced on the ice surface interstitials. Hondoh'’s grotp” determined that the energy of
by the rapid H/D isotopic exchange 050 on HO ice (or HO activation of interstitials in ice is composed of two components,
on DO ice). The HDO production and thickness were es- the energy for interstitial formation and the energy for interstitial
sentially the same as the present experiments (ef BL to motlon_; €., Ea = E¢ + Em. If the energy for |_nterst|t|al
4—10 BL). Diffusion of the tracer molecule from the surface formation is very IO\.N’ caky ~ 0, fqr the amorphous ice §urface
into the thin ice film was detected by isothermally desorbing due to molecular disorder and high defect concentrations, then
the ice multilayer with a laser pulse and then monitoring the Ea% Eim, Wher,eEim :d 15.4kor<’mO|. Thus, thehclost:e agreemer(ljt
water species with mass spectrometry. Diffusion was measured ,etwe.en Kang £aan .Hon o Eim sugggstst .att € measure
throughout the entire crystalline ice film. An experiment diffusion is due to an interstitial mechanism. Finally, a diffusion
involving 1 BL of H,180 sandwiched between two,€ ice coefficient at 140 K was estimated using the diffusion equation,
layers was also performed and vyielded similar results. A X2[J= 2Dt, equating the first-order half-life with the diffusion

summary of these results is provided in Table 1. Over the ime and assuming that the diffusion length for was one
temperature range 14@70 K, the reported energy of activation  Interlayer spacing (ca. 1 BE 0.366 nm). This produced(140

for self-diffusion of water into crystalline ice films is between K) =8 x 1077 cnvs.

69.9 and 71.1 kJ/méP~12 These values are close to the energy ~ For the present experiments, a few bilayers eODvere
values from the earlier tracer experiments and might suggest avapor-deposited on a pure crystalling®ice film or an HCI-
similar mechanism, namely, molecular self-diffusion by inter- doped ice film. Upon deposition, H/D isotopic exchange quickly
stitials. converted the BD layer into an HDO-rich mixture layer.

George’s group also examined the diffusion of HDO diffusing nfrared absorption spectroscopy was used to follow the changes
into acid-dosed crystalline D ice films32In these experiments, ~ Of the HDO from the initial HDO mixture layer to HDO isolated
the HDO was produced by the reaction of HCI or Hi\@sed in the HO ice film. The absorbance of isolated HDO displayed
onto the QO ice surface. The surface coverage of the acid was first-order kinetics on aCid-dOped ice films and was attributed
0.3-5 BL for HCl and 0.5-3 BL for HNOs. The derived to diffusion of HDO. An Arrhenius analysis produced an
diffusion coefficients were independent of acid surface coverage. activation energy of 25 5 kJ/mol.

Relative to the pure ice studies, the HCI-dosed ice films gave A diffusion coefficient can be estimated, similar to Kang’s
increased HDO diffusion, while the HNglosed ice films gave  study as presented abolysing the measured first-order rate
decreased diffusion (see Table 1). The presence of HCl appeargonstant, an assumed diffusion length, and the one-dimensional
to increaseE, while HNO; decreases it. Puzzling, the diffusion  Einstein-Smoluchowski diffusion equatiorix?C]= 2Dt. The
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diffusion time was equated to the first-order half-life at 140 K ficient at 140 K from the higher temperature bulk ice studies to
(ca. the midrange temperature:= 7.2 x 107* s and the those in Table 1 for the low-temperature ice films indicates a
half-life is 960 s (or 16 min). Therefore, a diffusion timetof large discrepancy of £Gimes and more.

16 min was assumed. Since the initial HDO mixture layer was At least three possible explanations have been presented in
4-10 BL thick, it was assumed that the HDO would have to the literature for the large difference in the diffusion coefficients
diffuse atypical length of about 4 BL (ca. 1.464 nm) from the  and activation energies between the previous, higher temperature
HDO-rich mixture layer into the ice film. Using these values bulk ice studies and the more recent, low-temperature ice film
for t andx in the one-dimensional diffusion equation, gives an studies. The first and simplest explanation is that the extrapola-
estimated diffusion coefficient @(140 K)= 1.1 x 10" cn¥#/ tion of Arrhenius-like behavior is not valid from250 K to

s. This value is obviously an estimate that is highly dependent the lower temperaturé8.Small uncertainties in the preexpo-
upon the stated approximations. For comparative purposes, thenential factor and the energy term are greatly magnified when
diffusion coefficient at 140 K was calculated for the other ice the extrapolation is as great as 100 K. Thus, it is simply
film studies using the published diffusion data. A summary of inappropriate to expect the diffusion results from the two types
the results are presented in Table 1. of studies to overlap.

In a comparison of the film results, the activation energy  The second explanation is that the mechanism for molecular
varies from 13.7 to 79.5 kJ/mol while the diffusion coefficient self-diffusion in ice changes between the two temperature
at 140 K varies from (0.280) x 10 '8cn¥/s. In an explanation  ranges. The mechanism involves migration of lattice defects,
of these differences, there are at least two important aspects taeither interstitials or vacancies, where interstitials arg®OH
keep in mind: (1) the ice morphology (i.e. amorphous, molecules in ice that do not occupy regular crystal lattice sites,
polycrystalline, or crystalline ice); (2) the depth probed (i.e. while vacancies are unoccupied crystal lattice sites. Migration
surface, subsurface, or interior ice). George’s ice films were by these molecular defects may also be assisted by ionic and
thought to be single crystals with fairly few defects. Diffusion Bjerrum defectd:2 The research by Hondoh'’s group appears
was probed through the entire thickness of the ice film (ca& 25 to confirm that the major mechanism involves migration by
200 BL). TheE, values are large and very similar to those interstitials forT = 220 K. For this mechanism, the diffusion
reported for diffusion in bulk ice. The calculated diffusion depends on the number or concentration of interstitials in ice.
coefficients represent the smallest values. Kang'’s ice films were For the lower temperatures, the concentration of interstitials may
amorphous and presumably had many structural defects. Dif- become vanishingly small. Thus, George's group has suggested
fusion was probed at the surface to a depth~& BL. This that the mechanism may involve migration by vacancies at the
study yielded the lowedf, and the largest diffusion coefficient.  lower temperature rangé. Recent work from this group
The present ice films were thought to be mostly polycrystalline concerning diffusion of other small molecules in ice films
and therefore possessed more defects than single-crystal ice buappears to suggest a vacancy mechasism.
less than amorphous ice. Furthermore, the addition of HCl  The third explanation concerns the structure or morphology
increases the number of defects. Diffusion was probed acrossof vapor-deposited, low-temperature ice films. Microstructures
the interface between the HDO mixture layer and the underlying in ice films including increased defects, dislocations, and grain
acid-doped ice film~4—10 BL below the ice surface. THg, boundaries may increase diffusion relative to diffusion in bulk
and diffusion coefficient values are intermediate between the jce sample$:227:30For example, assuming that the mechanism
other studies. Thus, the results agree with expectations on theinvolves interstitials and the diffusion coefficient is proportional
basis of the ice morphology and the experimental depth probedto the concentration of interstitials, then the increased diffusion
by the different techniques. coefficient at low temperature may reflect an increase in the

Comparison to Bulk Ice Studies.To compare these recent —concentration of interstitial defects for the vapor-deposited ice
ice film studies to the previous bulk ice studies, the bulk ice films. George’s group previously suggested that since the very
results are first summarizédlhese studies were performed at thin ice films have a large surface-to-volume ratio, the concen-
modestly low temperatures betwee238 and 271 K and used tration of interstitials in the ice multilayers may be increased
the isotopic probes #€0, D,O, and LO as tracers to follow due to perturbations of the nearby surfaédlternatively, if
the diffusion process. Bulk ice samples of polycrystalline ice, the low-temperature ice films are polycrystalline rather than
artificially grown single-crystal ice, and naturally grown single- single crystals, these ice films will have an increased number
crystal ice, including diffusion for different crystallographic of defects, dislocations, and grain boundaries. Self-diffusion
orientations, were examined. Microtome sectioning of the bulk along these ice defects may be enhanced relative to the higher-
ice (ca. 1 cm thick) into very thin layers (ca.8n) followed temperature, bulk ices. This would be especially true for the
by scintillation or mass spectrometric detection was used to acid-doped ice films, where clusters of acid hydrates may
measure the diffusion of the tracer species. Over the temperaturéncrease the number of defeéfsFinally, and unique to vapor-
range studied, the diffusion coefficient fits the standard Arrhe- deposited ice films, cubic crystalline icé. petween 130 and
nius expressionp = Dy e E4RT, with the following range of ~ 150 K), hexagonal crystalline icdn(for T > 150 K), or a
values: Dy = 0.6—330 cn?/s andE, = 52.1-65.6 kJ/mol. mixture can be formed depending upon the temperature and
Hobbs summaries the data from all the tracer experiments asdeposition proceduré. A mixture would have an increased
D(263 K) ~ 2 x 10711 cn?/s andE, ~ 62.7 kJ/molt the study number of structural defects that might increase diffusion.
by Ramseier gave the typical results D263 K) = 1.49 x Presently, it is suggested that differences in the ice morphol-
1071 cné/s andE, = 59.8 kd/mot, and the interstitial study  ogy are probably responsible for the differences in the results
by Hondoh’s group gav®(263 K) ~ 2 x 10711 cn?/s andE, for diffusion of water in vapor-deposited ice films and bulk
= 54.0 kJ/mok~7 From these values, the diffusion coefficient crystalline ice. As discussed above, the results for the film
was estimated by extrapolation to the midrange temperature ofstudies appear to be dependent upon the morphology, whether
140 K to beD(140 K) ~ 2 x 10722, 6 x 10722 and 1x 10722 amorphous, polycrystalline, or crystalline, and the depth of
cné/s, respectively, or simply an average valuedgi40 K) ~ diffusion probed, whether surface, subsurface, or interior ice.
3 x 10722 cné/s. Comparison of this average diffusion coef- Structural defects must play an important role. Vapor-deposited
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films, controlled by condensation kinetics, have more defects These new results and analysis correct an earlier Stirdwhich
than bulk ice samples that have been carefully prepared underthe spectral changes were attributed to H/D isotopic exchange
equilibrium conditions by freezing water. Films have a larger on HO ice.
surface-to-volume ratio, and the surface may induce more These spectroscopic results compare favorably with recent
defects deeper into the films compared to bulk ice samples. studies of diffusion in low-temperature ice fili&:'4 The
Finally, the diffusion depth probed for the ice film studies varied present activation energy falls between the values for diffusion
from 1 to ~100 nm, while the bulk ice studies probed interior in crystalline ice films and amorphous ice films, while the
ice on the order of 1 cm thick. estimated diffusion coefficient at 140 K is very similar to the
Long-Range H/D Diffusion Mechanism.Finally, an alterna- ~ value from a study of HDO diffusion in HCl-dosed ice filrffs.
tive explanation for the present spectroscopic results involves However, the results from all the ice film studies at low
long-range H/D diffusion rather than a molecular self-diffusion témperatures differ from earlier bulk ice studies at higher
mechanism. This diffusion mechanism is effectively the same temperatures. In particular, extrapolation of the results from the
as the H/D isotopic exchange mechanism proposed and develPulk ice studies to 140 K yields an estimated diffusion
oped by Devlin and co-workefd920They have successfully ~ coefficient that is at least #aimes smaller than the values
applied this mechanism to the observed H/D exchange in puredétermined from the ice fim studies. The discrepancy is
bulk ice and both pure and HCl-doped ice nanocrystals. probably due to dlffere.nceslln thg ice structure or morphology
According to this mechanism, the first step involves the passagebe_tween vapor_—de_:pos_lted_ ice f."m$ and bulk ice sa_mples.
of a protonic defect through adjaceni®and DO molecules I\_/I|crostructure_s inice f|Im_s mcludmg mcreasec_i def_ects, dls_loca-
in the ice lattice to form the nearest-neighbor group (HPO) tions, and grain boundaries would increase diffusion relative to

The second step involves the passage of an orientational Bjerrumd"(:;us'?‘n in bulk _crystalllne_ ice sa(rjn_ples_. L

L-defect. This defect flips the orientation of the HDO molecules h u|r_t|Dermore,d|_r;f comparing stu les, it Ish |m.porta.1nt 1t0 nohEe
in the (HDOY) species to form twasolatedHDO molecules that F 0 can diffuse in ice by two mec gnlsr.ns.. (1) self-
separated by two oxygen atoms. For the present results, thed!ffus_Ion by e|th¢r interstitial or vacancy migration; (2) HID
(HDO), species already exists in the isotopic mixture layer, due diffusion by a serlf’es_, of proton hep_nole_cular onente}uonal turn

to the initial rapid H/D exchange of @ on the ice film, as steps. In neutral. ice, the self-@ﬁusmn mechanlsm operates
shown in Figure 2a. It is the formation of isolated HDO by and is slow. Again, on the basis of the bulk ice studies, it is

step 2 above that could involve long-range, multiple passage Lheg%fg;i S()L;)rgéllfllgg tgitr ﬁ;ﬂfgﬁgr}ég l?ﬁ:ﬁ t:gzzrsau:;?;g?tsum
of a protonic defect followed by the passage of an orientational ) P ’ P

Bjerrum L-defect. Thus, a series of multiple proton hopping on the long-range hopturn mechanism, thereby enhancing

and orientational turning steps could move D toward the interior HDO diffusion in low-temperature ice films.
and H toward the surface, leading to isotopic mixing and the
formation of isolated HDO molecules. This long-range H/D
diffusion is highly unlikely in pure ice films because of slow
proton hopping over the estimated distance (ca. 4 BL), which
is consistent with the present results for diffusion on pure ice
films. However, for the acid-doped ice films, the increased References and Notes
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