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Abstract. Adsorption and decomposition of formic acid A versatile way to elucidate such an evidence is the use
(DCOOD) onNiO(111)/Ni(111) andNi(111) surfaces under of laser irradiation. Lasers enabled us to initiate a reaction
ultrahigh vacuum (UHV) conditions and the steady flow ofin a well-defined and well-controlled fashion and the use of
DCOOD gas were investigated by sum-frequency generatiosuch spectroscopic techniques as time-resolved IRAS using
(SFG) spectroscopy. Formates adsorbed via two carbonpllsed infrared sources, and sum-frequency generation (SFG)
oxygen atoms were produced by the adsorption and thgpectroscopy has made it possible to probe the surface species
species on the oxide surface had two orientations in UHV; thearticipating in a reaction without desorption [6—9]. These
species which decomposed at aro@@d K was tilted from  techniques made possible not only the characterization of sur-
the surface normal and that decomposing &00 Kwas ver-  face species but also the probing of the reaction in real time
tical to the surface. We induced the decomposition on théo get information on the energy flow in the events. A major
oxide surface by irradiation with picosecoh@64 nmpulses  achievement of this kind of experiment has been the measure-
which caused the surface temperature to jump~b§00K  ment of relaxation times of vibrational energy from adsorbed
with ~ 100 psdecay time. The transient temperature jumpmolecules to surfaces [10—14].

transformed reversibly the stable formates to the monodentate We have recently succeeded in performing an experiment
formate adsorbed via one oxygen atom and the decompoaimed at the characterization of chemical reactions on sur-
ition occurred atLl00 K above the onset temperatl285K  faces [15]. The basic idea is that temperatures of several hun-
of the transformation. The transformation was ascribed to thdreds to a thousand Kelvin can be realized for only a short
shift of chemical equilibrium due to the laser induced tem-period of time on surfaces by the irradiation of ultrashort
perature jJump. The energy difference between the two speci¢agser pulses, and the density of the reaction intermediates
and the activation energy for the decomposition of monoderproduced under such conditions can be much higher than

tate formate were derived. that occurring in conventional experiments such as tempera-
ture programmed desorption (TPD) [16—18]. The extremely
PACS: 68.35.J; 78.47; 82.40 short rise and rapid fall of surface temperature realizes an in-

stantaneous accumulation of transient species enabling us to
) _ ) detect and follow the time course of the species by SFG spec-
The undel‘standlng of the dynam|CS of surface chemical rea@roscopy_ In the experiment, the thermal decomposition of
tions at the microscopic level is the major subject of surfacgormate (DCOO) on théli(111) andNiO(111) surfaces was
chemistry and the observation of chemical species producefduced by irradiation with picosecod®64 nmlaser pulses,
during a reaction at surfaces is vital to the characterizatiofyhich induce a transient temperature jump-0300 K.

of dynamical pathways of the reaction in which the adsorbed The decomposition of formic acid on single crystal metal
molecules or atoms react and desorb from or are incorpging oxide surfaces has been investigated for the past three
rated into the surface, and the presence of short-lived intetecades using TPD and conventional vibration spectroscopies
mediate species has been postulated for most surface reagrch as HREELS and IRAS [19-26], and the presence of
tions. Intensive investigations have been carried out in thgyrface formate species either on the adsorption of formic
past few decades using conventional surface vibrational spegeid at room temperature or on annealing surfaces with ad-
troscopic techniques such as infrared reflection absorptiogorhed formic acid at low temperatures has been verified.
spectroscopy (IRAS) and high resolution electron energy losghesestableformates are adsorbed at two carbonyl oxygens
spectroscopy (HREELS) [1-5], but clear evidence for thesither to two surface atoms (bridged configuration) or to one
species participating in the reactions has been lacking.  syrface atom (bidentate configuration) and decompose at ele-
- vated temperatures to yielth andCO, (dehydrogenation) or

* Corresponding author. E-mail: chirose@csd.res.titech.ac.jp H,0 andCO (dehydration) as desorbates. We previously in-
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vestigated by IRAS the thermal decomposition of formic acidand p-polarized infrared (IR) pulses [denoted gp) polar-
over theNiO(111) surface under heavy flow of formic acid ization combination] and those observed by thgolarized
and revealed that monodentate formate, which is bonded tasible and p-polarized IR pulses [denoted asp| polar-
the surface via the oxygen atom of tie-O bond of carboxyl ization combination] are plotted as open circles. The solid
group instead of two oxygen atoms of the carbonyl grouplines drawn through the data points are the theoretical spec-
appeared when the decomposition started [27, 28]. Howevera obtained by simulation [29,32]. Th€E—D stretching
the experiment allowed us neither to verify whether the nevbands a2160 cnt* for the DCOQ'NiO(111) and2196 cnrt
species was the intermediate of the reaction or produced dgr the DCOQNi(111) systems are in line with our pre-
secondary or side reactions, nor to elucidate the dynamica&lous IRAS observation where the appearance of charac-
behavior of the surface species by the static IRAS meageristic vibrational bands proved the presence of bidentate
urement. The pump—probe experiment using a combinatioand bridged formates on th&iO(111) andNi(111) sur-
of the laser-induced temperature jump and probing by timefaces, respectively [27, 29, 32]. A previous paper on the SFG
resolved SFG spectroscopy provided the lacking informatiorspectra of formate on clean and oxide-layer&({L00) sur-
This paper describes the results obtained for the DCOOfaces reported that the signals due to teH stretching
NiO(111) system, and another article in this issue [29] givesnode of formate were observed only for thap) polariza-
a detailed account of the SFG spectroscopy and the results fitcon combination [33], and a vertical orientation of tGe-H
the DCOQ'Ni(111) system. bond was postulated for both surfaces. The present obser-
vation of signals for both thepp) and €p combinations
on the DCOQNIO(111)/Ni(111) system is thus exceptional.
1 Experimental The SFG signal derives from the second-order susceptibility
which in turn is the product of the Raman polarizability ten-
Details of the optical setup for SFG and the ultra high vac-
uum (UHV) chamber used for the present experiments are
described in a separate paper in this issue [29]. GRS, %mm
A cleanNi(111) surface, obtained by repeated cycles o (sp)

Ar ion bombardment followed by annealing 500 K with
the cleanliness and orderliness of the surface being cor T T | T I T T
firmed by AES and LEED observations, respectively, was

y e 2000 2100 2200 2300

oxidized by repeated cycles of dosing wit®00L (1L =
1x108Torrs 1 Torr= 133 Pa of oxygen at570K and
annealing a50 K in vacuum [26—-28]. Three such cycles
gave sharp LEED spots proving the formation of {Be 2)-
NiO(111) phase. The peak-to-peak ratio of 1.75 of the AES
OkLL peak ab10 eVwith respect to th&li vy peak aB48 eV
indicated the formation of about 5 monolayers of oxide [21-
23]. The adsorption sites on the resulting oxide surface wer
dominated by fully oxidized sites as proved by the IRAS anc
SFG spectra of the surface adsorbeddsy as reported pre-
viously [26]. Commercial formic acid (DCOOD) with9.5%
purity was purified by repeated freeze—pump-thaw cycle
prior to use. DCOOD is known to adsorb as formate abow
160 K on theNiO(111) [27, 30, 31] and abov&00 K on the
Ni(111) surfaces [29] with bidentate and bridged configura
tions, respectively.

The measurements under UHV were made at various cov
erages and temperatures while those under irradiation wit
picosecond laser pulses were carried out at various temper
tures and under an atmosphere3of 10~° Pa formic acid
(DCOOD) to maintain a constant coverage.

2 Results and discussion

2.1 Adsorption and decomposition of formic acid under
UHV conditions

We first describe the results of the SFG measurements of

the formate-coveredNiO(111) andNi(111) surfaces per- _ _ _

formed under UHV conditions. The spectra observed for th&9 (};z% (81'1:% /ﬁlp(elcff; '(”) th%*,\lp(lsfle)mh';‘fg regb'(;’”? 2°5f0”}‘<e P00 satu-
. . rate | | @) an | surfacesq) a unaer

NIO(lll) and\“(lll) Surf.ace.s’ dosed by DCOOD .to Satura_conditions. The spectra obtained by using tipgp)(and 6€p polarization

tion at 250 K,_t'?\re ShOV\!ﬂ in Fig. 1? and b, res_peC“V.el_V- Thecombinations are plotted apen circles Solid linesare the theoretical fits

signal intensities obtained by using tipepolarized visible  as described in the text
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sor and the transition moment of the vibrational mode. Takingpbserved at various substrate temperatures for the DCOO-
theC—D axis as the axis of the molecule-fixedapc) coordi-  saturatedNiO(111) surface under UHV. The measured sur-
nate system and assumi@g, symmetry for theC—D bond, faces were prepared by the dosing to the full coverage by
the Raman tensor for tHe—D stretching mode is dominated DCOOD molecules ai50 K and heating to the measured
by acc [32—34] and the transition dipole vector lies along thetemperature, and the spectra obtained for th@ é@nd 6p
caxis. Thus the SFG polarizability is dominatedfy. com-  polarization combinations are shown on the left and right
ponent and the SFG signal is generated only when the electriand sides, respectively. The vibrational resonances observed
fields of the infrared and visible light beams have compo-on the surface at50 K, with the signal for the fp) com-
nents along the€—D bond. Incidentally, the observed SFG bination having a broad band peaked at arogaa0 cnt*
signals were p and s polarized for thepf and 6p) combi-  and tailed to abou?240cnt? and that for the £p) combi-
nations, respectively, indicating that the surface orientation afiation displaying two bands peaked at 2200 2885 cnr?,
the C—D bonds were two-dimensionally isotropic [32]. The are probably due to thé—D stretching modes of physisorbed
appearance of SFG signals for both tipp)(and 6p) combi-  formic acid and multilayer. When the temperature was raised
nations implies that th€—D bond on theNiO(111) surface to 200K, the above bands almost disappeared and a new
is tilted from the surface normal as shown in the inset oband developed a160cnt!. The frequency is character-
Fig. 1a. This is explained by noting that th8O(111) sur- istic of the C—D stretching mode of bidentate formate and
face is known to be the (R 2) oxygen-terminated one with the appearance reflects the dissociation of DCOOD to DCOO
oxygen anions@®?") lying on the top layer. The adsorption and D. The signals grew up ®50 K, but, on further heat-
sitesNi%* are then located along the slopes of the (100) miing to 350-400 K, the signal for thegp) combination disap-
crofacets and the formates with the molecular plane verticgleared and only the signal for thed) combination remained,
to the (100) face are tilted from the (111) face accordingly. thoughweakened, and this too disappeared at higher tempera-
The thermal stability of the formate was investigated bytures.
TPD and SFG spectroscopy. Shown in Fig. 2a are the TPD Referring to the TPD results (Fig. 2a), we can postulate
spectra obtained from thiO(111) surface after exposure that there exist two types of formates on the surface: ones
to the saturation coverage of formate280 K. The corre- that have theC—D bond tilted from the surface normal and
sponding data for thali(111) surface are given in [29]. One started to decompose at250 K and others having the—D
sees from Fig. 2a that the surface formate decomposBd to bond vertical to the surface, which started to decompose at
and CO;, at 340-390K and 520K and toCO and D,O at  ~ 400 K. However, the present data alone cannot answer the
415 and520K [26]. Figure 2b compares the SFG spectraquestion of whether the two types of formates were produced
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together at the time of dissociation or whether the formate$he spectra observed at delay times-df00 ps 0 ps(imply-

which survived the first decomposition changed their orientaing actually a delay time of 20 pswhen maximal spectral

tion afterwards. changes were observed), ard 00 psare shown for each
substrate temperature, and the SFG signals obtained by using

2.2 Dynamics of decomposition of formic acid (DCOOD) on(PP) combination, shown in Fig. 3a, wene-polarized and
NiO(111) under irradiation with picosecond laser those obtained by usingi) combination, shown in Fig. 3b,
pulses were s-polarized. The irradiation induced no signal change

when the substrate temperature was beR®0 K but there
We now proceed to describe the results observed on induesas an apparent change when the substrate temperature ex-
ing a pulsed temperature jump to the system under continuowgeded®75 K. However, the spectra observed-&t00 psde-
flow of DCOOD. As described in [29], the surface and ad-lay time, that is,100 psbefore the pumping, were the same
sorbed molecules do not resonate with the light®64 nm as those observed without the pumping, indicating that the
wavelength except for the production of hot carriers in thdrradiation-induced changes were restored durin@thsin-
bulk. Thus a temperature jump of ab®@0 Kwas the result terval of the pulse repetition. When the delay time WS
of the irradiation with thet064 nmpulses. the 2160 cnT! peak weakened and a new peak appeared at
Under UHV conditions, the irradiation of the formate- 2190 cnt!, which was assigned to the;p of monodentate
saturated surfaces caused the SFG ban@1&0cnt! to  formate [15], and, when the surface temperature 475K,
disappear during the frequency scan indicating the deconthe 2190 cnt! peak was present even-af00 psdelay time
position or desorption of surface formates presumably by thandicating that the formation of the species was activated by
intermittent and more thah0®% increase of the pulse en- the temperature. The resonance peak ofGhe O stretch-
ergy. But the situation changed when tHg(111)/Ni(111) ing band, observed on th¢i(111) surface [29], was not ob-
surface was kept under the steady flow of DCOOD aserved, and th€ = O bond of the monodentate formate on
3x10°Pg measured by a BA gauge at some distanceéhe oxide surface was postulated to lie parallel to the sur-
downstream from the surface. Under this condition, the SF@ace. One notes that the intensity of the vibrational peak at
signals stayed the same. 2160 cnT?, which was assigned to th@-D stretching band
Shown in Fig. 3 are the SFG spectra in theD stretch-  vcp of bidentate formate [15], for thesf) combination was
ing region obtained from the DCOO-coverdD (111) sur- considerably weaker than that observed for thg) combi-
face which was irradiated at various substrate temperaturesation. It is thus suggested that t8e-D bond of the biden-
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Fig.3a,b. SFG spectra obtained at different delay times on the D@QO(111)/Ni(111) system under the irradiation 4064 nmpump pulses of
10 mJpulseenergy and at various substrate temperatures. The surface was under the steady flow of DGRQD atPa The spectra observed for the
(pp) and &p polarization combinations are shownarandb, respectively.Solid linesare theoretical profiles for thecp bands (see text for details)



tate formate under steady flow remained similar to that ir
UHV at relatively low substrate temperature and was tiltec
from the surface normal. On the other hand, the intensit
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b): probed at
2190 cm™1

of the transien2190cnT! peak for the §p combination s
is considerably higher than that for thep] combination 275K
and thus thec—D bond of the monodentate formate should T T T
be pointed significantly away from the surface normal. The
observed spectra were fitted to the squares of the nonlit
ear susceptibility tensor having two vibrational resonances ¢ ' T

2160 and2190 CfTTl, [ XNR + x2160/ (1R — 2160+ i1%160) + m°° W

X2190/ (WIR — 2190+ iF2190)|2 (Wherea)|R is the frequency in % ;ég 325K

cmt of the IR pulses 2160 and x2190 are the amplitudes, o o

and 160 and 190 are the HWHM widths of the two vi- if

brational bands, respectively) [29, 32]. Thus derived values ¢ : ;

parameters are listed in Table 1 along with the values derive . RS

for the DCOQ'Ni(111) system described in [29]. Hypothet- 33

ical component signals(NR + X2160/(a)|R — 2160+ iF2160)|2 5 °<; 375K 5

and | xnr + x2190/ (@r — 2190+ iF2190)|2 as obtained by the = acj 8

fitting are shown by the solid lines with shifted baselines.Z £

The asymmetric shape of the component signals is due 1§ ' T ! § ' '

the vibration-nonresonant nonlinear tepir. Temperature- & | == e : =,

dependent shifts of peak frequency were negligible for all th K $ & %‘% «
400 K 400

vep bands observed. As described in [29], only thp)(com-
bination gave SFG signals and no signal was observed ft 9
the p) combination on theNi(111) surface and the vibra-
tional resonance due to thep band of the bridged formate
was observed @196 cnt!. The2196 cnt? signal weakened

and a new signal due to tl@= O stretching mode of mon- S
odentate formate appearedlat1 8 cnt? at the instant of the 8
irradiation with thel064 nmlaser pulses. s

The observed signal-to-noise ratio was high enoughtoa
low us to perform the delay-scan experiment. The results ar
shown in Fig. 4, where the intensities of the SFG signals &
2160 and2190 cnt? are plotted against the delay times im-
posed between the pump pulse and the pulses for the SF ja@%
measurement. The measurements were made for ghe ( i i
combination and at various substrate temperatures. The r 400 o 100 200 300 400 0 100 200 300
sults confirmed the above-stated features that no irradiatiol delay time / ps delay time / ps
induced change was observed bel@80 K and the change Fig. 4a,b. Changes by delay time of the SFG signals at 21#0and at
became appreciable when the surface was aBd%300 K. 2190 cnr? (b) of the DCOO-coverediO(111)/Ni(111) surface at various
In addition, both the irradiation-induced intensity loss atsubstrate temperatures. The surface was under the steady flow of DCOOD
2160 cnt? and the transient signal 2190 cnt? recovered —at3x10~°Pa and the pp) polarization combination was used

Table 1. The values of parameters derived from the fitting of the SFG spectra of DROQL11) and DCO@Ni(111) systems at various temperatures

DCOO/NIO(111} DCOO/Ni(111)
Temp./K  delay/ps xR xReo D160 P 190 Temp./K  delay/ps  x"R xNos 196
—-100 0.21 3.82 18.72 — — —-100 0.121 3.59 11.32
300 0 0.24 3.81 18.53 - - 250 0 0.112 3.58 11.38
100 0.23 3.81 18.24 - - 100 0.081 3.58 11.28
—-100 0.17 3.71 17.89 - — —-100 0.112 3.59 11.32
325 0 0.21 3.51 18.12 1.12 10.42 275 0 0.101 3.47 11.46
100 0.23 3.72 18.11 — — 100 0.120 3.60 11.27
—-100 0.12 3.72 19.49 — — —-100 0.091 3.74 11.72
375 0 0.29 3.47 20.12 1.32 11.62 300 0 0.080 3.40 11.89
100 0.12 3.72 19.49 - - 100 0.101 3.66 11.60
—-100 0.18 3.86 21.11 - — —-100 0.036 3.42 12.24
400 0 0.26 3.49 21.50 2.18 11.88 320 0 0.054 3.13 12.91
100 0.18 3.60 20.51 0.12 9.32 100 0.065 3.25 12.76

a The wir Were fixed a2160and 2190 cnr?!
b wir was fixed a2196 cntt
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within 100-200 psat the temperatures belo875 K but not
fully at the temperatures higher th&@®0 K The similarity
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