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Vacuum ultraviolet surface photochemistry of water adsorbed on graphite
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We report a study of the vacuum ultraviol®UV) surface photochemistry of 4@ (D,0) films on

a graphite substrate at 80 K. Experiments utilized a He discharge lamp to generate VUV photons.
For 21 eV excitation, FI (D™) is the only ionic fragment observed in desorption. When 41-eV
photons are used, H(D™) is again observed: however, photochemically producgdH(D;0")

is also detected. The ratio of Tto D;O" depends upon the water coverage. Furthermore, 4@ D

signal is larger than D, whereas the kD" signal is smaller than H for irradiation of adsorbed

D,0 and HO, respectively. At low coverages where the average coordination of water is also lower,
D;O" production is enhanced compared with higher coverages. The formation,@f Os
attributed to the reaction of the photodissociation productviith adsorbed BO. We suggest that

the opening of the BO™ product channel at 41 eV and its preponderance oveisDelated to the
higher kinetic energy of, and consequently greater momentum transfer by, thend® created
through D,O photodissociation at this photon energy. We also suggest that there is a propensity for
a hydrogen bonded O-D to break preferentially over a free O-D bond after photoexcitation.

© 2002 American Institute of Physics. [DOI: 10.1063/1.1506143

I. INTRODUCTION trons on water films adsorbed on(Pt1).3*?4-3They ob-
served two thresholds for Ddesorption from adsorbed,D
Diverse phenomena, ranging from the evolution of inter-near 22—24 and-40 eV. The time-of-fligh TOF) distribu-
stellar and protoplanetary clodds to semiconductor tion is at least bimodal, indicating multiple desorption chan-
processing;” are influenced by surface photochemistry. Thenels. The ground electronic configuration of the water mol-
chemistry induced by electronic excitation of water ices atecule is &3 2aZ 1b3 3a? 1b2. In water ice, the electronic
energies corresponding to the vacuum ultravildtV) re-  states are localized so that the same notation can be used to
gion is of particular interest in an astrochemical setfig.  describe the electronic states. Orlando and co-workers as-
Noell et al.*® performed detailed studies of the yield and cripe the relevant electronic excitations ta;3 1b;* 4al
kinetic energy distribution of H desorbed from KO ad-  and/or % 2 4al, which lead to slow D ions, and b;?
sorbed on Nil1]) via electron-stimulated desorptiéBSD).  4al, which leads to the desorption of fast Dons. In other
The threshold for H desorption lies at an incident energy of \yords, two-hole, one-electron states are thought to be prima-
20-21 eV. This is significantly above the gas-phase thresholq|y responsible for excitations that lead to*Ddesorption.
for dissociative photoionizatio(DPI) of 18.76 eV, where a The D" yield from amorphous ice rises very rapidly up to
significant H" yield is observed. The kinetic energy of H 5 monolayergML ), then rises more slowly to a maximum
ions desorbed by electrons near threshold peaks1aeV,  near 5 ML, before falling to an asymptotic level abov@s
whereas.electrons mc@ent W|_th energies above 25 _eV_Iead IL. The thickness dependence of thé Bignal from amor-
substantially hotter H ions with a kinetic energy distribu- nqs ice is very different from that observed in crystalline

tion extending above 10 eV. In this study, as well as earliefce ang s ascribed to the formation of clusters and their
ESD(Ref. 17 and photon-stimulated desorpn(ﬁSD)é(Ref. coalescence at higher coverage. For 100-eV electrohssD
18) studies, Stulen and co-workers determined thatwhs the primary cation desorbed.

the majority cationic species being desorbed. This is consis- Chakarov and Kasemo have investigated the photochem-

tent with a number of other desorption induced by electroniq ; ;

. . stry of the water-graphite system at low photon energies
transition (DIET) studies of adsorbed 4@, both for ESD (<g eV) 36-38 Suchglovs-energ);/ photons are F())nly able togiJn-
(Refs. 19-21 and PSD(Refs. 22 and 28 duce desorption or dissociation in the presence of coad-

Orlando and co-workers have carried out extensive stud- .
. . . ; r lkali-metal ms. They have al hown that th
ies of desorption and chemistry induced by 5-100 eV elecSO bed alkali-metal atoms ey have also shown that the

water-graphite interaction is extremely weak. At low cover-
age, the adsorbed layer is composed of a mixture of two-
dCorresponding author. Current address: Department of Chemistry, Queatimensional(2D) and three-dimensiondBD) islands. Be-
Mary University of London, Mile End Road, London E1 4NS, UK. Fax: ; ; ;
+44-20-7882-7794. Electronic mail: K.W.Kolasinski@gmul.ac.uk cause of the weak interaction with the surface, adsorbed
bCurrent address: Laboratoire de Photophysique "Moére, Universite Water clusters prOEJOably h_ave St”-_'CtureS close to th_ose found
Paris Sud 91405 Orsay, France. in the gas phase,™ consistent with recent calculations by
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Cabrera Sanfelixt al.** Small gas-phase water clusters ( 2
<7) form 2D ring structures. Larger clusters form 3D cubic T (a) 0.2L D,O
structures; however, numerous isomers have similar energie: 7
In this paper, we describe experiments in which we have 7 o
irradiated water layers adsorbed on graphite at 80 K. The T2 W 42
water coverage was varied from the submonolayer regime tc = Ll .
~7 ML. Photons of energy 21 and 41 eV were used. We find - 2
that the yields of ionic fragments in photon stimulated de- &N (b) 1.2L DQO
sorption depend on the isotopomer of water, the water cov-&2
erage, and the incident photon energy. We propose a two-ste @ -, 2021 2
model for the production of gD*, the majority species de- 1 ) 1
sorbed at 41 eV excitation, in which an ion-molecule reac- £ | 22
tion in the adsorbed layer follows dissociative photoioniza- @ | (c)3.6 LD,O
tion of adsorbed BO. This appears to be the first system N |
involving adsorbed BO in which the DIET yield of the ® 2 20 21
D;O" ion exceeds that of Dion. E 1 . <\ 42
O
prd 22
Il. EXPERIMENT = (d)6.0LD,0O
All experiments were performed in an ultrahigh-vacuum 5) -2 21
chamber with a base pressure below 20 ° Torr. The ¢ 20
substrate was highly oriented pyrolitic graphiteOPG), g L.l -1|
grade ZYXB (Advanced Ceramigswhich was cleaned by — | 22
electron bombardment heating. The sample could be coole: | (e)12L DO
with liquid nitrogen to~80 K, the temperature at which both )
dosing and irradiation were performed. The temperature of | 2021
the substrate was monitored either with a rhodium-iron resis- | TNy
tance thermometer attached to the sample holder or with ¢ ' 22
K-type thermocouple clamped directly on the substrate. 89 )18 L D2()
Triple-distilled H,O or D,O (99.8% isotopically pure 06,
was purified by multiple freeze-pump-thaw cycles before be- >4 20 21
ing dosed onto the substrate. Adsorption of water was per- 02 H ‘\\I\‘l
formed by backfilling an antechamber with X0 8 Torr o0 ' o 2 0 A S
of the gas through a leak valve. After dosing, the gate valve
between the antechamber and main chamber was opened ai . Mass (m/z)
the substrate moved to the main chamber in front of a high- . .
intensity VUV helium lamp(VS1 model UVS 300, In this a5 X e e e e ey ne o

manner the main chamber was not exposed to water. The,0 exposure given in langmuirs (1=107° Torrs). The corresponding

lamp delivered photons with 21.21 e¥le I) and 40.82 eV  coverages range fromr0.08 to~7.5 ML. The ion yields are normalized to
. . ", . * g

(He 11), with intensities that depended on the helium pres{he DO signal.

sure used. The angle of incidence was 50° with respect to

the surface normal. The photon flux at the surface was ) ) ) . .
~2x 108 cm~2s° L. The graphite substrate was X.8.75 D;O" is found to desorb(Fig. 1). The total ion yield is

cm?, which was partially illuminated by a Gaussian beamSignificantly higher at 41 eV than at 21 eV. At the higher
profile with a 2r diameter of 0.40 cm energy, several other masses that are possibly observed: 6
. . - T
Desorbed positive ions were detected during irradiatior(DS?’ 20 (D0, DH,0™), 21 (HD0), apd 42 (BO;). )
with a pulse counting quadrupole mass spectromEtS) Partial exchange of H atoms for D gtoms m_the gas handling
placed normal to the surface. In all experiments, the samplgyStém or on the chamber walls is unavoidable and, thus,
was grounded through a picoammeter that allowed measur&XPlains the appearance of mixed isotope signals. Note, how-
ment of the sample current. Multiplexed mass spectra werEVer. that these signals are near the noise limit of our QMS
recorded with a dwell time of 100 ms per amu. Fox@ 100 detector. The noise limit is-0.028 in the units of Fig. 1 and

scans of 50 masses were typically averaged into one spe¥as calculated by determining the standard deviation in the
trum, yielding a total acquisition time of 500 s. signals for all masses not suspected of containing a legiti-
mate signal. The mean of these signals was subtracted off to

account for the electronic background. Whereas mass 6 ap-

pears only at high coverage, the mass 42 peak was only
The mass spectra measured during VUV irradiation ofobserved at low coverage. The weakness of the mass-20 peak

adsorbed RO layers depend on the photon energy. For He Imay seem surprising and indicates that the desorption prob-

radiation qv=21.21eV), only D is observed to desorb. ability of the molecular ion of water (BD") is very low

For He Il radiation hv=40.82 eV), not only D, but also  after photoionization. There may be some contribution to the

Ill. RESULTS
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0 5 10 15 20 FIG. 3. Schematic drawing of the bulk structure of ice is shown to illustrate
DO Exposure (Langmuir) the momentum transfer model. MolecuAeis initially hydrogen bonded to
moleculesB and C. After the O-D bond of molecul€ dissociates, the D
FIG. 2. Desorption yields of D, D,0*, and RO, as a function of RO ion collides with moleculé, which leads to the formation and desorption of

exposure. The ion yields are normalized to th@D signal. The noise level D;0".
is given to indicate the level at which an ion signal is no longer significant.

sence of O and OH" desorption within our level of detec-
mass-20 peak from the exchange product,DH. H,O lay- tion sensitivity.

ers, for which there is no interference from adventitious iso-
topic substitution, similarly exhibit an }0* peak that is
<10% of the HO™ peak when irradiated with 41-eV pho-
tons. Therefore, the dissociation and/or neutralization of wa- As D* and D;O" are the predominant desorption prod-
ter excited with either 21- or 41-eV photons is much moreucts, we concentrate our discussion on these two ions. We
likely than desorption of PO*. The absence of several other need to explain how D is formed, why it is only formed
peaks from DO-graphite, including 18 (OD), 32 (O;), 34  for excitation athv=40.82 eV excitation, and account for
(DO3), and 36 (BO;), is also significant. Such fragments the dependence of the relative proton and hydronium desorp-
would be expected if substantial quantities of photodissociation yields on coverage and isotopomer.
tion products were to accumulate on the surface, as has been Let us consider the ice structure outlined in Fig. 3, in
observed for much higher integrated photon expostir¥s. which a crystallite based on the bulk structure of water is
This finding supports the conclusion that we are looking atdepicted. The water-graphite interaction is very weak and
photodesorption products created directly from the adsorbedater is thought to form a mixture of 2D and 3D clusters on
water film rather than from the buildup of photodissociationthe surfacé® The binding energy of water is dominated by
products. Another feature of the mass spectral data is that theydrogen bonding between water moleciffeas the cover-
D,O" signal is always greater than the' Bignal at 41 eV. age increases, the thermal desorption peak shifts to higher
The coverage dependence of the ion desorption signaklsnergy*®*” This can be understood by recognizing that, as
for D,O-graphite is displayed in Fig. 2. The size of thé D the coverage increases and 3D clusters become predominant
signal relative to the BO™ signal increases as the coverage (eventually giving way to the bulk ice structiy¢he average
increase. Nonetheless, it never exceeds 0.45. Ti@ Big-  coordination number of water will increase towards its bulk
nal is roughly constant at0.08, whereas the {0, signal  value of~4. Small 2D water clusters such as those known in
drops rapidly from 0.09 at low coverage to below the noisethe gas phase have a coordination number of just 2. Surface
level at high coverage. Note that the signal levels in Figs. Water molecules in the perfect bulk structure have a coordi-
and 2 are normalized to the;D* intensity. When the abso- nation number of 3 and some expose free OD bonds that
lute signal level is considered, the dramatic increase in thgoint along the surface norm# .Since our films are grown
D*:D3O" ratio is primarily due to a decrease in the magni-at 80 K, they will be amorphous. This means that at any
tude of the QO™ signal. The D signal increases at low coverage there will be some number of defect sites with co-
exposure, but levels off at high exposure. ordination numbers less than 3. Nonetheless, we expect that,
If H,O is adsorbed on graphite instead of@ most of as the coverage increases, there will be an increase in the
the trends in the data remain the same. kor=21.21 eV, mean coordination number.
only H* is desorbed. Fonr=40.82 eV, H and HO" are In Fig. 3 the consequences of excitati@ither direct or
desorbed. However, there is one major difference comparesubstrate mediate¢dRefs. 43—45of the molecule labeled C
with D,O: the H' signal is larger than the 4™ signal at 41  are demonstrated. In the gas phase, excitation at both 21 and
eV excitation. This is significant because we expect the elecdl eV leads to dissociative photoionization, which results in
tronic excitations to be independent of the isotopomer. NdD™ production. MoleculéA is initially hydrogen bonded to
signal is found at either mass 16 or 17, indicating the abmoleculesB and C. When C photodissociates, the Dion

IV. DISCUSSION
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ated by 41 eV excitation does have sufficient energy to form

6=16 pmate i:<35ideeY1t and dislodge BO* from low coordination sites. However,
fa"“"’” ® electron since the mean coordination number increases with increas-

£ a energy ing coverage, we expect that the relativgd yield should
g g=2 = drop with increasing coverage. This is again consistent with
£ T i the measured data. Our momentum transfer model,6i'D
3 f %o " production is supported further by the"Ho H;O" signal
§ 9=03 o ratio. Since H is lighter than D', it must have significantly
£ it @ more initial kinetic energy to impart enough momentum to
55" B form and dislodge KO from the surface. This is borne out
| °e " in the data since the Hsignal is found to be much higher
. . . ST than the HO™ signal at 41 eV.
0 2 4 6 8 10 12 14 The gas-phase reaction of a hydrogen ion with a water
H- Kinetic Energy (eV) molecule to produce hydronium is exothermic by 7.3°2V.
Undoubtedly, some of this energy is used for desorption.
FIG. 4. Kinetic energy distribution of H ions measured by Noelt al.  Thjs |eads to a lower kinetic-energy threshold for the desorp-

(Ref. 16 for electron-stimulated desorptidimcident energy of 45 eMrom tion of hydronium than that calculated above. However. the
H,O films on Ni112) of various coverages. The vertical lines indicate upper ’ !

lon Counts (arb. units)

limits to the threshold D kinetic energy required to desorb,0* via col- lack of significant hydronium desforp.tion f.it 2leV _eXCitation
lision with a D,O molecule initially having either one or two hydrogen and the dependence of the relative ion yields on isotopomer
bonds at the surface. indicate that funneling of reaction exothermicity into the de-

sorption channel is not a major pathway of energy dissipa-
tion and cannot on its own account for the ion desorption

will move along the axis of its hydrogen bond with We signal. The channeling of reaction exothermicity into desorp-
can think of this as a type of surface alignedtion depends sensitively on the potential energy
photochemistry® Photon- or electron-driven dissociation at hypersurfacé® Whereas significant_energy transfer into
surfaces leading to neutral-neutfaf®4’-5! and ion-  Product CQ occurs for CO oxidatiori;~>*more relevant to
moleculé?~%* reactions has been observed in several othethe present case is;toxidation to form HO, for which the
systems. possible involvement of hydrogen-bonded clusters has also
If D;O* were formed in this way, we must also explain been discusset:®* For the latter reaction, virtually the entire
how it desorbs. Within the example given in Fig. 3, the na-exothermicity is dissipated into the substrate on(Ref. 62
scent RO" has to break its hydrogen bond Boas well as  and Pt(Ref. 63 surfaces.
overcome any image charge attraction to the surface. Esti- It is startling, nonetheless, that thg@" signal exceeds
mating the hydrogen bond strength as 0.25 eV and the imagée D" signal at 41 eV. The D:D;O" ratio changes from
charge attraction as 0.6 Ref. 52, we can calculate what roughly 1:25 at low coverage to 1:2 at high coverage. As Fig.
the minimum initial kinetic energy of the Dion must be if 3 shows, a significant fraction of the surface O-D bonds are
it is to transfer sufficient momentum to the®" to engen-  directed along the normal at high coverages. This is consis-
der desorption. The threshold'IXinetic energies when zero, tent with ESD ion angular distributioESDIAD) measure-
one, two, three, or four hydrogen bonds are broken are 6.80ents on ice multilayerS’ In small water clusters there is a
9.4, 12.1, 14.9, and 17.6 eV, respectively. Consequentiallyl:1 ratio of free to hydrogen-bonded O-D bonds. This ratio
desorbed BO* is most likely to be formed from BD thatis ~ decreases with increasing cluster size and approaches 1:6 for
adsorbed in low coordination sites. Since one of the hydrothe water molecules in the surface bilayer of a bulk ice crys-
gen bonds initially involves an atom that is incorporated intotal. All DPI events involving a free O-D bond lead to'D
the producti.e., D;O"), the number of hydrogen bonds that desorption as long as the'Ds not recaptured by the surface;
needs to be broken is one less than the original number dfowever, they cannot lead to the formation of@ . Some
hydrogen bonds. fraction of the DPI events involving hydrogen-bonded O-D
The H' kinetic energy distributions measured by Noell bonds engender {O desorption—the majority do not be-
et al.'® in ESD from HO films at an incident energy of 45 cause the the initial D kinetic energy does not exceed the
eV are reproduced in Fig. 4. We see a highly energetic disthreshold for QO" desorption. The remainder of these DPI
tribution extending beyond 10 eV. At 21 eV incident energy,events lead either to {®", which is recaptured at the sur-
the desorbed H has a distribution that is substantially less face or to inelastically scattered'D some of which desorbs
energetic, peaking below 1 eV. If we assume that the samas D". Therefore based on simple statistical argumeits,
excited states are involved in ESD and PSD, the kinetic enhydrogen-bonded and free O-D bonds undergo BiRh
ergy distributions measured by Noetlal. should be similar  equal probability, we would predict that the D:D;O" de-
to those that pertain to our experiment. This gives us arsorption ratio shouldhot be less than 1:1 at low coverage
immediate explanation as to why ng@®" is produced at 21 and shoulddecrease with increasing coverage. Neither of
eV excitation. The liberated Dsimply does not have suffi- these predictions are corroborated by the data.

cient energy to form and then dislodge®" from the sur- To explain why the QO™ signal exceeds the Dsignal
face (even in the absence of hydrogen bondinds shown and why the D:D;O" ratio changes as it does with increas-
by the lines in Fig. 3, a substantial fraction of thé Dber-  ing coverage, we speculate that there is a propensity for the
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