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The photodissociation dynamics ot®, adsorbed on amorphous and polycrystalline waiee films has

been studied at 193, 248, and 351 nm. The adsorbed stategOafoN the ice films at 86140 K were
investigated by infrared-absorption and temperature-programmed desorption measurements. Time-of-flight
(TOF) spectra of the photofragments were measured by probing the resonance-enhanced multiphoton ionization
signals of NOg,J) and O¢P). Internally and translationally relaxed NO photofragments were observed. Their
energy distributions were mostly independent of the states of the ice films and the photolysis laser wavelengths.
The TOF distributions of NQ(= 0) consist of fast and slow components. The slow component is dominant.

A large difference in the dissociation yields between amorphous and crystalline ice experiments was observed.

Introduction crystalline water-ice films at 193, 248, and 351 nm in order to
investigate the interaction of the adsorbate molecule with water
molecules. We have used infrared reflection absorption spec-
troscopy (IRAS) and temperature-programmed desorption spec-
troscopy (TPD) for measurement of the surface-adsorbed species
on the ice films. We have measured the translational and internal
energy distributions of the NO and O atom photofragments
with two-photon resonance-enhanced multiphoton ionization
(REMPI) and photofragment time-of-flight (TOF) spectroscopy.

Photodissociation of molecules adsorbed on, or in, a water
ice film is a new type of heterogeneous photochemistry, which
is related to environmental chemistry, astrochemistry, etc. For
example, the air-mixing ratio of NOn the summer arctic region
is high due to photochemical processes ofN@ snow by
solar UV flux1=3 Complex organic compounds are photochemi-
cally produced by the vacuum ultraviolet irradiation on a mixture
of methane, ammonia, and carbon monoxide in cosmic ice
particles’ The mechanism and dynamics of the photodissocia- gxperimental Section

tion of simple molecules adsorbed on watare have been ) . .
reported for Gi5 CO® ClO,,78 CL,O  CO,10 NH3, 11 CFCh,12.13 1. Measurement of IRAS at Hokkaido University. IRAS

03,14 and NG.15-18 Among them, the photochemistry of NO measurements performed in an ultrahigh vacuum system have
is not simple because;N; is the sole species observed on the been de_scribed previousiyAn Au(111) single-crystal sub;trate
ice surface when N@molecules are adsorbed from the gas placed in the vacuum chamber was cleaned by gputtering
phase to a waterice film below 140 K1519Since the desorption at 800 K and annealing at 900 K. Ozone was used for surface
enthalpy of NO, from the ice surface is 39 kJ md} due to cleaning. For IRAS measurements, the IR beam from a FTIR
the interaction with the ice film surfadé the internal energy spectromete_r (BIO-RAD_, moqlel FTS.'155’ 4 chreso_lutlon)

of the photofragments from 20, is relaxed when it is was p polarized by a wire .grld pqlarlzer and then introduced
photodissociated. Susa and Koda reported the photodissociatioﬁnto tt1e vacuum chamber with the incident angle of the IR beam
of N2O4 adsorbed on annealed and nonannealed waterfilm of 85°. .

at 193 nm using mass spectrometfylhe main products are When water was deposited at temperatures béflow 100 .
NO and NQ in a 1:1 ratio for the annealed ice and 1:10 for the < Py the backfilling method, a highly porous amorphous ice

nonannealed ice. The speed distributions of NO consist of the film was formed on Au(_lll). This kind of ?ce film is calle_d a
slow and fast components. The slow component is accom- POrous-amorphous solid-water (PASW) film. After the film
modated to the substrate temperature. They suggested strony/@S heated, the IRA spectrum of the ice changed significantly.
interaction between the adsorbate and the ice surface. When! € bulk OH stretching band shifted to lower frequencies by

N.O4 adsorbed on an insulator or a metal substrate is photo- more than 100 cm' at 140 K, while the ba_nd intensities of
dissociated at 193 and 248 nm, the NO photofragments arePoth the free OH group and the HOH bending decreased. The

internally excitec?® 22 NO, was released at 355 nm, and its spectrum at 140 K was nearly identical to that of crystalline

translational temperature is as low as the metal substra’te'ce'24 Since these spectral chan.ges. started at 120 K, the phase

temperaturds17 change of PASW to polycrystalline ice (PCI) occurs above 120
In this work we have studied the UV photodissociation K:In this experiment, a PASW film was prepared by deposition

mechanism and dynamics ob® adsorbed on amorphous and  ©f Water on Au(111) at=100 K. A PCI film was prepared by
y L P annealing the PASW film at 130 K for 25 min and then

* Author to whom correspondence may be addressed. E-mail: kawasaki@€00ling to an appropriate temperature. Purified Nfas was
moleng.kyoto-u.ac.jp. Fax:+81-75-383-2573. deposited by the backfilling method.
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Figure 1. Experimental setup for TOF measurement. Flight time is defined as a function of delay time between dissociation and probe laser pulses.
The inset shows the timing chart of pulsed beam of;Ndissociation laser pulse, and probe laser pulse.

2. Measurement of TOF Spectra of the Photofragment
NO Molecules and O Atoms at Kyoto University. Experi-

ments were performed in a vacuum chamber that is schemati-

cally shown in Figure 1. Its details have been described
previously® The base pressure of the chamber was 30°°
Torr. The TOF spectra of NO and O from the photodissociation
of N2O4 on the ice film were measured by REMPI. An excimer
laser (Lambda Physik, model COMPex, 10 Hz) was used for

incidence of 48. The stagnation pressure of the gas beam was
20 Torr of neat water vapor. We prepared PASW films by
backfilling at 90 K for 60 min on the Au substrate, which is
characterized by a high porosity, a high surface area, and a low
density?>~27 Sato et al. estimated that the exposure @OH
necessary to obtain 1 monolayer (ML) of ice film on an Au(111)
substrate wa 3 L at 90 K° In the present experiment, the
exposure was 1800 L, which resulted in formation of 600 ML

photodissociation. The output intensities were reduced on theof HO on Au for backfilling and more than 90 ML for direct

ice surface tdjser < 1.5 mJ cmi? at 193 nm,ljaser < 1.5 mJ
cm2at 248 nm, andiaser < 3.5 mJ cni? at 351 nm. An Né&t—

deposition by the beam method. A PCI film was prepared by
annealing the ASW film at = 130 K for >5 min or the PASW

YAG laser-pumped dye laser was used as a probe laser (Lambddilm for 25 min and then cooling to an appropriate temperature.

Physik, model SCANmate, 0.1 mJ/pulse at UV). The one-photon

transition of NO(&Z — X 2[1z, v"'= 0, J") was monitored by
two-photon REMPI at 226 nm. €, j = 0, 1, 2) atoms were
probed by the REMPI transition of &y — Py) at 225.7

Results

1. IRAS Measurement. 1.1. Interaction of NO4 with Ice
Surface. Figure 2 shows IRA spectrum of amorphous ice

226.2 nm. The TOF spectra of NO and O were taken as a adsorbed on Au(111) at 93 K. The IRA bands of a thin ice film

function of time delayt, between the photolysis and probe laser
pulses. A distance], from the ice surface to the detection region
was variable for 35 mm and set to 3 mm for most of the
experiments.

2.1. Deposition of NQ on Ice Films. For deposition of N@

have been assigned previou¥h8The sharp band at 3700 cfn

is assigned to the stretching mode of the free OH group at the
ice surface, the broad and strong band at 3389'dmthe OH
stretching mode of bulk ice, and the weak band at 1654'cm
to the HOH bending mode of bulk ice. The IRA spectrum

gas onto the ice film, two different methods were used, the direct resembles the IR transmission spectrum of a water film at room

pulsed effusive beam method and the indirect backfilling

temperature except for the 3700 cthband?® indicating that

method. We found no pronounced effect on the TOF spectrathe ice film on Au(111) is an amorphous ice layer.
by changing the exposure methods. Therefore, the results with The interaction of the free OH groups of amorphous ice
the direct deposition method are reported in this paper unlesssurfaces with adsorbed,N, was examined by IRAS. The inset

otherwise noted. N@gas was prepared from a mixture of NO
(300 Torr) with @ (610 Torr), which was deposited on a water
ice film by expanding the gas with a pulsed molecular beam

of Figure 2 shows intensity differences in IRA spectra before
and after NO4 adsorption at each temperature. Positive (upward)
bands represent intensity reduction compared to the pure ice

head (General Valve) every 100 ms. Oxygen does not depositfiim case. The free OH band at 3700 thndisappeared

on the ice film at 86-140 K. A stagnation pressure of the gas
valve was 100 Torr of the gas mixture.

2.2. Preparation of Water—Ice Films. We used two different
methods for the preparation of watdce films in the TOF
experiment, the collimated effusive,@ beam method (direct
deposition) and background deposition method (backfilling).
Amorphous solid-water (ASW) films were prepared by direct
deposition of water on the polycrystalline Au substrate, with

completely upon MO, adsorption at 100115 K because all
free OH groups interact with #0,. In addition, the wide positive
band centered at 3480 chindicates that the bulk OH groups
also interact with MO, at T = 100—115 K. The fact that the
center frequency of the bulk OH band is higher than the peak
frequency of the pure amorphous bulk ice bandN#00 cnT?
suggests that )0, interacts also with the bulk OH group. For
the crystalline ice surface, the interaction of the bulk OH group

(111) domains at 85 K and a pulsed gas beam at the angle ofwas also observed.
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Figure 2. Infrared reflection absorption spectra of®adsorbed on

an Au(111) surface at 93 K fo4 L exposure. The inset shows a
difference spectrum in the OH stretching region upon;ld@sorption

on amorphous ice at 100 K. The difference spectrum is referred to that
taken for bare ice. The coverages ofMHand NO, are 5 and 1.5 ML,
respectively.

1.2. Surface-Adsorbed Species on Ice FilmsThe NG
exposure necessary for one-monolayer coverage ofai@0—
90 K was 4 L for a PCI film,16 L for an ASW film, and 2 L
for an Au(111) substrat®. The IRA spectra of MO, (5 ML on
PCl and 3 ML on ASW) are shown in Figure 3 and resemble
those of NO4 adsorbed directly on Au(111), except for the
absence of the chemisorbed pkand on Au at 1182 cni.23:81
The two bands at~1300 cnt! are attributed to the ONO
symmetric stretching and the three bands 4750 cnt? to the
ONO asymmetric stretching of /0, with D2, symmetry. The

Yabushita et al.
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Figure 3. Infrared reflection absorption spectra of®4 on amorphous
and crystalline ice films aT' = 120 K. The ONO symmetric band
appears at 1303 crhand the asymmetric stretching band at 1750tm
The coverage of bD, is 5 ML on polycrystalline ice and 3 ML on
amorphous solid water.

1800

metal surface due to surface selection rules; hence, we can obtain
information about molecular orientation with respect to a
surface®® When the IRA spectrum of the first-layer,®8, on
crystalline ice was measured, the 1300 ¢énband of ONO
symmetric stretching has an intensity comparable to the 1750
cm™! band of ONO asymmetric stretchifg.Since an IR
transmission spectrum of gas-phaseON exhibits both the
symmetric and asymmetric ONO stretching bands in comparable
intensities, the first-layer 04 on crystalline ice should be
randomly oriented. About the multilayere@d®; on PCI, NO4
forms tightly packed ordered layers with the-N axes canted

at 10 to the surface normap:1”

complete absence of the strong asymmetric stretching band of 2. TOF Spectra and Rotational Spectra of NO¢ = 0, J)

NO, at 1600-1650 cnt! indicates the absence of NO
monomer, other NQcompounds, and HONO. X0, isomers
such as D isomers, ®©N—0—NO,, and nitrosonium nitrate,
NO*NO;™, were not detected in our IRA spectra. Although
various kinds of NQ@ species are formed in a low-temperature
inert gas matri¥ and on substraté’8;3” NO, adsorption on
ASW and PCI films below 130 K results in formation pifire
NoO4 (D) layers. In addition, after adsorption of,®4 on
crystalline and amorphous ice @t < 100 K, the substrate

Photofragments from N,O4 Adsorbed on Water—Ice Films.

2.1. Preparation of NNO4 Layers on Ice Films with the
Intermittent Exposure. The pulsed molecular beam of the
mixture gas of N@Q and Q was directed to the surface of the
ice film with an intermittent exposure scheme. The delay
between the molecular beam and the photolysis laser trigger
was typically set to 50 ms, as shown in the inset of Figure 1.
For the amorphous ice film &= 80 K and 193 nm, the signal
intensity of the product NO increased linearly upRte= 10 x

temperature was elevated up to 230 K. Our results show that10~8 Torr, whereP stands for the total pressure of the vacuum

neither NO'NOs;™ nor D isomers were present. The assignment
of IRAS bands was reported by Rieley et al. for the ordered
monolayers of MO, by adsorption of N@ on an ice film of
about 30 ML held on a Cu(100) substrate at 108°K.

1.3. Molecular Orientation on Surface.IRAS is selectively
sensitive to a vibrational mode perpendicular to a reflective

chamber. Thus, we assume that a coverage of 1 ML f@,N

on ASW at 80 K was achieved &= 10 x 1078 Torr. In our
previous experiment with the pulsed molecular beam of the same
gas mixture, the intermittent exposure of NOn a cooled
polycrystalline Au(111) substraté = 80 K formed one ML
N.O, for P=1 x 1078 Torr.22 The pressure ratio (18 1078/
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Figure 4. TOF spectra of NO(X 13, v = 0, Q-head) from the photodissociation of®J on an amorphous ice film at dissociation laser wavelengths,
193 nm (), 248 nm @), and 351 nm). Ice temperaturd = 80 K and chamber pressuire= 10 x 1078 Torr. (N,O4 coverage of 1.2 ML.) The
smooth solid curve is a MaxwelBoltzmann energy distribution defined in eq 1 with translational temperdiure= 100+ 15 K. The upper
inset shows the enlarged spectra at the threshold region. The lower inset shows a typical spectrunroDNfEgm the 193 nm photodissociation
of N,O, adsorbed directly on Au at 85 K, which consists of two component3a = 600+ 30 K and (b)Tyans= 80 &+ 10 K.

1 x 1078) is 10 for the ASW/Au substrates. These results are and a coefficienta. This energy distribution is characterized
indistinguishable from the literature value of 8; that is, the;NO by the average energ¥J= 2kg Tirans®
exposure necessary for one ML coverage of,NMD80-90 K

was 16 L for an ASW film ad 2 L for an Au(111) substraf®. Sat T, T) =a§uetT) + (1 - a)SuetT) (1)

As the substrate temperature increases above 90 K, the coverage

decreases due to lowering of the sticking probability. Sus(t.r) = i’ exp(—er/(ZkBTtrangz)) 2
2.2. Measurement of TOF Spectra and Rotational Spectra.

TOF spectra of NQ(= 0, Q-head) from the photodissociation Pus(E) = (kBTUanS)‘ZEt expE/(KsTyrand) 3)

of N2O4 on ASW and PCI films at 193, 248, and 351 nm were

measured for various NpressuresK = 1-10 x 108 Torr) wherer is a flight length for photofragment ankks is the

andT = 80—120 K. Vibrationally excited NQf > 1) was not Boltzmann constant. The TOF distributions consist of a fast
observed. The TOF distributions were almost independent of component and a slow component. For the angular distribution
the morphology of the ice surfaces. Typical TOF spectra of of the photofragments from the ice surface,"c@swhere@ is
NO are shown in Figure 4 fdP = 10 x 1078 Torr on ASW the surface polar coordinata,= 0 was adopted in the best-
at T = 80 K. This pressure condition for NQcorresponds fitting procedures because the parent moleculg®,Ndsorb
to a NbO4 monolayer. A very slow TOF componentgns = randomly on the PCl and ASW surfaces as described above.
11 + 3 K) with a small contribution appeared after 30 us. For the fast component of the 193 nm resiilfans are 950+
This component is considered to be an artifact caused by the150 K. Only a small change was observed in the translational
NO photofragments that were scattered once and bounced backemperatures for the three different dissociation laser wave-
to the REMPI detection regior:22This slowest componentwas lengths, which is within our experimental error bars. The TOF
subtracted from the TOF spectra in the following analysis. distributions consist of a fast component {@ns= 950+ 150

2.3. Translational Temperatures of NO¢ = 0) Photo- K and a slow component (b) 166 15 K for both amorphous
fragments. To simulate the TOF spectra, a flux-weighted and crystalline ice films. The contribution of the slow component
Maxwell—Boltzmann (MB) distribution and a Gaussian distri- becomes slightly larger at the longer wavelength;#93% for
bution were used. We found that a composite of two MB 193 nm, 97+ 3% for 248 nm, and 9% 1% for 351 nm.
distributions with translational temperatur%ans fit well to Susa and Koda reported that the TOF distribution of the
the observed TOF distributions. Conversion from the energy NO photofragments is bimodal, fast (1780350 K) and slow
distribution to the TOF distribution was performed using the (100+ 10 K), and their relative intensities are-0.86 for non-
reported Jacobiat?. The TOF spectrung(t) of Figure 4 is fitted annealed ice and-40.22 for annealed icE The reason for the
by a composite of two flux weighted MB distributiorBys(E), discrepancy between our and their translational temperatures is
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Figure 5. A rotational spectrum of the ©O band of NO(A-X) from . .
the photodissociation of #D, on amorphous ice at 193 nm. TGF5 Figure 6. Photolysis laser power dependence on the N&{(O0,
us, ice temperatur@ = 85 K, and chamber pressufe= 5 x 1078 Q-head) slow-component signal intensities for 193 @) 4nd 248

Torr. (0.6 ML of N;O4.) The inset shows a corresponding spectrum NM @)
from the photodissociation of /0, on Au.
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not clear, but their laser intensity was 5 mJ@nfor a 20-ns
pulse, 10 times stronger than our laser intensity, and they
reported that the initial stage of dissociation was due to
multilayered NO4 and not NO4 directly interacting with an
ice surface. A fast-component temperature of 1000 K was also & 0.5 |
reported in their paper. We believe that the discrepancy in the —
translational temperature of the fast component and its relative —3
contribution to the total TOF signal intensity comes from the
difference in the degree of interaction ob® with the ice
surface.

The threshold TOFs of the fast componetgshecome faster
as the photon energy is increased from 248 to 193 nm (the upper
inset of Figure 4) because these threshold TOFs reflect directly
the reaction excess energies. For 193 nm, the threshold TOF,,
to, is 1.0+ 0.3 us, and for 248 nmty = 2.0 £ 0.5us. For 351
nm, to is not clearly seen but is about/3.

For comparison purposes, the lower inset of Figure 4 shows
a typical TOF spectrum of N@(= 0) from the 193-nm
photodissociation of pD, adsorbed directly on the polycrys-
talline Au substrate. The TOF spectrum consists of a fast
component (a) withlyans = 600 £ 30 K and a slow one (b)
with Tyans= 80 & 10 K22 The fast component (a) is dominant 0.0 * ' * ' ! '
in the TOF spectrum for the Au experiment, while the slow 0 20 40 60
one (b) is dominant in the present ice experiment. In addition, Time of ﬂight / us
the vibrationally excited NQ(= 3) was produced in the Au )
experiment at 193 and 248 nm, while vibrationally excited states F|hgure 7. TOF Spef’Ctra of Naf = 0, Q'he‘;d) from the 19"?""".‘
NO(z = 1) are not produced in the present ice experiment. ?I OtOdeS_SOCI?l'[IOFI of pD, adsoried on amorphous and crysta m_e ice

) ) i i ilms for ice film temperaturél = 120 K and chamber pressure=

2.4. Rotational Spectra.Figure 5 shows a typical rotational 10 x 10-8 Torr. (\;O, coverage of 1.2 ML.)
spectrum of NO(AS, v' = 0, — XAlzp, "' = 0,J") from
the 193 nm photodissociation of,8; on amorphous ice at 2.6. Effect of Adsorbed States of WO, on TOF Spectra
= 80 K. This spectrum was measured tat= 13 us. The at 193 nm.Figure 7 shows TOF spectra of NO from»®} on
estimated rotational temperatureTig: = 175+ 25 K. At 248 amorphous and crystalline ice films a&t= 120 K andP = 10
and 351 nm the results are essentially the same. For comparisork 1078 Torr. At this temperature and pressure, the thickness of

units
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b.

e
(o]
F

NO signa

—_
S
T

ized

crystalline

Normal
=)

purposes, a typical rotational spectrum of NO frorsON on the NyO4 layer on amorphous and crystalline ice is estimated
Au at 193 nm is shown in the inset of Figure 5. The NO to be 0.6 and 2.5 ML, respectively. There is no noticeable
fragment is highly rotationally excited. difference between the two TOF spectra. Although the annealing

2.5. Incident Laser Power Dependencérigure 6 shows the  process from 91 to 120 K converts the disordere®No the
photolysis laser power dependence on the NO signal intensity ordered NO, on the crystalline ice film, this change has no
of the slow component from the photodissociation gOhon effect on the relaxation dynamics of the photofragments.
PCl at 193 and 248 nm. Up to 1 mJ cfthe slope is unity, However, as will be described in the following section, there is
suggesting a one-photon process for NO production. The powera large difference in the absolute signal intensities between
dependence of signal intensity at 351 nm was also unity. amorphous and crystalline ice films.
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16 photodetachment spectroscoy= 1.5 x 1078 Torr, 1 = 193 nm,
Photon Number / x 10 andljaser= 1.5 mJ cm? pulse. The substrate temperature increases

Figure 8. Signal decay curves of the NO(= 0, Q-head) slow at a rate 62 K s™%. The curves of the inset show a conventional

component as a function of total photon numbers irradiated £y N temperature-programmed desorption spectrum of Bi@ HO from

at 193, 248, and 351 nm. 1 ML ofJ®, on the amorphous ice film at N2O4 (1.6 ML) on an ice film without photoirradiation, using a mass

80 K. spectrometer (taken from ref 19). The arrow (laser off) shows the
position at which the laser light was shut off for the crystalline film.

2.7. Photodissociation Cross Sectiolhe decay curves of  See text for details.

the NO signal intensity were measured as a function of

irradiation time after the sample molecules were once exposedmonotonic decrease of the signal intensity was observed with

on PCI at 90 K under 1 ML condition. Since the photodisso- increasingT. Since our IRAS measurement indicates that the

ciation process follows a simple exponential law, eq 4 deter- phase change of ASW to PCl occursTat 120 K9 the signal

mines the photodissociation cross section DN ogiss Of the intensity is not associated with the free OH concentration on
absorption cross sectianysmultiplied by dissociation quantum  the amorphous ice surface. The signal intensity is directly related
yield ¢ to the sticking probability of N@on water-ice films, which
decreases with substrate temperature.
N = Ny exp(—ogsdp,) (4) Figure 9 also shows a spectrum for 1.5 ML on Au. The

REMPI-TPPS profiles of NO are similar to those on PCI in the
whereN is the residual amount of the sample molecules on the temperature rangé = 80—150 K. At T > 150 K, however,
PCI surfaceNy the initial amount of the sample molecules, and these two REMPI-TPPS spectra are different. For PCI, the
nn, the number of photor®. The results are shown in Figure spectrum is characterized by two peaks of NO at 155 and 173
8, from which we derivargiss= (2 £ 1) x 10718 (3 £ 1) x K. These peaks correspond to those gbHat 157 and 187 K.
10718 and (0.14 0.1) x 10718 cn? at 193, 248, and 351 nm,  Shown in the inset is a conventional TPD spectrum gON
respectively. Hasselbrink et al. reportegks (193 nm)= 3 x (2.6 ML) on an ice film, in which the 157 K peak is assigned
10718 cn¥ for the NO formation from MO, adsorbed on top of  to H,O desorption and the 187 K peak corresponds to the adduct
a NO-saturated Pd surfaé&Susa and Koda reported that the formation of HO with NO,.1° Thus, NO, is retained in the
cross section at 193 nm was (260) x 1078 cn?, which is grain boundaries of the polycrystalline ice films. In our REMPI-
approximately 26-100% of the gas-phase photoabsorption cross TPPS the MO, retained in the grain boundaries become free at
sectionoansof N2Oy, i.e., 52.8x 10718 cn?.41 Our cross sections  the water-ice sublimation temperature, and hence the apparent
on PCl are much smaller than those reported by Susa and Kodadissociation quantum yield increases, that is, the NO signal
The reason for the discrepancy between their data and ours, wentensity increases. Another plausible explanation for this signal
suspect, is that in our case the photodissociation quantum yieldintensity enhancement is the following. Since watee films
¢ becomes small, e.g., dissociation is efficiently quenched by are transparent at 193 nm, (a) NO may be photoproduced and
the interaction with the grain boundaries of the PCI surface. trapped by the photodissociation of,®} in the ice grain
Actually, in the case of ASW by Susa and Koda, the desorption boundaries during the irradiation at 193 nm before the substrate
cross section of N@and NO at 193 nm was (0.3.3) x temperature increased up to 155 K and (b) NO thus produced
1071818 Sato et al. reported that the dissociation cross sectionsand trapped in the grain boundaries were released into the gas
of the NbO, multilayers on Au(111) are 2.8& 107! and phase upon melting the ice film at 157 K. To check if this
0.56 x 10718 cn? at 260 and 350 nm, respectivéfyhich are process could have caused the 157 K peak of NO, the 193-nm

close to the absorption cross sections in the gas phase. irradiation was kept continuous from= 80 to 150 K and then
3. REMPI Detection of NO Photofragments by TPPS. was turned off all > 150 K as marked by the arrow in Figure
Photodesorbed NO signal intensities = 1.5 x 1078 Torr 9. In this case, the 157 K peak was not detected. These results

or 1.5 ML of N;O4 on polycrystalline Au, 0.8 ML on PCl and  suggest that even if XD, trapped in a grain boundary is
0.2 ML on ASW were measured as a function of the substrate irradiated at 193 nm, NO is not trapped in the ice film.
temperaturd. We refer to this measurement as REMPI-TPPS, 4. Resonance-Enhanced Multiphoton lonization (REMPI)

in which NO is probed by the REMPI method with increasing Detection of OFP;) Atoms. Two-photon REMPI signals of

T at a rate 62 K s™%. Note that this TPD is different from an  O(P,) atoms from NO, photodissociation at 193 and 248 nm
ordinary TPD in that the ice surface was exposed to an NO were found, while not at 351 nm. The ) atom is mostly
molecular beam between the photodissociation laser shots.populated in the lowest leve],= 2. The observed TOF and
Figure 9 shows the REMPI-TPPS spectra of NO from the 193- excitation spectra for GB)) are shown in Figure 10 for 193
nm photodissociation of §0, on ASW and PCI. For ASW, a nm. The translational temperatures of the fast and slow
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Au substrate are highly excited. These results suggest that the
water—ice films, PCl, and ASW work as an efficient thermal
bath to the randomly oriented,®, monolayer on them.

—
=1
T

=}

=

g 08 1.2. Photodissociation at 351 nniThe photon energy of 351

= nm is below the gas-phase dissociation threshold of 325 nm
g o°r for reaction | by 28 kJ mof. The formation of NO from MO,

@ on metal surfaces at 351 nm, which is attributed to the electron-
2 04r . mediated process, was reported by Hasselbrink €taaid Sato

é’ \ 2256 2258 2260 2262 2264 et al?3 In their experiment, a falloff of the signal intensity was
g 02r N Wavelength / nm observed for the high coverage region. Their results indicate
5 o o that the photoproducts released by the irradiation 350 nm

Z 00 e R e are only from the layers near the,®4—Au interface. Since

electron transfer from a metal surface through the water layer
_ o is prohibited?® it is unlikely in the present experiment that the
Figure 10. REMPI-TOF spectra of OF,) from the photodissociation  gisgociation takes place via the surface-mediated processes.

of N,O, adsorbed on an amorphous solid watiee film at 193 nm. ; 17 ; : o
The smooth solid curves are MaxweBoltzmann energy distributions Rieley et al’ investigated the photodissociation of0k

defined in eq 1. The insets show the REMP! excitation spectra®fjo( ~ Multilayers on water layers (30 ML)/Cu at 355 nm. The direct
Substrate temperatufle= 80 K and chamber pressue= 10 x 1078 photoabsorption process o, generates N©due to N-N
Torr. (NO4 coverage of 1.2 ML.) bond scission. No desorption of,®,; occurred at this wave-

length. In the present experiment, l@esorption followed by
components are 1056 150 and 100+ 10 K. As a reference its one-color dissociation process at the probe laser wavelength
experiment, we previously performed detection offf)(atoms 226 nm may give an NO signal. However, we can eliminate
from N;O, adsorbed directly on Au at 193 nm. The probed this possibility because (a) &%) was not detected in our
O(PR,) atoms are much more populated up to the highest level, experiment, (b) the translational energy of NO is low, and (c)
j = 022 Sato et al. speculated that for,®, on a thin PCI the threshold TOF at 351 nm is slower than those at 193 and
prepared on an Au substrate a part of the oxygen atoms reac248 nm.
the Au substrate and appear as surface oxygen molecules in The difference in the desorption enthalpies may explain the

Time of flight / us

their TPD spectrg? energy deficit problem if we assume the following surface-
_ _ involved reaction scheme, based on the fact that the formation
Discussion of O atoms on the Au(111) surface was observed whgd;N

1. Primary Processes of MO, Photodissociation on Ice on PCIl was photodis;ociated by a high-pressure Xe _Iamp at
Films. 1.1. Photodissociation at 193 and 248 nnhe IRAS 240-400 nn#* but not in the present gas-phase detection
measurement shows no presence of;NO N,Oz on the Au .
surface during the irradiation at 26@20 nm?3 O(®P) atoms N2O4(ad)+ 351 nm=NO + O(ad)+ NO,(ad) (V)
are detected by REMPI at 193 and 248 nm and not at 351 nm.
The linear increase of the NO signal intensity as a function of "~ - :

. -~ i . .. mol~115If the sum of the desorption enthalpies of*B) atom
the dissociation laser power suggests a one-photon d'SSOC'atlonand NG is larger than (39+ 28) kJ mol™, we could explain

In addition, the threshold TOFs are shorter for the shorter §1urresults. Unfortunately these data are not available. However,

The desorption enthalpy of /9, on an ice surface is 39 kJ

dissociation wavelengths. The observed absorption cross section . : .
are reasonably large. Susa and Koda measured the relative yiel Oe fact that the reloatlve yield of{against NO at 193 nm are
of the products with mass spectrometric methods;/NNID/O; 6 for F.)ICI and 1(?{;’ for AS\Q/ su%gegts t??%the oxygen atoms
_ 8 PN L are easily trapped by grain boundaries of i€e.

1.0/1.1/0.01 for PC¥8 Hence, the major dissociation channel Process Il to NG+ NO is another plausible process for the

at 193 and 248 nm is process (1) formation of NO at 351 nm. At 351 nm, however, the major
primary photodissociation process in the gas phase is process

1
AH (kI Mol Anresnaa(nNM) IV to 2NO,. For N;O4 adsorbed directly on ice, a possible

N20,— NO;+NO+ O 368 325 0] explanation for the formation of NO via reaction Il at 351 nm
NO; + NO 278 430 (1 is the change in the electronic structures ofON upon
N,Oz; + O 322 370 (ny adsorption on ice. If so, then, the photoabsorption cross sections
NO, + NO, 175 682 (Iv) should be changed. The gas-phase absorption cross segfions

of N,Oy4 is 0.7 x 10718 cn? at the first maximum (340 nm). At
The reaction enthalpies are calculated from the gas-phaseshorter wavelength, it increases up to 5710718 cn? at the
thermodynamic values. The photon energies at 193 and 248 nnthird maximum (186 nm). In fact, our resulisgiss at 193 and
are above the threshold energy of reaction Ill. Susa and Koda351 nm, are smaller than those for the gas-phage, My an
claimed that the experimentally observed kinetic energies of order of magnitude, butyss at 248 nm is close to that of the
the fast photofragments at 193 nm can be explained by thegas phase. Since the valuegbn PCI is expected not to vary
statistical prediction of the reaction available energy if the as a function of dissociation wavelength, the large difference
dissociation is to produce NOX) + NO; (22B5), one of which between the gas-phase and the surface-phase cross sections
then predissociates to produce NOO .18 Essentially the same  suggests that the interaction of®)} with the ice surface changes
interpretation was applied to the dissociation dynamics@/N the electronically excited potential surfaces. Thus, the primary
in the gas phas®. This mechanism can explain the fact that process Il becomes a plausible process on the surface. Because
the translational energies are almost the same in photodisso-of the weak photoabsorption at 351 nm, neithersMOr N,Os
ciation processes at both 193 and 248 nm and the slowwere detected with our IRAS sensitivity.
component is dominant. The NO and O fragments are transla- Involvement of HNQ and HONO on the ice surface is
tionally and internally relaxed, while those fragments from the unlikely because our IRAS measurement showed no presence
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of these species on the surface, although Wang and KoelAt 214 K, another TPD peak of NCappears. The 214-K peak
reported that a small amount of these species were formed fromcomes from the fact that a part of the®} adsorbed on the ice
the coadsorbed layers of NOn H,O below 145 K% Only at film is held in the bulk phase of ice and then moves onto the
room temperature is NOon HO suspended in silica easily  Au surface upon heating. The TPD of®l exhibits two peaks
converted to these speci®s’ Since our experimental temper- at 157 and 185 K. The 157 K peak is identical to that from
ature is 86-120 K, N,O4 is the only species involved in the  pure HO/Au(111), while the 185 K peak is due to the adduct

351 nm photolysis. formation of HO with NO,. When the thickness of PCI was
The following sequential two-photon process of the adsorbed less than 4 ML, the band ascribed to the Néhemisorbed
species may be a possible primary process directly on Au was observed in IRAS, indicating that NGQr
N2O, can reach the Au surface through grain boundaries of
AH (kJ mof™) PCI1® Sadtchenko et al. also reported the trapping of HCI in
N20s — NO(ad) 175 v) the grain boundaries of PCLIn the present experiment, the
NOx(ad)— NO + O 100+ x V) ice film was so thick that B4 was retained only in bulk ice.

Thus, REMPI-TPPS spectra on the ice films showed no peak
wherex stands for the desorption enthalpy of p@hich could at 214 K, while there is a wide peak at 214 K in the TPD
be a few tens of kJ mot. The excess energy for the 351-nm  spectrum on the Au.
one-photon photolysis via process VI is (240x) kJ mol™, Susa and Koda reported that the relative yield of,i©Om
which could be larger than 113 kJ mélfor process | at 248 N,O4; on ASW at 193 nm is 10 times smaller than NOThey
nm. If process VI were dominant at 351 nm, the threshold TOF interpreted that the Once_photoproducedszthe ASW ice
to would be short and the O atom would be probed. Actually, s jikely to be readsorbed in the porous ice while NO adsorption
to from 351 nm was much longer than that for 248 nm, and no goes not occur at 80 K. Thus,,8 is retained either in the
O atoms were detected. In addition, the power dependence alyrain boundaries of the polycrystalline ice film and in micro-
351 nm was unity. Thus, this sequential two-photon process pores of the amorphous ice films. The abrupt increase of the

would not occur at 351 nm. _ NO signal in our REMPI-TPPS clearly shows this trappe®N
2. Adsorption of N>O4 on Water—Ice Films. The upper

surface of an amorphous ice film is characterized py free OH Conclusion
groups. Graham and Roberts reported that the difference in
adsorption probabilities of HCl on ASW and PCI films is ~ When NQ is deposited on amorphous and crystalline water
attributed to a lower coverage of the free OH groups at the PCI ice films at 80-140 K, NO, is the solo surface species on ice.
surface’® Schaff and Roberts investigated the difference in N2O4 are also retained either in the grain boundaries of the
surface chemical behavior between ASW and £@ldsorption polycrystalline ice film and in micropores of the amorphous
and desorption behaviors of polar and nonpolar molecules ice films. The randomly oriented monolayer of® on the ice
strongly depend on hydrogen donor ability of the ice surfaces. surface is photodissociated to produce NO. At 193 and 248 nm,
Porosity and surface area differences are not significant factorsthe primary process is NG O + NO,. At 351 nm, other
in the interaction of adsorbates with ice surfaces. They found plausible primary processes are NONOs. The TOF distribu-
two different desorption states of acetone on ASW, hydrogen- tion of NO(v = 0) consists of the major slow component with
bonded and physisorbed orf@€nly the physisorbed one was the translational temperature of 18015 K and the minor fast
observed on crystalline ice films. Their FT-IRAS measurements component WithTyans= 9504 150 K for both amorphous and
show that the free-OH coverage on the surface of PCl is crystalline ice films. The translational and internal energy
approximately one-sixth of that on ASW. distributions of the NO molecules and O atoms are mostly
As shown in the REMPI-TPPS spectra of Figure 9, the signal relaxed because the ice surface works as an efficient bath for
intensity on the crystalline ice is much weaker than on the energy transfer, which are almost accommodated to the ice
amorphous ice. The substrate temperature dependence of théemperature. The contributions of the accommodated component
signal intensity for the amorphous ice may be explained by the in the signal intensity are 9& 7% for 193 nm, 97+ 3% for
decrease of the free OH group concentration on the surface.248 nm, and 99t 1% for 351 nm. There is no appreciable
However, our IRAS measurements indicate the phase changedifference in the energy distributions of the photodissociation
of ASW to PClI occurs at > 120 K19 Therefore, the decrease  products at the three different dissociation wavelengths and also
of the signal intensity aT < 120 K is not associated with the  for the two different ice states, amorphous and crystalline.
free OH concentration on the amorphous ice surface. The dissociation cross sections of4 on ice films arevgiss
Stevenson et al. investigated the temperature dependence of (2 + 1) x 10718 (3 + 1) x10718 and (0.1+ 0.1) x107%8
the porosities of ASW, measuringzMNadsorption by ASW. cn? at 193, 248, and 351 nm, respectively, which are smaller
Above ~90 K, ASW films have essentially the same, N than the gas-phase photoabsorption cross sections at the
adsorption as the crystalline reference state at 145 Kaus corresponding wavelengths, suggesting the small photodisso-
porosity change cannot explain the present REMPI-TPPS resultsciation quantum yield and also a change in the potential curves
Consequentially, the other possible explanation is considered,of N2O4 due to the interaction with the wateice surface.
that is, the decrease of the sticking probability oiC with
substrate temperature. Sato et al. measured TPD spectra of NO Acknowledgment. This work is supported by a grant-in-
after the ASW surface was exposed to N@as at each  aid for the priority field “Radical Chain Reactions” from the
temperaturd = 90, 100, 110, and 120 . The TPD intensity Ministry of Education, Japan.
decreased as the ice temperature increased. Since the adsorbed
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