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Ammonia adsorption on and diffusion into thin ice films grown on Pt (1112)
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Ammonia adsorption on and diffusion into thin ice films grown on @PY surface were studied
using Fourier transform infrared spectroscdIIR) and thermal desorption spectroscopy. After
exposing the crystalline ice film to ammonia molecules at 4%akhmonia/ice film, we have
detected an intriguing feature at 1470¢chin the FTIR spectra, which is derived from the
adsorption of ammonia on the ice with a characteristic structure which appears in thin film range.
The peak intensity of this feature decreases gradually as the thickness of the substrate ice increases.
In addition, we have detected a feature at 1260 tmhich appears after annealing the ammonia/ice
film. The feature corresponds to the ammonia molecules which reach the(iddjFnterface
through the ice film. Intriguingly, the intensity of this feature decreases with the ice thickness and
there is a linear relation of the peak intensity of the features at 1470 and 1260 Wve propose

a model in which the solubility of the ammonia molecules is much higher for the thin ice film than
that for the ideal ice. ©2004 American Institute of Physic§DOI: 10.1063/1.1775781

I. INTRODUCTION region of 1-4 BL changes to that of ideal ice crystal above
that thickness’ The images of scanning tunnel microscope

Water ice is one of the most abundant molecular solid$bservation show the mixture of several phases of ice
in nature, and consequently, the interaction between watetructures, which are slightly deformed from thé3 & v3)
ice and molecules is a topic of interest and research in variR30° structure; examples can be seen orflHj at
ous fields of sciende® such as atmospheric chemisty?  120—140 K!&1®
chemical evolution in spaceand life sciencé. To under- The presence of “free” OH atoms, which are not bound
stand the ice-adsorbate interactions in a wide variety of scito the neighbor water molecules through hydrogen bonding,
entific disciplines in this context, molecular level investiga-is also an area of recent intensive researches. These free OH
tion is necessary. For that purpose the well-defined icgpecies have been detected with the Fourier transform infra-
surface prepared on metal surfaces under ultrahigh vacuured spectroscop¢FTIR), which interact with adsorbates like
condition is a good target, since clean ice film without im-ammonia through H bondin.
purity can be grown and its crystallinity can be controlled by  From the demand for the understanding of atmospheric
adjusting several parameters. Thin ice film grown oliP)  processes such as acid rain and the depletion of ozone layer,
surface has been studied, in particular, on which water moladsorption of gas molecules, which include,@H,, HNO;,
ecules adsorb molecularty*2However, the various nature HCI, N,Os, on ice surface has been studied extensitefy.
of the thin ice film is still left unknown. The ammonia molecules also play a crucial role in atmo-

Hexagonall, and cubicl; are known as crystalline ice spheric chemistry in a sense that they form alkali species.
structures under atmospheric presstré both structures  The interaction between ammonia molecules and ice surface
the crystalline ice has a layered structure and water molhas been reported by several grodp&'~?Reaction rates of
ecules form hexagonal rings with three lying in the lowerthe conversion of ice nanocrystals within 3D arrays to am-
plane and three in the upper one, which is commonly callegnonia hydrates were measured by Uras and Devlin using
as a bilayer(BL) arrangement. transmission FTIR spectroscoffyBulk diffusion of a vari-

For thin film ice structure on P11) surface, the results ety of molecules in ice and surface diffusion on ice were
of He scattering experiment have shown formation of thephserved by Livingstoet al. using laser resonant desorption
well-ordered two-dimensiongRD) ice with a (37X 37)  technique<®
R25.3° symmetry in prior to the formation of 1 BL, after  |n this paper, adsorption and diffusion of ammonia mol-
which the ice film rotates to give aJ/B9x/39) R16.1° ecules on thin ice film grown on @11 surface are studied
structure'® The former structure is expanded by 4% and thepy using FTIR and thermal desorption spectrosc6ppS).
latter is compressed by 3% from that of the ideal ice crystalan intriguing ammonia induced feature is observed at
In the studies of low-energy electron diffractilnEED) ex- 1470 cm * which gradually decreases when the thickness of
periments, ice structures are observ¥&d! It has been re- the substrate ice film increases. The feature which corre-
ported that the (39x 39) R16.1° structure in the thickness sponds to the ammonia molecules which reach the interface
of ice/Pt{111) through the ice film after annealing appears at
Ipresent address: AYUMI INDUSTRY CO., LTD, Bessho Kagumachi 60, 1260 cmi !, whose intensity shows a linear correlation with
Himeji 671-0225, Japan. that of the feature at 1470 cmh. We propose a model that
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the peak at 1470 cnt in FTIR spectra is a feature induced
by the adsorption of ammonia on characteristic ice, whose

structure is affected by the substrate. In addition ammonia 2
adsorbed on such ice has much higher solubility than those 5
adsorbed on the ideal ice due to the difference of the ice g
structure. &
2
2 _JL"_
IIl. EXPERIMENT 2 A/\ =
a_|

The experiments were carried out in a homemade UHV T T T T T
chamber equipped with a Fourier transform infrared spec- 100 120 140 160 180 200 220
trometer(Nicolet, Magna 860 a quadrupole mass spectrom- Temperature (K)
eter for TDS, an Auger e|eCtr(_3n _spe_ctrome(’rAES), LEED  fig. 1. TDs spectra of D (m/e=18) from the icg/Pt(111) surface,
system, and a Bayard-Alpert ionization gauge. The chambethere the Ril11) surface is exposed to water vapor at the substrate tem-
has a volume of 60 | and its pumping system is composed dferature of 137 K. Ice film thickness is 0(&, 1.2 (b), 1.9(c), and 4.0 BL
a turbo molecular pum470 I/9, Ti sublimation pump, and
a liquid nitrogen cold trap. The base pressure of the chamber
is 2.0x 10 1° Torr. . L

An FTIR system including a light source, a spectrometer, Figure 2 show FTIR spectra of the ice film of 4 BL

focusing mirrors, and a liquid Ncooled mercury-cadmium- g;?\gg gtn tthhee I;{lthLﬁ)l)ssuubr;?rcaet;eI?evr;I]hleC?attlTSeIE)? 2';; Iﬂiipre-
telluride detector is combined with the UHV chamber. TheP” P 9.

optical path was purged with dry air or nitrogen gas. Thez(a)]’ and 131 K[Fig. 2b)] where the growth rate was kept

T ; . t ~0.02 BLs !. Surface ordering of ice film was checked
incident angle of the infrared light to the sample was aroun . . .
85°. FTIR spectra were measured with the resolution o y comparing FTIR and TDS spectra with those reported in

_q ef. 17.
4 cm, and a scan number from 500 to 1000. . A broad band at 3000—3600 ¢rh, which should be as-

A clean P(111) surface was prepared by Ne ion bom- signed to OH stretching modes of bulk ice, can be observed
bardmenta 1 min annealing at 1073 K, dra 1 L oxygen g 9 ’

dose at 823 K to remove residual carbon atoms. The oxygeIn both spectra. However, the peak shape in this energy range

. shows a quite large difference from each other, and it is quite
exposure was adjusted to prevent the excess oxygen remain-

ing on the surface. After the procedure, AES and LEEDmtngumg that the difference of the growth temperature of a

showed the sample to be free of contaminants. A crystal terr{—e.w Kelvin has a dramatic influence on the spectra. The ori-
n has been deduced to the change of the structure from

perature was measured with a chromel-alumel thermocoupl%I . . .
spot welded on the side of the crystal. The sample Wa§emo_rphous to crystalllne_-. Followlng the understanding of the
cooled by a contact with the head of a He cryo&athe previous works, we assign the ice whose FTIR spectra cor-

. . . responds to Figs. (8 and Zb) to crystalline ice film
lowest temperature obtainable was 40 K. Heating rate durmEJ.C /P{(111) and amorphous ice film{ice,/Pt(111)]
TDS measurements was 1 K/s. Both of annealing rate an G/ 0 P €a ’
cooling rate were also 1 K/s. The(P1l) surface is exposed respectively”” Unfortunately the setup of our LEED system

) is not adequate to observe the structure change directly.

to water molecules via a tube _doser positione0 mm Other features in the FTIR spectra should be assigned
apart from the surface. Ammonia molecules are dosed bY L i .
admitting ammonia vapor into the chamber Ike following: (1) the peak at 3695 cnt as a stretching
' mode of free OH! (2) the peak at 1630 chnas the HOH
bending ,, scissoringg mode; (3) the shoulder around
Ill. RESULTS 1550 cm * as an overtone of a librational mod®s.

Figures 1a)—1(d) show the TDS spectra of & (m/e
=18) from the Pt111) surface exposed to water {8) va-
por. The dosing of the water vapor was executed at the sub-
strate temperature of 137 K.

A single feature is identified for the small exposure re-
gion at the temperature of 170 K which is due to the water
molecules directly adsorbed on thgH1tl) surface.

The peak intensity of the feature at 170 K is saturated at
the exposure of 2.0 [Langmuir; 1L=1x10"° Torr sec), in
which we assign the amount of the water molecule as 1 BL. a
For the exposures larger than 2.0 L, we can identify a second ' . ‘ ' .
peak at the lower temperature regidb0—-160 K, which is 3500 3000 2500 2000 1500
assigned to the desorption of the water molecules in the sec- Wavenumbers (cm™)
ond layer or above. The amount of the adsorbed water mOIIEIG. 2. FTIR spectra of the ice film of 4 BL grown on(Pt1) surface, in

ecules is Calibrated from the area of water peakeg(=18) in  which the ice film is prepared at the(Bt1) substrate temperature of 137 K
TDS spectra in this article. (a) and 131 K(b), respectively. The growth rate is kept-a0.02 BLs L.
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Temperature (K) FIG. 5. FTIR spectra of the surface where the crystalline ice film of 4 BL on
the P{111) surface is exposed to ammonia vapor of 4.0 L at 48bKand
FIG. 3. TDS spectra of mass 1f(e=16) from the ammonia/icéPt(111) subsequently flashed to 108 (k), 118 K (d), 128 K (e), 138 K (f), 152 K
surface, where the crystalline ice film with the thickness of 4 BL is exposed(g), and 178 K(h), respectively(a) spectrum of the 4 BL ice film without
to ammonia vapor of @a), 0.7 (b), 1.5 (c), 2.0 (d), and 4.0 L(e) at the ammonia molecules for comparison.
substrate temperature of 45 K.
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Next we show the TDS and FTIR spectra of the surfacd Mass 18obtained at the same tinigig. 4; (ii) the intensity

in which ammonia molecules are dosed on the ice formed ofAti0 Petween the features in 150180 K range in mass 16
Pt(111) surfacelammonia/ice/R111)]. spectra(Fig. 3) and those in mass 18 spectflig. 4) is

Figure 3 show the TDS spectra of mass 16/é=16) identical with the previously reported data for waltgir;) the
from the ice film with the thickness of 4 BL exposed to O, intensity of the features in 150—-180 K range is almost the
0.7, 1.5, 2.0, and 4.0 L ammonia vapor at 45 K fay, (b) same for all of the spectra shown in Fig. 3, while the ammo-

(c), (d), and(e), respectively. Figure 4 show those of mass 1871& €xposure increases from O[Eig. 3(@] to 4.0 L [Fig.
(m/e=18) from the 4 BL ice film exposed to 0, 0.7, 1.5, 2.0 3(e)]. However, the features possibly include a small amount

and 4.0 L ammonia vapor at 45 K f¢a), (b), (c), (d), and of ammonia molecules desorbed with water. If we had ob-
PG served mass 15 spectra, we could have obtained TDS spectra
8f ammonia molecules without water fragment. However, we

exposure is more than 0.7 L, a new peak appears at arou not observe the mass 15 spectra since the intensity of the
120 K. Its intensity increases with increasing ammonia ex_featu_res in mass 15 _sp_ectra was very weak and we could not
posures. The peak is assigned to the desorption of multilay&tPt@in @ good/N ratio in the spectra.

or solid ammonia molecules:3* The peak at 140 K is as- A peak around 185 K in Figs.(B)-3(e) is assigned to

signed to the desorption of ammonia directly adsorbed on thMMonia molecules remaining on the(R1) surface after

ice surface. The reason of the assignment is as follows: first® Idesorptiqn of iche in 150_1?OhK range. _HOW?Ver’I we
the temperature of the peak is higher than that for multilayef©U!d not estimate the amount of the ammonia molecules.

ammonia; second, an FTIR peak corresponding to the free The water TDS curves shown in Fig. 4 demonstrate that
g]e presence of ammonia molecules changes the water de-

OH at the outermost surface of ice disappears after the ic s ’ X
sorption behavior. In Fig. (@) spectrum, peaks at 170 K and

surface is exposed to 0.7 L ammonia vapor. X - :
Features observed in 150-180 K range in Fig. 3 are60 K correspond to the desorption of first water bilayer and

assigned to the fragment of water molecules. The reason Jpat of multilayers, respectively. In the spectra obtained after

the assignment is as follow§) shape of the features is very the ice surfaqe is expos_ed to ammonia vapor, first water bi-
similar to that in 150-180 K range for water TDS spectral@Ye' Peak disappeaisigs. 4b)-4(e)]. The cause of the
disappearance is that water molecules directly bonded to

Pt(111) surface are replaced by ammonia molecules during
the heating process. Small features at 180—-200 K in Figs.
4(b)—-4(e) is assigned to the desorption of water molecules

(e), respectively. As shown in Fig.(8), a broad peak is ob-
served at 140 K for the exposure less than 0.7 L. When th

:g stabilized with the coadsorption with ammonia molecules on

S & Pt(111) surface.

E g The FTIR spectrum for the surface where the ammonia

> vapor of 4.0 L is dosed at 45 K on the crystalline ice film of

g e 4 BL is shown in Fig. B); the spectrum of the substrate ice

= b film is shown in Fig. %a) for comparison. The difference

7 a spectrum is shown in Fig.(8).
100 120 140 160 180 200 220 The spectral change in the region of 3000— 3600 tin

Temperature (K) the spectrum shown in Fig(® is due to the appearance of

vibrational modes of ammonia and the change of the ice film
FIG. 4. TDS spectra of mass 1&(e=18) from the ammonia/icéPt(111)

surface, where the crystalline ice film with the thickness of 4 BL is exposedltse!f' namely’ the prot_ru5|ons at 3230 and. 3380 crare
to ammonia vapor of @a), 0.7 (b), 1.5 (c), 2.0 (d), and 4.0 L(e) at the assigned to NH stretching modes of ammonia molecules, and

substrate temperature of 45 K. the dips in the range of 3400—3600 thare mainly due to
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1010005 considerably corresponds to the ammonia symmetric defor-
Md mation mode. The peak at1260 cnm ! is also observed in
FTIR spectra obtained after the,O crystalline ice is ex-
#,/\L_\\/W\A/q\ v posed to ammonia vapor at 45 K and subsequently flashed.
It is quite possible that the peak at 1260 ¢mcorre-
‘/W\\/*V‘V”J\/b sponds to the vibrational mode of ammonia molecules which
reach the ice/P11]) interface through the ice film. Similar
Ma scenario can be seen in Ref. 20, in which 1200 &ipeak is

assigned to ammonia molecules exist in the interface be-
3500 3000 2500 2000 1500 1000 tween the ice and the R201) surface.

Wavenumbers (cm™) Flashing to higher temperature induces the desorption of
FIG. 6. FTIR difference spectrda) The spectrum obtained by subtracting the SUbs_trate ice. The spectrum of FIQ])ES. ObFa'ned after
the spectrum of icgPt(111) surface [Fig. 5@] from that of  the flashing to 178 K where water desorption is almost com-
ammonia/icg/Pt(111) surfacgFig. 5b)]. (b) The spectrum obtained by pleted judged from the TDS spectra. Several peaks in the
subtracting the spectrum of ammoniajitlet(111) surface before flashing region of 1000—1250 cit is assigned to umbrell
[Fig. 5(b)] from that after flashing to 118 KFig. 5(d)]. (c) The spectrum gd f . | | th 9 1;2 ( R 3
obtained by subtracting the spectrum of idet(111) surface from that of _mo €o ammo_ma molecules on theRitl) surface. ema_m'
ammonia/icg/Pt(111) surface for deuterated ice (D). The INg of ammonia molecules on the surface after flashing to

ammonia/ice/Pt(111) surface was prepared by exposing the crystallinel78 K corresponds to the existence of the peak around 185 K
deuterated ice film of 4 BL on the @11) surface to ammonia vapor of 40 jn TDS spectr;{Figs. 3b)—3(e)].

L at 45 K. Both spectrum of the igéPt(111) surface and that of the

ammonial/icg/Pt(111) surface for deuterated ice were observed at 48)K.

The spectrum obtained by subtracting the spectrum of thgRt€l11) sur-

face from that of the ammonia/igPt(111) surface. The

ammonial/icg/Pt(111) surface was prepared by exposing the amorphous icdV. DISCUSSION

film with 4 BL thickness on the Pt11) surface to ammonia vapor of 4.0 L

at 45 K. Both the spectrum of the igdt(111) surface and that of the As shown above, we have detected characteristic fea-

ammonial/icg/Pt(111) surface for ice were observed at 45 K. tures at 1470 cmt and 1260 ct in FTIR spectra which
should be connected with the ammonia adsorption on the ice
film and penetration into it. Hereafter we further discuss the
the change of the structure of the ice film or the change oboth features in detail.
the bonding state of water molecules in the ice fifri®°
The dip at 3695 cm! corresponds to the decrease of the free
OH on the ice surface due to the hydrogen bonding with the ~ As shown in Fig. &), the feature at 1470 cnt is ob-
ammonia molecule? A peak at around 1630 cht is as-  served when the crystalline ice surface is exposed to the
signed tov, (asymmetric deformationmode of ammonia ammonia vapor at 45 K. However, the feature cannot be
molecules. The peak position is almost the same as that afetected when the ice film is replaced with @ film. The
the bending ¢, scissoringg mode of water molecules. The difference spectrum is shown in Fig(d. This isotope ex-
peak at 1100 cm'® is assigned tav, (symmetric deforma- periment using BO shows that the feature is derived not
tion; umbrella mode of ammonia molecules. The peak ob-solely by the ammonia molecule. Instead, the involvement of
served at 1470 cm' will be described later. the substrate ice film on the appearance of this feature is
Figures %c)—5(h) show FTIR spectra observed after the indicated.
4 BL crystalline ice is exposed to ammonia vapor at 45 K, We can consider two possible assignments for the
flashed to various temperatures and subsequently cooled 1870 cn ! feature:(1) the asymmetric deformation mode of
45 K. In the spectrum obtained after the flashing to 108 Kammonium ions (NE) which are formed by the proton
[Fig. 5(c)], a new peak is observed at1260 cm . With transfer from the ice film to the Nf§ (2) the frequency shift
increasing flashing temperature, the intensity of the peak inef the vibrational mode of the ice film induced by the ad-
creasesFigs. 5d)-5(g)]. The difference spectrum of before sorption of the NH.
flashing[Fig. 5(b)] and after flashing to 118 KFig. 5(d)] is We first discuss the asymmetric deformation mode of
shown in Fig. 6b), where the peak at 1260 crhis visible ~ ammonium ions (NH). In the report of the FTIR observa-
more clearly. The dips at 1100, 1630, 3250, and 3390%cm tion of ammonia(NH)/ice(H,0)/Ru(001) surface, the fea-
are due to desorption of multilayer ammonia molecules.  ture at 1470 cm? is observed when the surface is annealed
As far as we know, the peak at1260 cmi® has not at 120 K and is assigned to the asymmetric deformation
been assigned to any vibrational modes of ammonia gasnode of ammonium ion¥. However, the peak is observed
liquid, solid, aqueous, ammonia-water cluster, andafter the ice film is exposed to ammonia vapor even at 45 K
crystal36—40 in our experiment. This difference is probably caused by the
We have obtained a similar feature in the FTIR spectraifference of procedures to prepare the ice film. In Ref. 20,
where the molecules of ammonia and water are dosed witthe ice film is deposited on R001) surface below 100 K,
the reverse order, i.e., the(Pt1) surface is exposed to 0.1— and subsequently annealed at 125 K. In our experiment, the
4.0 L ammonia vapor and subsequently to 4 L wdiee/  crystalline ice film is prepared at 137 K. When the ice film is
ammonia/RtL1]) film) at 100 K. Features are observed in theprepared at 131 K, the feature is observed only after flashing
range of 1250—1300 cnt for this system and the energy the ammonia/ice film to 100 K.

Absorbance

-1

. Assignment of 1470 cm peak in FTIR spectra
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If the NH, ion is formed by proton transfer between ammonia/icg/Pt(111) [Fig. 6d)]. Although we cannot de-
ammonia molecules, then the isotope experiment showgide whether the feature at 1470 this derived from the
above cannot be accounted for. Thus the ion should bg@eformation mode of ammonium ion or frequency shifted
formed by the interaction between ammonia molecule andcissoring mode of water as discussed above, it is demon-
the ice surface. In case,D ice surface is used, deuterated strated that the appearance of the feature is related to the
ammonium ion will be produced. A theoretical calculation structure or properties of ice surface.
has reported that fundamental frequencies of deuterated am- Figure 7a) shows the dependence of the intensity of the
monium ion except N are expected at the frequencies 1470 cm * peak[1(1470)] on the thickness of crystalline ice
between 1400—1500 cm.*! Features at the frequencies be- film. In the figure, it is clearly shown that th&1470) de-
tween 1400—1500 ciit have been reported for a deuteratedcreases with the increase of the ice thickness. We can explain
ammonium ion compount. In the spectrum shown in Fig. the dependence by considering that the adsorption of ammo-
6(c), no peaks are observed in the frequency range. Howevenja on the area of ice, whose surface structure is different
there is some possibility of that H/D randomizing spreads thdrom that of ideal crystalline ice, induces the 1470¢m
intensity of any bands all over the spectrum and no peaks aggeak, and the area decreases with increasing ice film thick-
observed in the range. Thus the feature of 1470tim pos-  ness. It has been reported that the position of oxygen atoms
sibly originated from the deformation mode of ammoniumof water molecules is well ordered with a complete bilayer

ions (NH;). (1% 1) surface terminatiofideal crystalline icgin thick ice
On the other hand, the 1470 crhfeature can be also the layers (~100 A).%®
v, (scissoring mode of water, the energy shift of which from It is noted that no vibrational modes are reported in the

the one on the pure ice film can be attributed to bonding witifrequency range of-1470 cm ! in the simulation for am-
ammonia molecules. It is well known that intermolecular hy-monia molecules adsorbed on an optimized hexagonal ice
drogen bonding causes the shift to higher frequencies frorfP002 film which is not affected by substraté?*®

the gas-phase value (1595ch). In addition, waterv,

mode at around 1470 cm has not been reported for NH _ S

-xH,0 compoundsX=1/2, 1, 2 and NH;-H,O cluster as B Thickness dependence of ammonia diffusion

far as we know*"%°° However, frequencies between When the ammonia/icéPt(111) surface is heated, the
1440-1520 cm* have been reported on metal surface, andpeak is clearly observed at 1260 cihin FTIR spectra as
in some compounds?*~**The cause of the lower frequency shown in Fig. €b). The peak is assigned to the vibrational
shift has been proposed as the charge transfer fromahe 3 mode of ammonia molecules which reach the id@/Pt in-
orbital of water which affects the scissoring mode forceterface through the ice film. The thickness dependence of the
constant, Fermi resonance between the scissoring mode anghtensity of the 1260 cm® peak[1(1260)] is shown in Fig.
the overtone of the librational mod&Sarrangement of the 7(b). 1(1260) in the figure is obtained after flashing
proton acceptors around the water molecylgurcated hy-  ammonia/icg/Pt(111) surface to 113 K. As shown in the
drogen bonds* and coupling bending motion of water mol- figure, thel(1260) decreases with increasing the ice film
ecules which form water-metal chaifisThen, when ammo-  thickness. It is confirmed that the ice surface is covered with
nia molecules adsorb on the ice surface, bifurcated hydrogesammonia molecules or ammonium ions during this experi-
bonds may be formed, or the shift of water librational modements by observing no peaks corresponding to free OH at ice
may lead to the enhancement of the Fermi resonance beurface in the FTIR spectrum and by observing desorption
tween the scissoring mode and the overtone of the librationgleak of ammonia directly bonding to the ice surface in the
modes. TDS spectrunjFig. 3(b)] after flashing to 113 K. Hence, the

If this is the case, we can examine the isotope effect byntensity of the 1260 cm® peak is not limited by the amount
using the combination of ammonia(NPice(H,0)/  of ammonia molecules or ammonium ions on the top most
Pt(111) surface where NfJs adsorbed on crystalline water surface of the ice film since the ice surface is covered with
ice surface; the feature at 1470 chshould be seen for this them during the flashing.
system also. However, this experiment is hampered by the As the origin of such thickness dependence, one might
existence of impurity NBH molecules which gives a peak at consider the kinetic effect of the diffusion of ammonia into
1460 cmi  which cannot be distinguished from the one of the ice film. In case the dependence reflects the rate of the
our interest. diffusion of ammonia in ice film. For thicker ice film, the

On the ice with the thickness of 4—20 BL, the feature atrate for ammonia to reach the ice/Ptl) interface through
1470 cm'! can be observed only on the crystalline ice; i.e.,the ice film is slow. Then, the amount of the ammonia mol-
prepared at 137 K as noted above. Figurés),6and &d) ecules transferred to the ice{P1tl) interface after flashing in
show difference spectra of ammonia adsorbed on crystallina certain time is smaller for the thicker ice film. However,
ice surface[ammonial/icg/Pt(111) surfack and that on since additional flashing cycles make almost no change, the
amorphous ice surfademmonia/icg/Pt(111) surfack re-  data shown in Fig. (b) is practically in its equilibrium state.
spectively. The thickness of the ice film is 4 BL for both In addition, |(1260) obtained after the sample temperature
cases, and the spectra are obtained by subtracting the spedtiad been kept at 93 K fal h depends on the film thickness.
of the pure ice from those obtained after ammonia dosingln Fig. 7(c), 1(1260) obtained after ice film of 3, 8, and 13
The feature at 1470 cnt is observed only in the spectrum BL is exposed to ammonia molecules and subsequently kept
of ammonial/icg/Pt(111) [Fig. 6@)], and not in that of at 93 K is shown as a function of annealing time. It is con-
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FIG. 8. Intensities of the 1260 cm peak and the 1470 cm peak for the

ammonial/icg/Pt(111) surface with the ice film thickness of 4 BL as a
function of flashing temperature.

. firmed that the ice surface is covered with ammonia mol-
ecules or ammonium ions during this experiments. After
X about 2 h,1(1260) is almost saturated, and the saturated
ee ® value ofl (1260) depends on the film thickness. As the satu-
rated value depends on the film thickness, the dependence is
not caused by kinetic effect. These experimental results in-
‘ ‘ dicate that the amount of ammonia molecules, which can be
0 5 10 15 20 transferred to the ice/Ptl]) interface after flashing to 113 K
(b) Ice film thickness (BL) or annealing at 93 K, is limited to a certain value which
decreases with increasing ice film thickness. We can under-
stand this dependence by considering that the ice film is
% oo ® . 3 B.L inhomogeneous, a region where ammonia can diffuse after
the heating exists in the ice film, and the region decreases
°® with increasing ice film thickness.
& 8 BL More interestingly there is a linear relation between
< . 1(1260) andl(1470), as shown in Fig.(@). This relation
indicates that ammonia molecules, which lead to the appear-
{ i & 4 ance of the 1470 cm' peak upon adsorption, are consider-
;ﬁ 4 13 BL

1(1260) (arb.unit)

1(1260) (arb.unit)

ably related to the diffusion of ammonia. In addition,
1(1470) andl (1260) measured after ammoniaj/itet(111)

0 5000 10000 15000 20000 @s flashed to several te_mperatures are shown ip Fig. 8, and it
© Annealing time (sec) is found thatl(1260) increases with decreasin¢1470).
From these results, we consider that ammonia, which leads
to the feature at 1470 cnd upon adsorption, diffuses into
ice film and reaches the ice(P1]) interface upon flashing to
113 K or annealing at 93 K, i.e., it is an intermediate or a
precursor of the diffusion of ammonia to the interface.

Based on the experimental results and the discussion
about the features at 1470 and 1260 dimwe can propose a
model for adsorption and diffusion of ammonia molecules on
ice films as follows{i) ice film is inhomogeneous, and there
is the region where ammonia can diffuse eagily); the ad-
sorption of ammonia molecules on the region leads to the
i appearance of the 1470 crh peak; (iii) after flashing the
(d) 1(1470) (arb.unit) film to 113 K or annealing at 93 K, ammonia can diffuse

FIG. 7. (a) The intensity of the 1470 cnt peak[I(1470)] obtained after throth. the region and. re;.mh the. ICémﬂ) .mterf.ace’(lv) .
the ice /Pt(111) surface is exposed to ammonia vapor at 45 K as a functioﬁhe region decreases with Increasing ice film thickness. Fig-
of the thickness of the ice filmb) The intensity of the 1260 cit peak  Ure 9 is a schematic drawing of the model. In this schematic,
[1(1260)] obtained after the ammonia/ig#t(111) surface is flashed to 113 it is assumed that the ammonia molecules or ammonium ions
K as a function of the thickness of the ice filg) | (1260) obtained after ice Ieading to the 1470 cmt peak are on the ice surface.

film of 3, 8, and 13 BL is exposed to ammonia vapor of 3.0 L and subse- The appearance of the region where ammonia can dif-
quently kept at 93 K is shown as a function of annealing titdgl (1260) pp 9

obtained after the ammonia/jodt(111) surface is annealed to 113 K as a [US€ _aﬁ_er flashing to 1_13 _K or annealing at 93 K is a ?har'
function of 1 (1470)) of the ammonia/igéPt(111) surface. acteristic feature of thin ice film on @AtL1) surface. It is

1(1260) (arb.unit)
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G <10BL  10<dee<20BL 20 BL< di, evidence of the domain boundaries in the reported LEED
experiment of thin ice filmé®

It has been reported that ammonia molecules diffuse into
ice cleaving the bonding between the water molectfies.
Then, penetration may occur easily for ammonia molecules
in ice film with those structures distorted from the crystalline

Pt(111) Pt(111) Pt(111) ice, since bonding between water molecules is probably un-
stabilized in those structures.
[IZI substrate-affected ice] The feature at 1260 cnt is observed even at 83 K when
£ hexagonal  (ideal) the ammonia/icg2 BL)/Pt(111) surface is annealed for 1 h.

However the reported diffusion rate of ammonia molecules
FIG. 9. A schematic drawing of the model discussed in the text. The regiorln thel h ice at 83 K is very small. The diffusion coefficients
where ammonia can diffuse after flashing the film to 113 K or annealing atf .. . .
93 K is denoted as “substrate-affected ice.” Open circles denote the ammoOf ammonia in hem'hydrate have been determined from the
nia molecules or ammonium ions on the region, which lead to the appea@nalysis of reaction rate for the conversion of ice nanocrys-
ance of the 1470 cit peak. In this schematic, it is assumed that the am-tals to hemihydrate of ammonia in the temperature range of
monia molecules or ammonium ions leading to the 1470tpeak are on 102-112 K24 The reports for the diffusion of ammonia in ice

the ice surface. Closed circles denote the ammonia molecules on the surfa . .
ce o ' ' . " ﬁ?m on RU000)) surface by Livingston, Smith, and George

of hexagonal(idea) ice. Shaded circles denote the ammonia molecules at " ) ) 3
the ice/Pt111) interface, which lead to the appearance of the 1260%cm gIve a consistent result8. The given numerical values are
peak. Arrows indicate the diffusion of ammonia molecules in the ice film. |ike following; the activation energy of 15 kcal/mol with the
preexponential factor of 10" cn?/s for the amorphous
hemideuterate, and the activation energy of 12 kcal/mol with
he preexponential factor of 10’ cn?/s for crystalline
emideuterate. Based on these numbers, we estimate the ex-
pected penetration depth of ammonia molecules in the ice
film with the conditions of the temperature of 83 K and time
length of 3600 s. The result indicates the penetration depth of
0.01 A, which is less than 1% of the 2 BL which we use for
éhe substrate. This indicates that rate of the diffusion of am-
monia in the region, where ammonia can diffuse after flash-

ing to 113 K or annealing at 93 K, is very large compared to
that in crystalline ice and amorphous ice.

known that the position of oxygen atoms of water molecule
were found to be well ordered with a complete bilayer (1
X 1) surface termination in thick ice layers-(L00 A) pre-
pared by exposing the @11 surface to water at sample
temperature of 125 K® However, as there is a difference
between lattice constant of (R11) surface and the corre-
sponding ice lattice constant, the structure or property of ic
in the 1-20 BL region is possibly different from that of
crystalline bulk ice.
One of the features of thin ice film on (BR11) surface
can be the ordering of free OH species, which are not coor-
dinated to other water molecules in the top-most ice layer. |- Vibrational modes of ammonia in bulk ice
I, crystalline ice, free OH species are oriented ramddmnily. In Ref. 20, it has been reported that 1470 ¢rfeature is
On the other hand, a recent report on the first BL of ice orypserved after heating the ammonia/icg/®1) surface to
the Pt111) surface claimed that free OH species are pointing 29 K, and it is assignable to the deformation mode of am-
down towards the surfaced down), which decreases the monjum ion (NH) which diffuse in ice film and some of
number of active sites and makes the ice film #aSuch \yhich adsorb on R©01) as a result of diffusion. However,
differences of the orientation of the OH species should affecjye are not clear that the feature is derived from ammonium
the adsorption and diffusion behavior of ammonia, since fregyp in ice film and diffusion of ammonia in ice film occurs in
OH plays an important role ugg;uformmg a hydrogen bondhe form of ammonium ion, because the feature appears after
between ammonia and waf@r®*"*The ordering of OH is  the crystalline ice film is exposed to ammonia vapor at low
possibly maintained for thin ice film and lost for the surfacetemperature¢45 K), and no modes assignable to deuterated
of thick ice films. Harnetet al. have reported that there is N0 gmmonjum ions (NKD, etc) are detected when O ice
net proton ordering after 2 BL ice have grown, and this doesim js exposed to ammonia (Nf)i vapor. On the other hand,
not change in the 2-10 BL regime even for epnaxualgthmif the diffusion of ammonia in ice film occurs in the form of
(v39x(39) R16.1° ice film formed on the @11 surface: ammonia molecule, features of ammonia molecule in ice film
It is therefore difficult to see how the surface OH orientationghould be observed. However, we have not found any fea-
can change and influence ammonia adsorption. tures which can be well separated from those of ammonia
The presence of the domain boundary can also be relatgfgjecules on the ice film and at the icd/Eltl) interface.

to the appearance of the 1470 and 1260 trfeatures. The  pence, we do not have clear answers to the form of ammonia
existence of domain boundaries has been suggested betw&gnce film at present.

different phases or orientations of ice films \é%th thickness of

about 1000 A in the study using HAS techniqii@he lattice

constant of the domain is 2.1 times larger than that of ideaIIyV' CONCLUSIONS
terminated surface of crystalline ice. It is possible that the  We studied ammonia adsorption on and diffusion into
1470 cm'! feature is originated from the domain boundary the thin ice film grown on the Pt11) surface with Fourier

of ice film, and the area of which decreases with the increasgansform infrared spectroscopy and thermal desorption spec-
of the film thickness. However, it is noted that there is notroscopy. We have found an intriguing feature at 1470 tm
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