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The photodissociation dynamics of N

 

2

 

O

 

4

 

 multilayers adsorbed on a polycrystalline Au substrate at 80–140 K was
investigated.  The Au substrate was mainly composed of domains with (111) structure.  Time-of-flight spectra of the
photofragment NO and O as well as infrared reflection absorption spectra for the surface adsorbed species on the Au sub-
strate were measured.  Typically, four to five monolayers of N

 

2

 

O

 

4

 

 adsorb on the Au substrate at 85 K were irradiated by
the pulsed output of an excimer laser at 

 

λ

 

 

 

�

 

 193 and 351 nm.  Photodissociation of the adlayers at 193 nm takes place by
direct photoabsorption of N

 

2

 

O

 

4

 

.  Since the top layers of N

 

2

 

O

 

4

 

 absorbed the UV light, superthermal NO and O photofrag-
ments are produced.  Translationally and internally relaxed fragments are also produced from the photodissociation of
the inner layers.  At 351 nm, the bulk photoexcitation results in formation of slow NO photofragments.  By comparing
the effect of dissociation wavelengths, substrate temperatures and dose rates, it is shown that the photodissociation dy-
namics is governed by both the photoexcitation process and the adsorption state of N

 

2

 

O

 

4

 

 on the Au substrate.

 

Photodissociation of N

 

2

 

O

 

4

 

 adsorbed on metal and insulator
substrates is interesting as a typical system of inhomogeneous
photoreactions. Dixon-Wallen et al.

 

1

 

 reported the primary
products and product internal states from the 248 nm photodis-
sociation of N

 

2

 

O

 

4

 

 physisorbed on single-crystal LiF (001) at
100 K.  NO and NO

 

2

 

 are the predominant products released
into the gas phase, while some N

 

2

 

O

 

3

 

 is probed on the surface.
The product NO has a bimodal vibrational population in 

 

v

 

 

 

�

 

0–9.  The lowest vibrational level of NO(

 

v

 

 

 

�

 

 0) corresponds to
slowly moving photofragments. Hasselbrink et al.

 

2

 

 reported
the production of NO fragments from the photodissociation of
a submonolayer of N

 

2

 

O

 

4

 

 adsorbed on top of a NO saturated Pd
surface at 193, 248 and 351 nm.  They found two different de-
sorption channels for NO: fast one and slow one.  A polariza-
tion experiment with s- and p-polarized dissociation laser light
indicates that the photodissociation channel is induced by met-
al excitation, that is, e

 

�

 

 

 

�

 

 N

 

2

 

O

 

4

 

 →

 

 NO 

 

�

 

 NO

 

3

 

�

 

.  A similar
electron attachment process plays an important role in the 193
nm dissociation of N

 

2

 

O on Pd.

 

3

 

  Sato et al.

 

4

 

 investigated the ad-
sorption states and the photodissociation mechanism of N

 

2

 

O

 

4

 

adlayers on Au(111) with mass spectroscopy and infrared re-
flection absorption spectroscopy (IRAS).  They reported that
N

 

2

 

O

 

4

 

 physisorbed on Au(111) at a temperature < 120 K disso-
ciates to NO

 

2

 

 

 

�

 

 NO 

 

�

 

 O at 

 

λ

 

 < 430 nm.  The NO desorbs
from the surface, while part of the O atoms remain trapped on
the Au substrate.  NO

 

3

 

 was not detected by IRAS on the sur-
face during the photolysis.  Since a thin water film on the Au
inhibited the photodissociation yield of N

 

2

 

O

 

4

 

, it was suggested
that the photolysis at 

 

∼

 

350 nm is enhanced by substrate photo-
excitation via electron transfer from the substrate to the adsor-
bate. Crystalline N

 

2

 

O

 

4

 

 multilayers are aligned preferentially

with the N-N axis perpendicular to an Au surface. 

 

4–7 

 

 
  Marsh et al.

 

8

 

 reported the photodissociation of CH

 

3

 

Br on
brominated Ni(111) at 193 and 248 nm.  For high coverage of
CH

 

3

 

Br on the Ni(111), fragmentation of CH

 

3

 

Br at 193 nm
takes place primarily from the top layers of the adsorbates,
with the underlying layers being caged and strongly inhibited.
The onset of the velocity distributions of the fast photofrag-
ment is consistent with the expected gas-phase velocities, sug-
gestive of direct photolysis of the top layers.  These direct dis-
sociation process was active up to 40 ML at 193 nm.  The
surface-mediated process occurs for a thin layer of CH

 

3

 

Br on
the Ni(111) and slowly moving photofragments are produced.
Similar results were reported for CH

 

3

 

I on iodided Cu(110) by
Johnson et al.

 

9

 

  and for C

 

4

 

H

 

9

 

ONO on Ag(111) by Jenniskens et
al.

 

10

 

In the present study we have investigated the photodissocia-
tion dynamics of N

 

2

 

O

 

4

 

 adlayers on polycrystalline Au.  Time-
of-flight (TOF) and rovibronic spectra have been measured
with the resonance-enhanced multiphoton ionization (REMPI)
method for state-selected photofragments to elucidate dissoci-
ation dynamics.  When we performed such an experiment at
248 nm, the observed results were in between the 193 and 351
nm cases.  In this paper we report mostly the two extreme cas-
es: direct dissociation at 193 nm and surface-mediated dissoci-
ation at 351 nm.

 

Experimental

 

A. Time-of-Flight Measurement of Photofragment NO at
Kyoto.    

 

Surface photodissociation on a cooled polycrystalline Au
substrate was performed with a combination of a pulsed molecular
beam, excimer laser and dye laser.  The substrate is mainly com-
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posed of domains with (111) structure.  Our experimental setup is
shown in Fig. 1.  Neat NO

 

2

 

 was deposited on the Au substrate by
expanding the gas with a pulsed molecular beam head (General
Valve) every 100 ms, which was synchronized with dissociation
laser triggers.  The delay between molecular beam and photolysis
laser triggers was typically set to 50 ms.  The inset of Fig. 1 shows
the timing chart for molecular beam, dissociation laser and probe
laser pulses.  Pulsed exposures of NO

 

2

 

 do not form a completely
uniform layer of N

 

2

 

O

 

4

 

 on the substrate during 50 ms annealing
time below the desorption temperature.  Since signal intensity did
not depend on the delay for 10 – 90 ms, unwanted gas phase pho-
todissociation was avoided and the photofragments from surface
photodissociation were observed.  By this intermittent dosing re-
gime, the surface was almost replenished between the photodisso-
ciation laser shots.  The intermittent dosing and REMPI detection
regime was described by Masson et al.

 

3

 

  A typical stagnation pres-
sure of the gas valve was kept at 100 Torr(1 Torr 

 

�

 

 133 Pa).  In or-
der to change effective exposures of NO

 

2

 

 on the substrate, the
open gate time of the pulsed beam head was adjusted by changing
the duration of the pulsed voltage to the head for 300–500 µs.  A
vacuum chamber was pumped by two turbo molecular pumps in
tandem (Seiko 600 L s

 

�

 

1

 

 and Mitsubishi 50 L s

 

�

 

1

 

).  The chamber
pressure was 

 

P

 

 

 

�

 

 0.5

 

�

 

10

 

�

 

8

 

 and 1–10

 

�

 

10

 

�

 

8

 

 Torr without and
with sample gas injection, respectively.  The chamber pressure
was monitored 50 cm away from the Au substrate with a cold
cathode pressure gauge (MDC).  Under these pressure conditions,
a few monolayers of N

 

2

 

O

 

4

 

 were formed on the substrate.  The
number of monolayers depends on the substrate temperature and
the molecular beam pulse duration, which will be discussed be-
low.  The substrate temperature was controlled for 

 

T

 

 

 

�

 

 85–700 K
by a combination of conductive cooling with liq.  N

 

2

 

 and resistive
heating with an electric heater of a tantalum wire (0.33 mm dia.).

Polycrystalline Au substrates with (111) domains were pre-
pared by DC glow-discharge sputtering, in which Ar

 

�

 

 bombard-

ment with low energy leads to atomic surface flatness of the sput-
tered films.

 

11

 

  The substrate flatness was examined by scanning
tunneling microscopy.  The tilt angle was found to be at most 5˚.
This small tilt angle might cause an error within 1 % for calcula-
tion of the p- and s-polarization effect of the incident dissociation
laser light.  Typical grain sizes of the polycrystalline Au films
were estimated to be submicrometers.  The Au substrate was at-
tached to a holder on a X–Y–Z stage in the vacuum chamber,
which was cleaned by oxygen atoms produced from the 193 nm
photodissociation of gaseous NO

 

2

 

 at 

 

T

 

 

 

�

 

 670 K for 60 min.  In
this cleaning procedure, the excimer laser pulse was synchronized
with the gas pulse of NO

 

2

 

.
Probe pulse dye laser light (Lambda Physik, ScanMate, 0.2 mJ

cm

 

�

 

2

 

 pulse

 

�

 

1

 

) intersected the flux of NO and O.  Those species
were photodesorbed from the substrate upon irradiation of pulsed
excimer laser light at 193 and 351 nm (Lambda Physik, COMPex,
10 Hz, 0.1 – 5 mJ cm

 

�

 

2

 

).  TOF spectra were taken as a function of
time delay, 

 

t

 

, between photolysis and probe pulses.  The time de-
lay was controlled with a delay generator (Stanford Research).
The one-photon transition of NO(A

 

2

 

Σ

 

 – 

 

2

 

Π

 

3/2

 

 , 

 

v

 

′′

 

 

 

�

 

 0 and 3, 

 

J

 

′′

 

)
was monitored by REMPI at 226 nm.  The O(

 

3

 

P

 

j

 

,  

 

j

 

 

 

�

 

 0,1,2) atom
was monitored by the two-photon resonant REMPI transition of
O(

 

3

 

D

 

j

 

′

 

 – 

 

3

 

P

 

j

 

′′

 

) at 225.7–226.2 nm.  The subsequent ion signals were
detected with a homemade time-of-flight mass spectrometer
(flight length � 25 cm).

 For simulation of the TOF spectra, we first tested two different
energy distribution functions, Gaussian and Maxwell–Boltzmann
ones: fast photofragments correspond to a Gaussian distribution
while slow ones correspond to a Maxwell–Boltzmann distribu-
tion.12–14  However, it was found that a Gaussian distribution gives
almost the same TOF distribution as a Maxwell-Boltzmann one
when the translational temperature is around 600 K or less.
Hence, for simplicity purposes, we used a composite of two
Maxwell–Boltzmann distributions for a fast and a slow photofrag-

Fig. 1. Schematics of the experimental setup for resonance-enhanced multiphoton ionization (REMPI) detection of
photofragments from the photodissociation of N2O4 on a polycrystalline Au substrate at 193 and 351 nm.  The time-of-
flight spectrum is measured with a combination of pulsed molecular beam, excimer laser and dye laser.  The inset
shows the timing chart for molecular beam pulse, dissociation laser pulse, and probe laser pluse.
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ments.  In this simulation, it was assumed that a) photofragments
are detected at a point REMPI detection region, b) photofragments
come into the gas phase from a round substrate area (12 mm dia.)
with a cos2θ distribution where θ is the departing polar angle from
the substrate.  The diameter of the effective substrate area was de-
termined by a round slit in front of the chamber window for the
dissociation laser, which is shown in Fig. 1 as a slit.  The distance
between the substrate and the detection region was changed from
3 to 5 mm.  A typical distance was set to 3 mm.  The assumption
listed above was tested by the 351 nm photodissociation of Cl2 on
Au.  The observed TOF spectrum for the photoproduct Cl was
well reproduced by the translational energy distributions reported
by Giorgi et al.15 

Unless otherwise noted, typical experimental conditions were P
� 5�10�8 Torr, T � 85 K and 1 mJ cm�2 pulse�1 at 193 nm and 5
mJcm�2 pulse�1 at 351 nm.  This pressure condition corresponds
to 4–5 ML of N2O4 on Au, as will be discussed below.

B. Infrared Absorption Measurement of Adsorbed Mole-
cules on Surface at Hokkaido.    Infrared measurements were
carried out in an ultrahigh vacuum chamber which has been de-
scribed in detail previously.4  An Au(111) single crystal (12 mm in
diameter, 1.5 mm thick, 99.999% purity) substrate was cleaned by
repeated Ar-ion sputtering at 800 K and was annealed at 900 K.
Ozone was used for surface cleaning.  After NO2 gas was deposit-
ed on the Au(111) by a pulsed molecular beam head, infrared re-
flection absorption spectroscopic (IRAS) measurements were per-
formed.  The IR beam from a FTIR spectrometer (BIO-RAD FTS-
155) was p-polarized by a wire grid polarizer, and then was intro-
duced into the vacuum chamber through a BaF2 window with the
incident angle of the IR beam of 85˚.  IRA spectra were recorded
with 4 cm�1 resolution and 200 scans.  By measurement of IRAS
absorption, the film thickness of N2O4 was estimated to be about 4
ML on Au at 85 K in a dozing condition similar to Kyoto.

Results

A. Time-of-Flight Spectra of Photofragment NO and IR
Spectra of Adsorbed N2O4.    Figure 2 shows typical TOF
spectra S(t) of NO(X2Π3/2, v′′ � 0, Q-head) from the photodis-
sociation at 193 and 351 nm as a function of time delay, t.  The
TOF spectra were simulated with a composite of flux-weighted
Maxwell–Boltzmann translational energy distributions P(Et)
with a different translational temperature Ttrans.  P(Et) is char-
acterized by the average energy <Et> � 2kBTtrans:16

S(t, r) � r3t�4exp{�mr2/(2kBTtranst2)}, (1)

P(Et) � (kBTtrans)�2 Et exp{�Et/(kBTtrans)}, (2)

where kB is the Boltzmann constant and r is a flight length for
photofragments.  In the upper panel of Fig. 2 for 193 nm, a fast
component a is characterized with Ttrans � 600 � 30 K and a
slow one b with 80 � 10 K.  The fast component a is dominant
(80%) and the slow one b is minor (20%).  In the lower panel
for 351 nm, a fast component a is characterized with Ttrans �
640 � 20 K and a slow one b with 80 � 10 K.  The slow com-
ponent b is dominant (97%).

The inset of Fig. 2 shows the TOF spectrum of NO(X2Π3/2,
v′′ � 3, Q-head) that was produced in the 193 nm photodisso-
ciation.  The observed TOF spectrum for NO(v � 3) consists
exclusively of the fast component a with Ttrans � 635 K.  High

vibrational excitation of NO(v ≤ 9) was reported in the 248 nm
photodissociation of N2O4 on LiF (001) by Dixon-Warren et
al.1  In our experiment, NO(v � 3) was successfully probed at
193 and 248 nm, but not at 351 nm because the photon energy
at 351 nm is too low to produce vibrationally excited NO(v).

A very slow TOF component (Ttrans � 10 – 30 K) for NO(v
� 0) appeared after t � 30 µs with a relatively small contribu-
tion (about one tenth of the total intensity).  Actually this slow-
est component was not observed in a TOF spectrum of vibra-
tionally excited NO(v � 3).  This component is considered to
be due to false signals caused by NO(v � 0) photofragments
that are scattered once and bounced back to the REMPI detec-
tion region.  Hence, the slowest component with Ttrans � 10 –
30 K is subtracted from the TOF spectrum of NO(v � 0).

Figure 3 shows typical TOF spectra of NO(v � 0) at various
substrate temperatures.  The experimental conditions were as
follows: substrate temperature T � 80–140 K, chamber pres-
sure P � 50�10�8 Torr, and dissociation wavelength λ � 193

Fig. 2. REMPI time-of-flight (TOF) spectra of NO(X2Π3/2,
v � 0, Q-head) from the photodissociation of N2O4 on Au
at 193 and 351 nm as a function of delay time between dis-
sociation and probe laser pulses.  Circles are experimental
results.  The solid curve marked with a corresponds to a
flux-weighted Maxwell-Boltzmann distribution defined in
Eq. 2 with Ttrans � 600 K for 193 nm and 635 K for 351
nm: b with Ttrans � 85 K.  The inset shows a REMPI-TOF
spectrum of NO(v �3) at 193 nm, which exclusively con-
sists of component a.  In the photodissociation at 351 nm,
NO(v � 3) was not produced.  Substrate temperature T �
85 K and chamber pressure P � 5�10�8 Torr.
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nm.  Absolute signal intensity decreased with increasing sub-
strate temperature.  Comparing the 80 K spectrum in Fig. 3
with the upper panel of Fig. 2, we see that the contribution of
component b is large (60%) because the film thickness is larg-
er for Fig. 3 than for Fig. 2 (P � 5�10�8 Torr).  In Fig. 3, the
translational temperatures Ttrans for component b increases
with substrate temperature T, that is, Ttrans � 90 K for T � 80
K and Ttrans � 120 K for T � 140 K.  The relative contributions
of component b increase with substrate temperature T, reflect-
ing the difference in adsorption states of N2O4 at the higher
temperature.

The IR spectra in the insets reflect the adsorption states of
N2O4 at various substrate temperatures.  Peak 1 at 1761 cm�1

is assigned to the ONO asymmetric stretching of surface N2O4

adsorbed directly on Au surface with its N–N axis aligned par-

allel to the surface, peak 2 at 1296 cm�1 to the ONO symmet-
ric stretching of multilayer N2O4 with its N-N axis aligned per-
pendicular to the surface, peak 3 at 1257 cm�1 to random
configuration of surface N2O4 adsorbed directly on Au surface,
and peak 4 at 1182 cm-1 to NO2 chemisorbed to Au. 4–7  Ac-
cording to a temperature-programmed desorption study by
Sato et al.,4 multilayer N2O4 desorbs at 132 K.   Thus, the IR
intensity of condensed N2O4 decreased drastically at 140 K.  It
may be concluded that the NO signals at 140 K come from the
photodissociation of the surface N2O4.  These adsorption states
will be discussed in Section B of Discussion.

B. Rotational Spectra of Photofragment NO.    Figure 4
shows the rotational spectra of NO(X, v � 0, J) that was
probed for the transition (A2Σ, v′ � 0, J′ – X2Π3/2 , v′′ � 0, J′′)
at two different TOF positions, t � 5 and 13 µs for the 193 nm
photolysis, and t � 10 µs for 351 nm.  The top spectrum of Fig.
4 shows a hot rotational band of NO from the photodissocia-
tion at 193 nm and t � 5 µs.  The spectrum is congested in the
R-band region, because the transition due to NO(X2Π1/2 ,v′′ �
0, P-branch) overlaps that due to NO(X2Π3/2, v′′ � 0, R-
branch).  The middle panel of Fig. 4 shows a rather cold spec-
trum observed at t � 13 µs.  By simulating the spectra for the

Fig. 3. REMPI-TOF spectra for NO(X2Π3/2, v � 0, Q-
head) from the 193 nm photodissociation of N2O4 on a
polycrystalline Au substrate.  Temperatures T shown in the
figure are for the Au substrate.  Chamber pressure P �
50�10�8 Torr.  Curves correspond to Maxwell-Boltzmann
energy distributions with component a Ttrans � 740�20 K
for T � 80–100 K and Ttrans � 620�20 K for T� 110–150
K, and with component b Ttrans � 90�5 K for T � 80 K,
Ttrans � 105�5 K for T � 120 K and Ttrans � 120�5 K for
T � 140 K. The inset IR spectra show adsorption states of
N2O4 at various substrate temperatures.  Peak 1 is assigned
to surface N2O4 that adsorbs directly on Au surface and
aligns its N–N axis parallel to the surface, peak 2 to multi-
layer N2O4 aligned its N-N axis perpendicular to the sur-
face, peak 3 to random configuration of the surface N2O4,
and peak 4 to NO2 chemisorbed to Au. 

Fig. 4. Rotational spectra of NO(A–X, 0–0,) at different
TOF positions, t � 5 and 13 µs, for the 193 nm photolysis,
and at 10 µs for 351 nm.  T � 85 K and P � 5�10�8 Torr.
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non-overlap region, we can estimate rotational temperatures
for t � 5 and 13 µs to be Trot � 600 and 80 K, respectively.  At
351 nm and t � 10 µs, Trot is 200 K.  Obviously, the faster
photofragment has the higher rotational temperature.  The cor-
responding translational temperatures may be approximated
from time-of-flight (t) and a fixed flight length r, using
2kBTtrans(t) � (1/2)m(r/t)2; Ttrans � 1400 K (5 µs), 270 K (10 µs)
and 150 K (13 µs).  Hasselbrink et al.2 reported a positive lin-
ear correlation between the translational temperatures and ro-
tational energies of the NO fragments from the 193 nm photo-
dissociation of the adsorbed N2O4.  Their results could be
described approximately by Ttrans(K) � 0.35Trot(K) � 700.
Our results are approximated by a similar equation, Ttrans �
0.53Trot.

C. Power Dependence of NO Signal Intensity.    In order
to be sure of the number of photons involved in the photoexci-
tation processes, the laser power dependence for the NO(v �
0) signal intensity was measured up to 1 mJ cm�2 at 193 nm
and to 5 mJ cm�2 at 351 nm.  As shown in Fig. 5, the power de-
pendence of the signal intensity was unity, suggestive of a one-
photon process for the photodissociation.  Typical laser inten-
sities used in the present experiment were 1 mJ cm�2 at 193
nm and 5 mJ cm�2 at 351 nm.  Both laser intensities satisfy the
condition of one-photon dissociation. 

Comparison of the two lines gives relative desorption yield
φ(λ) of NO(v � 0) at 193 and 351 nm, φ(351 nm)/φ(193 nm)
� 0.34.  It is interesting to note that the relative absorption
cross section of N2O4 in the gas phase is σgas(351 nm)/ σgas(193
nm) � 0.013.17  The relative absorption coefficient of Au metal
is σAu(351 nm)/σAu(193 nm) � 0.82, which is calculated from
the reflection coefficients of Au at the incident angle of π/4.

D. Effect of N2O4 Coverage on Time-of-Flight Spectra.
TOF spectra of NO(v � 0, Q-head) were measured for various
chamber pressures, P � 1–10�10�8 Torr and T � 85 K.  Fig-
ure 6 shows the spectra for 193 and 351 nm.  At 193 nm, the
fast component a is dominant even at the higher pressures.

However, at 351 nm the TOF shape changes drastically as a
function of pressure.  The fast component a is dominant for P
� 1�10�8 Torr, while the slow component b becomes domi-
nant for P � 5–10�10�8 Torr (1 Torr ≈ 133.322 Pa).  The ab-
solute signal intensity initially increases as the pressure in-
creases up to P � 5�10�8 Torr, and then starts decreasing.

The effect of N2O4 coverage on the signal intensity is shown
quantitatively in Fig. 7.  At 193 nm the slope for component a
is unity.  When the same data were plotted in linear scale, we
found that the relation was linear.  At 351 nm, the intensity of
component b increases initially, and then decreases at P >
5�10�8 Torr.  A similar behavior was observed in the 248 nm
photodissociation of CH3Br on brominated Ni(111) by Marsh
et al.6  They reported that the surface mediated slow signal
starts decreasing at 4 ML region due to collisional quenching,
but the fast signal that comes from the photodissociation of top
layers increases linearly up to 10 ML.

E. Dependence of Signal Intensity on Polarization of the
Incident Light.    Using a pile-of-plates polarizer, the excimer
laser light was linearly polarized and the laser intensity was 0.7
mJ cm�2.  The measured degree of polarization ρ for the disso-
ciation laser was 0.71 at 193 nm and 0.88 at 351 nm.  We ex-
amined the polarization dependent desorption yields of NO(v

Fig. 5. Signal intensity dependence of NO(X, v � 0, Q-
head) on dissociation laser intensity, Ilaser.  The unit slopes
shown by the solid lines are suggestive of one-photon dis-
sociation pathways in these laser intensities.  T � 85 K and
P � 5�10�8 Torr.

Fig. 6. Effect of chamber pressure, P, on time-of-flight
spectra of NO(v � 0, Q-head) from the photodissociation
of N2O4 on Au at 193 and 351 nm.  The numbers indicated
are the chamber pressures in units of 10�8 Torr.  The ar-
rows marked with a and b show the peak positions of the
fast and slow Maxwell–Boltzmann distributions in Fig. 2.
The inset shows an expanded area near the origin.  T � 85
K.
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� 0) by changing the direction of the electric vector of the in-
cident laser light from parallel (p-polarization) to perpendicu-
lar (s-polarization) with respect to the plane of incidence.  In
our experiment, the angle of incidence φ was fixed at π/4.  At
80–120 K and for P � 2-5�10�8 Torr, the signal intensity ra-
tios of Is/Ip were measured.  After correction for incomplete
polarization of the polarized excimer laser light, the ratios
were found to be temperature-independent:  0.88�0.05 for the
fast component a at 193 nm and 0.65�0.03 for the slow com-
ponent b at 351 nm.

As a test, N2O4 was deposited on an amorphous water ice
film and was irradiated at 193 nm.  The ratio, Is/Ip, was unity
because randomly oriented N2O4 on the amorphous ice surface
absorbs the 193 nm photon.  Since electron transfer from a

metal surface through the water layer is prohibited,18 it is un-
likely that the dissociation takes place via the surface mediated
processes.

F. Formation of O(3P) Atoms.    Two-photon REMPI sig-
nals of O(3Pj, j � 2,1,0) atoms were detected from the N2O4

photodissociation at 193 nm.  The j � 2 level is most populat-
ed, as shown in Fig. 8.  Similarly, at 248 nm O(3Pj) atoms were
detected, but not at 351 nm.  The TOF spectrum shown in Fig.
8 consists mainly of the fast component that comes from the
photodissociation of the topmost layer of N2O4.  These results
are consistent with the fact that the oxygen atoms produced in
the layer remain trapped on the Au surface as reported by Sato
et al. 4 and Wang et al.19  The trapped oxygen atoms appear as
surface oxygen molecules in their temperature programmed
desorption spectra.  Since photodissociation takes place on the
Au surface at 351 nm, oxygen atoms cannot reach the gas
phase from the bottom of the layers. 

Discussion

A. Photodissociation Primary Processes of N2O4 on Au.
A-1. Photodissociation at 351 nm.    The following chan-

nels are plausible primary processes from an energetic point of
view.  The energetics is calculated from the gas-phase thermo-
dynamic values:

The photon energy of 351 nm is below the thermodynamic
threshold for the formation of NO2 � NO � O.  However,
Hasselbrink et al.2 reported the formation of NO from N2O4 on
Pd(111) at 351 nm by the laser-induced fluorescence method.
Sato et al.4 reported the formation of O and NO from N2O4 ad-
sorbed on Au(111) at 250–420 nm.  One sees the suppression
of the NO formation with N2O4 coverage at T � 85 K in Figs.
6 and 7.  The inset of Fig. 6 shows that the fast component a
appears mainly (70%) in the TOF spectrum for the lower cov-
erage or P � 1�10�8 Torr.  As the coverage is increased at P
� 5�10�8 Torr, the slow component b becomes dominant
(90%).  Further increase of the coverage at P � 10�10�8 Torr
leads to a decrease of the signal intensity (Fig. 7).  The supres-
sion for the high coverage region indicates that only the photo-
products from the layers near the N2O4–Au interface are re-
leased by the photoirradiation.  These results suggest that a)
the surface mediated excitation occurs at 351 nm, and b) the
monolayer coverage is achieved at P ∼1�10�8 Torr, while the
multilayer is formed in between P � 1–5�10�8 Torr.

The metal surface-mediated photodissociation processes
have been reported for many molecules, e.g., N2O4/Pd,2 N2O4/
Au,4 N2O/Pt,3, 20 CH3Br/Pt.8  When the CH3 signal intensity
was monitored by Marsh et al.8 as a function of coverage of the
thin layer CH3Br on Pt, the intensity increased first up to four
monolayers (4 ML) and then decreased drastically.  Coupled
with the fact that the fragment velocity is lower relative to the
expected gas-phase velocity, it was concluded that the charge
transfer process is dominating the fragmentation at low cover-

Fig. 7. Signal intensities of NO(v � 0, Q-head) versus re-
action chamber pressure, P.  Solid curves are for eye clari-
ty.  Signal intensities of NO are measured for component a
of Fig. 6 at 193 nm and for component b at 351 nm.  T �
85 K.

Fig. 8. REMPI TOF spectrum of O(3P2) from the 193 nm
photodissociation of N2O4 on Au.  The inset shows the
REMPI excitation spectrum of O(3P2), the flat head of
which is due to the two different upper j’ levels.  T � 80 K
and P � 5�10�8 Torr.

∆H(kJ mol�1) λthreshold(nm)

N2O4 → NO2 � NO � O 368 325 (3)
NO3 � NO 155 430 (4)
N2O3 � O 322 370 (5)
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age of ∼1 ML. This slow channel dies off steadily from 4 ML
to complete extinction at ∼10 ML.  Sato et al.4 reported that
NO is produced from the photodissociation of N2O4 on
Au(111) at λ ~ 350 nm (3.5 eV) and its yield is inhibited by the
overlayer (> 5 ML) of N2O4.  In our case, Fig. 7 shows that the
signal inhibition starts at P � 5�10�8 Torr, hence we suggest
that the coverage at the typical pressure of P � 5�10�8 Torr is
4 to 5 ML.  This estimate was supported by our IRAS measure-
ment, which was conducted in a similar dozing condition with
a pulsed nozzle.

Since the work function of Au metal is 5.3 eV and the direct
electron transfer cannot be induced by the 351 nm excitation,
an enhancement mechanism by electron transfer from the sub-
strate may occur.  A large increase in the work function upon
NO2 adsorption on an Au surface implies significant electron
transfer from the substrate to chemisorbed NO2.5  Successive
electron transfer would occur from the chemisorbed NO2 to
multilayer N2O4 to form a surface species, N2O4

�.  Thus, it is
reasonable to assume that a similar dissociation mechanism
occurs in the present experiment at 351 nm.  The electron at-
tachment mechanism is also favored to explain the channel
where oxygen atoms remain trapped on the Au surface after
the photodissociation.

Concerning other possible pathways for the NO formation,
the one-color dissociation process of NO2 and N2O4 in the gas
phase by the probe laser pulse could be a candidate. When
Rieley et al.21 investigated the photodissociation of N2O4 mul-
tilayers on water layers/Cu at 355 nm, since the size of the
H2O multilayers was 30 ML, no surface mediated process can
occur.  The direct photoabsorption process of N2O4 at 355 nm
results in the formation of NO2 due to N–N bond scission and
no desorption of N2O4.  They estimated the translational ener-
gy of the NO2 fragment from the surface is 17 meV or 100 K.
If, in the present experiment, NO2 desorption were followed by
its dissociation process due to the probe laser pulse at 226 nm,
the 226 nm one-color dissociation would give the signal of
highly internally excited NO and also O.  However, in the
present experiment, a) the observed NO was internally cold, b)
O(3Pj) was not detected.  Hence, in our experiment at 351 nm,
we can eliminate the possibility of the 226 nm one-color disso-
ciation process for the NO formation from gas-phase NO2.

About the effect of polarization of the incident laser light, s-
and p-polarized light, Is/Ip was 0.65�0.03.  This ratio is close
to that for Au surface photoabsorption.  The ratio (1�Rs)/
(1�Rp) for Au at 351 nm is 0.68, where Rs and Rp are the re-
flection coefficients of the Au substrate.  This result is consis-
tent with the surface-mediated mechanism.  The other photo-
process could occur by the electric field induced on the Au
surface.  The induced field intensities parallel or perpendicular
to the surface are calculated with complex refractive indexes
and the angle of incidence, φ.  Details of electromagnetic theo-
ry are given by McIntyre22 and Richter et al.23  In our case, φ
was fixed at 45˚.  According to Ying and Ho,24 the microscopic
field that the surface adsorbed molecules feel is equivalent to
the geometric mean of the macroscopic fields between the vac-
uum and the substrate sides.  So, we used the dielectric con-
stant εeff � 2.54 for the calculation.  The weak electronic tran-
sition of N2O4 at 351 nm is Y-polarized or 1B2u in D2h.25, 26  If
the orientation of the N–N axis of the adsorbed molecules is

perpendicular to the surface (θ � 0˚), Is/Ip is calculated to be
0.718.  For the case of random orientation (θ � 54.7˚), the ra-
tio is 0.567.  Since the experimental value is in between these
two calculated values, it would not be possible to distinguish
the two excitation processes (microscopic electric field or sur-
face-mediated) solely on the basis of the polarization ratio
measurement.  Sato et al.4 reported the large reduction effect of
5 ML water layer in the photodissociation of N2O4 on Au at
350 nm.  If the photodissociation takes place by microscopic
electric field, there would be no such effect.  Thus, we can con-
clude that the present photoexcitation process at 351 nm is sur-
face-mediated.

A-2. Photodissociation at 193 nm.    The photon energies
at 193 and 248 nm are well above the threshold energy of the
formation of NO and O via processes (3–5).  Hasselbrink et
al.2 reported the formation of NO from N2O4 on Pd(111) at 193
nm by the laser-induced fluorescence method.  In our experi-
ment, the effect of the coverage of N2O4 on the time-of-flight
spectrum of NO at T � 85 K is shown in Figs. 6 and 7.  The
linear increase of the NO signal intensity for 193 nm suggests
the photodissociation of the topmost layers.  Thus, only a
slight shape change of the TOF spectra is seen for the pressure
range P � 1�10�10�8 Torr in Fig. 6.  The fast component a
comes from the photodissociation of the topmost layers of the
multilayered N2O4.  The slow component b comes mostly from
the photodissociation of the near-surface N2O4 on Au and part-
ly from the surface-mediated process.  The photofragments b
are translationally and rotationally relaxed almost to the sub-
strate temperature because they undergo rapid relaxation with
the metal substrate and by collision with molecules before they
come out to the gas phase from the surface.

Concerning the effect of polarization of the incident laser
light, s- and p-polarized light, the ratio Is/Ip was 0.88 � 0.05 at
193 nm.  Although this ratio is close to that for surface photo-
absorption, (1�Rs)/(1�Rp) � 0.75, the discussion described
above suggests that the dissociation at 193 nm does not occur
via the surface-mediated process, but via the direct photoab-
sorption of N2O4 with the induced electric field on the Au sur-
face.  The strong electronic transition of N2O4 at 185 nm is the-
oretically and experimentally attributed to Z-polarization or
1B1 in D2h.26–28  Using εeff � 1.84, Is/Ip is theoretically calculat-
ed to be zero for the perfectly ordered N2O4 case (θ � 0˚), and
0.564 for the randomly oriented case (θ � 54.7˚).  The calcu-
lated value for the random case seems to be in fair agreement
with the experimental result.  However, the random orientation
is not the case according to the IRAS measurements, that is,
N2O4 layers on Au(111) should be ordered layers with the N–N
axis perpendicular to the Au surface.  Here is our explanation
for this discrepancy between the experimental polarization ra-
tio and the theoretical one for the oriented adlayers.  As dis-
cussed above, the coverage of N2O4 under our typical experi-
mental conditions was about four to five monolayers.  By the
present intermittent dosing regime of N2O4, the Au surface was
almost replenished between the photodissociation laser shots,
even for the s-polarized light.  Thus, the polarization did not
work properly for thin-layered molecules, and hence the ratio
became close to unity.

B. Effect of the Adsorption States of N2O4 on Dissocia-
tion Dynamics at 193 nm.    The adsorption states of NO2 on
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Au were investigated with various methods.4–7  At 100 K, NO2

is adsorbed molecularly to form a Au–O,O nitrosyl surface–
chelate with C2v symmetry, which is referred as chemisorbed
NO2.  The saturation coverage of chemisorbed NO2 is 0.4 ML.
After the chemisorbed state is saturated, crystalline N2O4 mul-
tilayers are formed at 100 K with large exposures of NO2.
Crystalline N2O4 multilayers are aligned preferentially with
the N–N axis perpendicular to the Au(111) surface.  The three
different TPD peaks of NO2 from N2O4 on a single crystalline
Au(111) surface at three different temperatures, 206, 152 and
132 K, are attributable to desorption of chemisorbed NO2, sur-
face N2O4 adsorbed directly on Au, and multilayer N2O4, re-
spectively.

According to IRAS measurements, the multilayer N2O4

forms an ordered layer, while the surface N2O4 is randomly
oriented on the Au. In Fig. 3, as the substrate temperature T is
increased from 80 to 140 K, the adsorption state of the N2O4

layers changes.  Multilayer N2O4 is formed at 80 K, while only
the surface N2O4 remains on the surface at ~132 K. In Fig. 3,
this change in the adsorption state is seen by the change in the
relative contributions of the two different TOF components a
and b.  At T � 80 K, most of N2O4 are the multilayer N2O4 that
feel weak interaction, giving the fast component a.  At 140 K,
the surface N2O4 on Au absorb a 193 nm photon. Since it feels
strong interaction with the Au surface, its photodissociation
produces predominantly the slow component b. The dominant
component b at T � 120 K is attributable to the slowed com-
ponents due to its direct contact with Au and due to collisions
before the NO fragments come out to the gas phase.

The lower panel of Fig. 3 shows the TOF spectrum for the
surface N2O4 adsorbed on Au, which consists of component b.
However, the TOF spectrum for P � 1�10�8 Torr and T � 85
K consists mostly of component a.  Under this experimental
condition, the average coverage is estimated to be one ML,
based on the pressure.  This difference arises from the differ-
ence in the adsorption state.  When the substrate temperature T
is much lower than the desorption temperature (132 K), the
pulse deposition of NO2 would not form a uniform monolayer
on Au due to the short duration of 50 ms between pulse deposi-
tion and photolysis laser.  Probably a part of the Au surface is
covered with a multilayer, the topmost layer of which has a
larger photodissociation cross section than the surface N2O4. 

C. Energy Partition in Translational and Rotational De-
grees of Freedom.    The translational temperatures of NO in-
crease linearly with the rotational temperatures, as described in
Section B of Results.  In order to explain the energy partition,
we assume an impulse model for direct photodissociation; that
is, the consequence of a strong impulsive force acts between
atoms.  As shown schematically in Fig. 9, NO molecule is
forced to separate from the surface species with pNO, and the
resulting torque by separation imparts angular momentum on
the NO fragment.  Let the c.m. momentum of NO be pcm and
the angular momentum of NO be jNO; then, Et � (pcm)2/2(mO �
mN), and Er � (jNO)2/2I, where µ and I are a reduced mass and
a moment of inertia of NO. Using the relationships pcm �
pNOcosθ and jNO � rcm�pNO, where θ is the angle between an
molecular axis and pNO as defined in Fig.9 and rcm is the dis-
tance between the center-of-mass of NO and the N atom, the
following relation is given:

Erot/Etrans � [mOmN/(mO + mN)]2 � 0.25. (3)

Using Erot/Etrans � Trot/2Ttrans, the experimental ratio is 0.23,
which is in agreement with the simple momentum conserva-
tion rule.

Conclusion

An N2O4 multilayer (typically 5 ML) adsorbed on polycrys-
talline Au(111) is photodissociated at λ � 193 and 351 nm at
85 K.  At 193 nm, the adsorbed N2O4 is directly excited by in-
duced electric field on the Au surface to produce NO and O.
The translational energy distribution of NO corresponds to a
composite of two Maxwell translational distributions: the fast
component of Ttrans � 600 � 30 K comes from the photodisso-
ciation of the top-most layers, the slow component of Ttrans �
85–140 K is attributed to rapid relaxation on the Au surface
and also to collisions due to the multilayer dissociation.  At
351 nm, the photodissociation process is induced by an en-
hancement mechanism via electron transfer from the Au sub-
strate. Most of the photofragments are translationally relaxed
due to the multilayer dissociation.
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