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Chapter　6

Adsorption　and　deso’rptiO－n　kinetics

of　・water　moLeculeson　Rh（111）

Adsorption　and　desorptioh　kinetlcs　of　water　h　olecules　6n　the　Rh口11）

surface　were　investigated　uSing　temperature　progfamed　desorption（TPD）．

Water’inoiecUles　show　a　coverage　dependent　sticking　probability”　arid　initial

sticking　probability　was　estim白ted　to　be　O．46．　ln　desorption　process，　Water

mole（iuleS　exhibit　coexistence　o拍di1Ute，　gas’like　phase　together　with　islands

of　a　condensed　phase，　both　being　two　dimensiohal．　Based　on主he　mOdei

proposed　by　K．　J．　Kreuzer　and　S．、　H．　Payhe［Surf．　Sci．200，　L433（1988）．】，

apParent　fracti・nal－・rder　TPD　sp’ ?モ狽窒浮奄氏@shape’　’can　be　interPreted　as　a

first－。rder　des・rpti・n’ 奄氏@the　c・existing　regi・n，　where・　tW・声se　has　d清e「ent

sticking　probab‖ities．　Using　threshold－TPD　method’，　coverage　dependence　of

activation　energy（Ed）and　preexponential　factor（vd）fbr　desorption　were

esti　mated．　They　Showed　weak　coverage　dependqnce，　where　Ed　a　nd略were

decreased　’fr。m　60　kJ∫m。l　t。5．1　kJtm・l　and　fr・m　4．1　×　toi7s’i　t。1．3　x　1014　s－1

With　hcreaSing　coverage，　respectively・
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6．11ntroduction

There　have　been　a　number　of　reports　of　submonolayer　water　adsorption　and

desorption　kinetics　for　metal　surfaces，　which　is　particularly　important　to

understand　water　related　catalytic　reacti。ns・i，2　All・f　rep・rted　results　indicate

that　molecular　water　adsorption　on　metals　is　not　activated　process．　One　of　the

most　interesting　properties　of　water－metal　surface　interaction　is　the　high

probability　with　which　water　can　adsorb　at　most　surfaces．　Table　6．1　shows

rep・rted　resalts　f・r　water　ads。rpti・n　pr・bability；initial・sticking　pr・bability　S・・3’f4

Adsorption　temperature－・100　K　corresponds　roughly　to　the　conditions　for

optimum　cluster　fo　rmation　on　most　metals，　this　illustrate　the　role　of　surface

features　in　the　sticking　of　water　on　metal　surfaces．　lf　the　So　is　unity　and　water

molecules　aggregate　to　form　island，　the　adsorbing　molecules　cannot　distinguish

between　a　filled　site　and　an　empty　site　because　water　molecules

adsorb∫condense　on　an　ice　surface　with　probability　of　unity．3　Therefbre，　a

sticking　probability，　S，　is　independent　of　coverage　and　multilayer　can　start　to

form　even　before　the　fi　rst　layer　is　saturated．　However，　in　the　case　of　low　So，　S

should　depend　on　coverage．　Thus　the　reported　results　for　Rh（111）that　low　So

and　cQverage　independent　S　conflict　each　other．4

　　　　　　As　a　reverse　procesS　of　adsorptiOn，　desorption　kinetiCs　of．　water

molecules　have　been　studied　for　last　decades・The　desorption　kinetics　provide

the　adsorption　energy　of　water　molecuIes　on　the　surfaces．1n　tbe　case　of

molecularly　adsorbed　water，　desorptiOn　simply　involves　breaking　the

metal－water　and∫or　any　other　bonds．wh，ich　holds　the　molecule　at　surfqce．

　　　　　　Most　of　these　studies　were　performed　using　temperature　programed

des・rpti・n（TPD）．　On　sm・・th・Au，13　Ag15　and　Cu’6　surfaces，　P・state・is　res・lved

except　for　the　ice　feature，　reflecting　only　a　very　weak　interaction　with　the　metal　in

these　cases．　A　single　desorption　state　is　observe（l　on　Pt（111）17，　Pd（M1）18，
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Ni（111）19’20，　and　Rh（111）4．　Two　desorption　s七ヨtes　are　observed　for　H20∫Ru（0001｝

system，　which　are　assigned　to　molecularly　and　dissociatively　adso「bed　states．21

　　　　　　1n　order　to　derive　quantitative　information　about　the　strength　of　the

chemisorption　bond　from　TPD　daね，　these　reports　assumed　the　kinetics　of　the

desorption　process；desorption　order　and　preexponential　factor．　Based　on　these

assumptions（first－order　and　preexponentiai　factor　of　1013　s’1），　adsorption　energy

is　estimated　to　be～42　kJlmol　on　several　surfaces．1・4・20　However，　interpretation　of

the　TPD　spectra　is　more　complex．　The　desorption　peak　is　too　narrow　for

first－order　desorption　kinetics　with　a　typical　preexponential　factor　of　1ぴ3　s’1；

拍rthermore，　first－order　kinetics　cannot　explain　a　small　shift　to　higher　peak

tOmperatures　with　increasing　coverage（see　below）．

　　　　　　Another　approach，　which　fits　the　data　more　successfully，　is　to　assume

而rst－order　desorption　kinetics，　a　typical　preexponential　factor　of　1013　s－1，　and

attractive　interactions　betvveen　palticles．　ln　the　case　of　Ni（111）this　explains　both

the　peak　shape　and　position　well．　With　this　model，　an　adsorption　energy　of～42

kJ∫mol　is　obtained．　The　coverage　dependent　attractive　lateral　interaction　term

（1．4kJ∫mo1）is　significantly　smaller　than　sing’　1’e　hydrogen　bond　energies　in　water

（～20kJlrhol）．20

　　　　　　　1n　the　case　of　Pt（111），　Daschbach　ef　al．17　reported　that　the　desorption

kinetics　for　stibMonolayer　water　was　of　a　zero－ordet，　where　the　activation已nergy

（Ed）and　the　preexponential　factor（砲）of　desorption　were　estimated　to　be　54．2±3

kJ／mol　and　1．4±3．5　x　1016　Mレs，　respectively，　using　TPD　and　He　specular

scattering．　The　　zero　　order　desorption　　is　considered　　as　　a　　result　of

two－dimensional（2D）two　phases　which　coexist　as　a　high≒density　condensed

＾phase（2D　islands）and　a　low・・density　2D　gaslike　phaSe．

　　　　　　　ln　any　case，　coverage　dependence　of　Ed　and　11d　has　not　been　reported

with。ut　assuming　the、　kinetics　except　f・r　water1Pt（111）17・The　qualitative

similarities　of　the　TPD　spectrum　for、the　hexagonal　surfaces　suggest　that　the

nature　of　the　desorption　process　may　be　similar　on　all　of　these　smooth　meta1
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planes．　Here，　l　studied　the　adsOrption』kinetics　（sticking　probability　and　its

coverage　dependence）and　desorption　kinetics（TPD　spectrum　shape　and

desorption　kinetic　parameters　as　a　．function　of　coverage｝of　D20∫Rh（111）in　detail

using　TPD・　　　　　　　　　f

6．2　Ex‘o6rimental

The　experimental　conditions　and　sample　preparation　are　described　m　chapter　2・

1n　this　experiment，　water（D20，　H2i60，　H2180）vapor　Was　introduced．through　a

puls号目aS　dOsing　system・nt。　the　sample剛aCe，　AII　the　is・t・pic　Waters’D2160

（Aldrich，　is・t・pic　purity　99．96％），　H216ρ（Milli－Q），　H2180（ls・t日c」s・t・pic　purity

95：5％），were　degassed　through　sevβral　freeze－pump－thaW，　cycles　prior　to

exposure・，　　　　　　　　　　　　　　　　　　　　‘，

　　　　　ln　this　study，　the　coverage　of　V日ater　mqlecules　is　descried　by　fractional

，coVerageθ．　Coverage　measurements　were　performed　using－「PD；the　water

coverage　was　determined　by　comparing　each　integrated　area．of　a　TPD

spectrum　with　that．at　the　saturatbn　coverage　of　the　first　layer　which　was

prepared　at，145　K．　We　define．θ＝1．O　at　the　saturatiop　of　the　high　temperature

peak　at　180　K　in　TPD（see　Fig．6．2）．　　　　　　　　1　　　，　　　　　、

6．3Results　and　Discussion

6．3．1AdSQrption　kinetics

J．J．　Zhck　and　W．　H，　Weinbdrg　re　ported　that　a　dependence　of　coverag’e　on

exposure　apPears　apProximately　lin6ar　suggesting　a　mobile　precursor　model　of

adsorption，　and　the　c6　nsta　nt　sticking　probability（s）of　o．58　is　estimated　for
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H20∫Rh（111）．4　Coverage　dependence　of　S　is　an　important　indicator　of　the

adsorption　mechanism．　Here，　l　reexamined　the　coverage　uptake　experiment

with　respectto　exposure　to　obtain　detailed　adsorption　kinetics　of　water∫Rh（廿1）

system．

　　　　　Figure　6．1　shOws　a　fractional　coverage　of　D20　Qn　Rh（111）as　a　function　of

exposure．　Water　molecules　wer6　adsorbed　on　Rh（111）at’　1　35　K　fbIlowed　by　TPD

measurement．　With　increasing　exposure，　a　growth　rate　of　fractional　coverage

increases　atθ≦1、0，　and　fractional　coverage　grows　linearly　atθ≧1．0．　This

9　roWth　rate　is　identical　to　S．　Thus，　these　results　indicate　that　S　depends　on

coverage　in　submonolayer　region．　Note　that　a　multilayer　desorption　peak　was

observed　at　160　K　before　the　first　water　Iayer　saturates　in　this　experimental

condition（0．8－≦θ≦1・0，　Ta＝135　K）・

　　　　　　lanalyze　the　c・yerage　uptake　with　a，　f・ll・wing　m・del（Fig：6・2）・

Adsorption　processes　are　given　in　Fig．6．2（a）．　ln　this　experimental　condition，

water　molecules　cannot　desorb　from　the　sur「ace　because　adsorption

temperature　of　135　K　is　below　a　desorption　onset，140　K，　and　water　multilayer　is

not　fbrmed［see　Fig．・163（a）】．1n　addition，1assume　that　hot　water　molecules

which　dissipate　part　of　an　adsorptign　ener，gy　into　the　substrate　can　not　desorb　by

substrate　thermal刊uctuation．　This　assumption　may　be　consistent　with　the　resuit

．that　S・is　ngt　depen¢・n、the，Substrate　．　temperature　in　the　rase°f

watei1Pt（111）．1・5　Water　mOlecptes　impinge・n　the　surface　with刊ux　Ji・・　When

water　molecules　impinge　on　the　bare　sur「ace　with　Rux　u（irl，　bare，　they　can　reflect

from　the　surface　with　flux　J，ef　or　chemisorb　as　monomer　species（Jint）followed　by

2D　is』nd　f・rmati・n（Ji・t．、・d・）・Thus，　chemis・rbed　m・nρmer　specips　can　be

’interpreted　as　an　intrinsic　precurs・r　in・rder　t・f・r醐e　2D　island　where　l　den・te

the　intrinsic　precursor　as‘‘A”．　On　the　other　band，　water　molecules　impinge　on　the

2D　island　with　flUX　Jin、　isiand，　they　adsorb　as　an　eXtrinsic　precursor　with刊uX　Jext　on

the　island　and　then　incOrporate　into　the　2D　island（Jext，　ads｝where　l　denote　the

extrinSic　precurs。r　state　as“B”・N・te　that　we　ass蝋e　that　wate「m°1ecules
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cannot　refiect’from　2D　islands　like　．the　ice　sUri：ace　as　mentioned　above．　Here，、　we

denote　transition　probab‖ities　for　each　process　asα，　which　is　schematically

illustrated　in　Fig．6．2（a）and　（b）．　Using　these　notation，　apparent　sticking

probability　is　formulated　as

　　　　　　　　　　　　　　　　s（θ）＝鷺l

　　　　　　　　　　　　　　　　　　　」、nbare　　J、，．、，，lnd

　　　　　　　　　　　　　　　　　＝J，αAαA・C＋」二α・α・’・

　　　　　　　　　　　　　　　　　　＝Jlil”．，9L．±／nt．Ji，L、：＋J＿d．　J。娼．」。＿（6’1）

　　　　　　　　　　　　　　　　　　　　」、，IJi，b、，日J，．t、J、nJ、叫、、，、ndJ酬

　　　　　　　　　　L＝（1一の」念，9＋θ

where　Jads＝Jint，．ads＋Jext，　ads．　Therefore，　apparent　initial　stiCking　probability，　S（θ＝

0）＝So，　is　equivalent　to　a　trapPing　probability　in　the　intrinsic　precursor　state

（monomer　species　on　the　bare　surface）．　Using　this　model，　’experimentai　uptake

was世ted　at　submonolayer　region，　and　So　was　estiilated　to　be　O．46．　Fitted　curve

is　shown　as　dashed　curve　iri　Fig．6．1，This　result　is　compaLrable　with　the　previous

report：So＝O．58　for　H20∫Rh（111）．4

　　　　　　Sticking　is　a　dynamic　phenomehon，　When　a　watef　molecule　incomes　to

the’ 唐浮窒?≠モ?C　it　is　accelerated　’　by　the　attractive　chemisorption　potential　and

scattered　by　the　corrugated　potentia1’at　the　surface．　This　causes　varidus

excitations　including　rotation，　vibration，　and　translation．1n　addition，　ads6rption

energy　must　be　dissipated　to　the　substrate　via　electron－hole　pair（EHP）and

ph・n・n　excitati。ns　in・rder　t・be　trapPed　by　a　chemis・rpt．i・n　p・tential　well・22

The　enhancement　of　the　phonon　excitation　results　from　the　increasing　mass

ratio　of　water　to　metal　atoms；Ru＞Rh＞Pt（mass　Ru＝1101．1　g∫mo［，　mass　Rh＝

1　02．9g／mbl，　mass　Pt＝195．t　g／mol＞．　However，　So　of　RU（OOOI｝and　Pt（111）

surfaces　wa．s　estimated　t・be　unity，　whereaS　that・f　Rh（111）is　O・46　estimated　in

this　study．　コ

　　　　　　抽addition，1think　that　lattice　constant　of　these　surface　could　affeCt　the

smalIer　Se　o言　Rh（111）．　As　a　water　molecule　income　to　the　surface，　it　Must　orient
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the　molecular　piane　parallel　to　the　surface　to，fe．el　a　strong　attractive　fbrce・

Electronic　coupling　betWeen　molecule　and　sUbstrate　ind，uces　－the　EHP　excitation，

and　thus　increases，　the　adsorption　probability．　Here　the　lattice　constant　of

Rh（111）’is　smaller　than　that　of　Ru（OOOI）and　Pt（111），　and　theoretical　calgulation

predicted　that　the　adsorption　energies：of’monomer　species　are　in　the　sequence：

Pt（111）＜Ru（OOOI）＜Rh（111）．23　Thus・multi－dimentional’potential　energy　surface

（PES｝of　water1Rh（111）may　be　more　corrugated　than　that　df　Ru（0001）and

Pt（111）．　Greater　the　Corrugation　of　PES．that　a　molecule　feel，　less　molecules

would　reorient　rapidly　to　chemisorption　alignment　on　the　timescaie　of　a

collision．24　Thus，　l　think　that　an　incoming　water　molecule　is　less　efficiently

scattered　inelastically　inducing　EiHP　excitations　by　the　Rh（111）　surface

compared　with　the　Ru（0001｝and　Pt（141）sulfaces．　　　　　　　　　　　1

6．3．2Desorption　kinetics

、6．3．2．A　Coverage　depe　nden　ce　一・　of’　TpD　spectra

ln　the　thermodynamic　equilibrium　condition，　desorption　should　ocqur　as　a

reverse　process　of　adsorption．　A　series　of丁PD　spectra　of　D20　adsorbed　on

Rh（111）were　measur6d　as　a　functi・n・f　water　exp・sure　EFig・6・3㈲1・Water

molecules　were　adsorbed　on　Rh（111｝　at　2e　K，　and　then　．annealed　at　145　K．　Note

that　no　difference’　was　observed，　in　the　epitaxially　grown　layer　at　145　K，　with　a

constant　flux　of・－O．01（fractional　coverage｝1s・

　　　　　　Atθ＝O．013，　the　TPD　spectrum　consists　of　the　tWo　broad　peaks　around

．171and　180　K，　of　which　the　former　develops　as　coverage　increases．　The　latter

small　peak　at　180　K　soon　becomes　saturated，　which　may　be　due　to　the　small

qm・叩t・f　defectS（steps　and　kinks）・Assuming　that　the　fracti・nal　c°ve「age

e＝t．O　is　equal　to　l　BL（2∫3　ML）and　that　water　molecules　are　adsorbed　on　the

”step　sites　as　m・lecular　chains，25　the　am・unt・f・defects・n・the・Rh（111）su「face・is
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estimated　to　be　less　than　O．5％．　Note　that，　judging　from　lRAS，　water　molecules

were　not　dissociated　by　the　defects．

　　　　　　Aseries　of　TPD　spectra　of　the　first　layer　shows　a　large　peak　with　a

desorption　maxima　at↑71～180　K．　On　the，other　hand，　the　inset　of　Fig．6．3（a）

shows　water　desorption　from　the　oxygen　preadsorbed　Rh（111）surface，’　where

oxygen　molecules　were　adsorbed　at　20　K　fbllowed　by　annealing　to　300　K

（θo≡α06ML）．　Here，　the　O－preadsorbed　Rh（111）surface　was　exposed　to　water

at　20　K，　and　then　annealed　at　155　K　for　60　s．　ln　the　TPD　spectrum，　two

desorption　maxima　are　observed　at　164　and　202　K．　Previously，　Wagner　and

M・ylan26　rep・rted　that，・in　the　presence・f・xygen，・s・me　water　m・lecules　were

dissociated　to　form　adsorbed　hydroxyl　species　on　Rh（111｝．　The　high

temperature　TPD　peak　is　due　to　the　disproportionatiOn　reaction　of　the　hydroxyl

species　and　the　desorption　of　intact　water　moiecules　associated　with　hydroxyl

species．　On　the“clean”Rh（11i｝surface，　only　one　desorption　peak　is　obser∨ed　in

submonolayer　coverages，　except　foravery　smali　defect　derived　peak．　Therefore，

lconclude　that　water　molecules　adsorb　and　desorb　intact　on　Rh（111）．　Note　that

no　strong　isotope　effect，　as　was　reported　fbr　water　on　Ru（0001）21，was　observed

in　TPD　of　H20　and　D200n　Rh（111）（not　shown　here）．

　　　　　　Atθ≦1．0，　TPD　spectra　show　the　fbllowing　features：（1）Desorption

curves　do　not　shoW　any　common　leading（low　temperature）edge．（2｝With

increasing　coverage，　the　deso巾tion　peak　maxima　shift　to　higher　tempetatures．

（3｝The　peak’shape　is　asym市etrical．（4）Atθ≧0．85，　a　small　shoulder　is　observed

at　the　leading　edge　region［indicated　by　an　arrow　at＾・162　K　in　Fig．6．3（b）】．　The

small　sho叫der　observed　at～f62　K　is　not　a　mUltilayer　feature，　but　due　to　the　first

water　layer　on　Rh（111），　because　the　water　layer’was　annealed　at　145　K　in　order

to　desorb　the　mult‖ayer　before　TPD’ 高?≠唐浮窒?高Unt．　ThUs，　a　smali　aniount　of　less

stable　species　may　exist　near　the　saturation’coV6rage，　suggesting　that　the

structure　of　the飾st　water　layer　changes瑚th　increasing　cove　rage’　aboveθ＝0．85．

　　　　　　These　tesults，（1）～（3），　indicate　that　the　desorption　is　not　the　case　of
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integral　order　desorption．　Figure　6．4　shows　simulated　TPD　spectra　as　a　function

of　coverage，　where　Ed　and　v　are　assumed　to　be　constanL　For　a　zero－order

desorption　process，　the　temperature　for　the　desorption　maximum’shifts　to　higher

temperature　with　increasing　coverage　and　all　desorption　curves　have　a　common

leading・edge【Fig．6．4（a）］．　For　a柄rst≒order　process，　with　increasing　coverage，

the　maximum　of　a　desorption　curve　remains　at　a　constant　temperature［Fig．

6．4（b）】．For　a　second－－order　process，　the　desorption　spectra　shoW　a　shift　in　peak

maxima　to　lower　temperatures　with　increasing　coverage　and　the　peak　shapes

remain　symmetrical［Fig．6．4（c）】．　These　features　do　not　satisfy　the　observed

results，（1）～（3）．

　　　　　lntuitively，　l　think，　in　this　system，　that　the　desorption　rate　is　proportional　to

the　square　root　of　coverage．　When　water　molecules　are　adsorbed　on　the

Rh（111｝surface，　they　form　2D　islands　via　the　hydrogen　bond　network　at

submonolayer　coverage26’27（see　also　chapter　6｝．　As　a　reverse　process，

desorption　occurs　from　the　island　edge　because　the　water　molecules　situated

there　may　be　less　stable　than　those　in　the　island　due　to　the　lack　of　one　hydrogen

bOnd．　Note　that，　the　number　of　water　molecules　at　the　island　edge　is

proportional　to　the　square　root　of　coverage　assuming　that　disc－like　2D　islands

are　formed．　Thus，　the　order　of　desorption　is　half　in　this　desorption　prpcess

because　of　island　geometrical　effect　Figure　6．4（d）shows　simulated　haif－order

TPD　spectra　Half噸rder　des・rpti・n　kinetics　acc・untsわr　the・bs卵ed毎atures

of（1＞～（3）．

　　　　　　ln　this　desorption　mechanism，　the　rate　limiting　step　is　a　detachment　from

2D　island　edge．　Based　on　this　desorption　process，　water　molecules　adsorbed

lately　should　attach　at　the　island　edge　thus　they　should　desorb　in　fi　rst・This

assUmpti・n　c・uld　be　clarmed　by　TPD　experiment　using　is・t・pic　water　m・lecules・

Water　molecules（H2†60）were　adsorbed　on　the　Rh（111）sur恒ce　at　145　K

f。ll。wed　by　ads・rpti。n・f　Hi80　at　85　K，　where　fracti・nal　c・verage・f　H216。　and

H2180　are　O．3　and　O．2　respectively．　TPD　spectrum　is　shown’in　Fig．6．5．　Similar
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TPD　spectrum　shape　is　observed　which　indicate　that　these　spec韮es　were

situated　at　similar　environment．　Thus，　fast　exchange　of　H2160（inside　of　island｝

and　Hi80（edge　of　island｝should　occur　bef◎re　desorption．　This　result　is　confiict

with　an　intuitive　assumption，　because　H2180　should　desorb翫st　com　pa　red　to

Hi60　to　explain　fractionai　Qrder　desorption　by　geometrical　ef「ect．　Thus，・　water

desorption　should　be　explained　by　the　other　mech，　anism．

　　　　　Typically，　quasieqUilibrium　can　be　maintained　if　the　energetic　barriers

between　various　Oonfigurations　of　the　adsorbed　layer　are　small　compared　to　the

energy　scale　for　desorption　so　that　the　time　scaie　for　desorption　is　long

compared　to　the　time　scale　for　the　adsorbed　layer　to　equilibrate　at　a　given

coverage．　ln　the　case　of　water∫Rh（11t）system，　adsorption　energy　of　monorner

and．2D　bilayer　is　calculated　to　about　36　and　56　kJ／mol，28　and　entropy　gain　out　of

condensed　phase　in‡o　dilute　phase　may　be　very　Iarge．　Thus，　quasiequilibrium

betWeen　condensed　（solid　or　liquid）　and　dilute　（gas　on　bare　surtace　and

condensate）phase　in　2D　may　be　maintained　in　this　system，　and　this　can　explain

the　observed　TPD　result；fast　exchange　of　Hi60　and　H2180　before　desorption．

　　　　　ln　such　a　situation，　however，　there　will　be　a　coverage　regime　where　the

desorption　kinetics　is　roughly　zero　order　in　thermodynamic　argument．　Here，　note

that　the　zero　order　desorption　needs　assumptions　that　sticking　probability　on　the

Ibare　and　condensate　sur・face　is　same．29　The　quasiequilibrium　between

condenSed　and｛dilute　phase　implies，　from　the　equality　of　the　chemicai　potentials，

equal　vapor　pressures　fbr　both　phases，　and　then　go　on　to　assume　that　this

抽plies　equal　desorption　rates　from　bo‡h　phases．　Even　if　the　vapor　pressure　are

eqUal，　desorption　rates　from　both　phase　can　only　be　equal、if　the　sticking

probabiljties　on　the　dilute　and　condensed　phases　are　equal．　In　this　systems

D20∫Rh（111），　l　estimated　the　sticking　probabilities　of　the　bare　and　2D　island

surfaces　to　be　O．46　and　1，respectively．「丁hus　the　desorption　rate　should　depend

on　the　coverage．

　　　　　H．」．Kreuzer　and　S．　H，　Payne　reported　the　desorption　from　a　two－phase
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（gas　and　soiid　in　2D）adsorbate　with　different　sticking　probab目ities　in　theory．？91n

their　model，　they　treated　the　2D　gas　as　an　ideal　and　approximated　the

condensed　phase　by　an　Einstein　mode1，　but　qUalitative　arguments　would　be

adaptable．　They　reported　th色simuIated　isothermal　desorption［Fig．6．6（a｝l　and

TPD　spectra［Fig．6．6（b）l　for　different　sticking　probabi‖ties　on、bare（S＝0．6）and

2D　island　（S　＝　1．0）　using　mean　field　approximation　（treat　the

adsorbate∫adsorbate　interactions　in　an　average　sense）with　parameters　chesen

for　Xe∫Ni（111）．　Within　the　coexisting　region，　the　area　of　the　c加densed（dilute）

phase　increases（decreases）linearly　as　coverage　bu‖ds　up　wh‖e　the　density　in

the　two－phases，　and　the　partial　sticking　probabilities　on　either，　remain　constant．

Thus，　the　desorption　order　is　unity　within　the　coexisting　region，　which　can　be

shown　in　Fig，6．6（a｝．　Dashed　Iines　means　upper　and　lower　coexistence　points、

The　corresponding　traces．　for　TPD　are　shown　in　Fig．6．6（b）．　The　observed

spectrum　features　in　this　study，（1）一（3），　agree　well　with　Fig、6．6（b）、

　　　　　　In　addition，　simulated　TPD　spectra　show　a　small　shoulder　at　the　leading

一白dge　regioh．　This　feature　was　also　ebserved　in　this　study　as　noted（4）above．

This　is　due　to　a　rapid　increase　in　chemical　potential　of　adsorbate　as　the

condensate　density　is　compressed　from　its　value　in　the　coexisting　region．　Thus，

obsenled　features㍉of　TPD　spectra，（1）～（4），　could　be　explained　qualitativ白ly　with

their　mode1，　l　conclude　that，　in　this　system，　apparent　fractional　order　TPD

spectrum　shape　is　derived　f「om　the　difference　of　sticking　probability　on　the　bare

　and　condensed　phase，　and　desorption　order　is　unity　in　the　coexisting　region・

，6．3．2．8Desorption　activation　ene　rgy　and　preexponential　faCtor

七ln　this　section，　kinetic　parameters　of　desorption，　the　activation　energy（Ed）and

the　preexpPnential　fact・r（vd）・were　estimated　as　a　functi・n°f　c°ve「age・

Analytical　meth・ds　used俺rTPD　speCtra　can　be　categ・「ized　inS°　tW°．9「°ups：an

integral　apPr・ach　and　a　differential　apPr・ach　respectively（see　secti。n　3・3）・The
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fbrmer　utilizes　peak　characteristics　to　eXtract　coverage－independent　kinetic

parame．ters　from　a　single　desorption　peak．30－320n　the　other　hand，　the　latter　is

used　to　eXtract　coverage－dependent　kinetic　parameters　and　this　method　is

－sometimes　even　applied　for’multiple　overlapping　desorption　curves．　ln　this　study，

luse　the　differential　approach，　i．e．，　the　threshold　tempe　ratu　re　programmed

desorption（TTPD）method，33’34　because　the　activation　energy　can　be　estimated

as　a　function　ofθwithout　assuming　the　desorption　order．　This　method　utilizes

the　desorption　rate　vs．　temperature　data　from　the　onset　of　a　low　temperature　tai1

（the　threshold　region）of　a　single　desorption　spectrum　to　prepare　an

　Arrhenius－・type　plot．　The　slope　and　the　intercept　of　each　Arrhenius　plot　provide

　the　Ed　and　vd，　respectively．　　　　　　　　．

　　　　　　　Since　water　molecules　adsorb　and　desorb　intact　on　Rh（111｝，　we　assume

that　the　desorption　order　is　unity　and　zero　for　the　submonolayer　and　multilayer，

respectively．　When　the　pumping　speed　of　the　system　is　suMcient　to　render

readsorption　negligible，　the　mass　spectrometer　ion　cur’rent　signal　is　proportional

to　the　desorption　rate．30　This　proportion　is　constant，　determined　by　the

integrated　TPD　peak　area　at　a　full　coverage，　assuming　that　the　fractional

coverage，　e＝1．O，　is　equal　to　absolute　coverage』1．O　BL（2／3　ML）．　ln　the　present

T丁PD　analysis，　the　threshold　coverage　increments　used　for　O＜θ＜0．68　and

O．68くθく1．O　spectra　are　below　5％and　io／o，　respectively；and　l　assume　that

neither　Ed　nor　vd　vary　significantly　within　these　coverage　incrementS．　This

assumption　is　justified　by　the　linearity　of　the　Arrhenius　plots　as　shown　in　Fig．6．7．

　　　　　　　Figure　6．8（a｝shows　the　Ed　as　a　function　of　water　coverage．　Eid　is

estimated　to　be　60　kJlmol　atθ＝O　and　is　nearly　constant　to　e・・vO．6．　This　activation

energy　is　higher　than　the　values　previously　reported（～42　kJlmol）for　H20

desorption，　which　were　obtained　in　the　limit　of　zero　coverage，　assuming　a　fi　rst

order　desorption　and　a　preexponential　factor　of　lOl3　s－1．1’4’20　As　the　water

coverage　increases，　Ed　decreases　gradUa11y　untii　e＝1．O，　where　Ed　reaches　51

kJ∫mol．　For　multilayer　desorption［see　Fig．6．3（a）］，　Ed　was　estimated　to　be　55
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kJ∫mol，　which　is　in　agreement　with　the　previous．measurement（50．46　kJlmol）．35

Here，　Ed　at　e≦0．6　is　larger　than　that　of　the　multilayer．　Therefore，　the』energetic

stab‖ization　of　water　adsorbed　in　the’first　layer，　compared　to　the　multilayer，　is

clear　evidence　that　water　wets　the　Rh（111｝sur「ace．　Note　that　the　activation

energy　for　desorption　near　the　saturation　coverage　is　slightly　less　than　that　of

the　multilayer．

　　　　　　With　an　integral　approach，　it　is　diMcult　to　estimate　the　preexponentiai

factor　as　a　function　ofθ．　However，　the　variation　of　vd　with　respect　to　coverage　is

very　informative　in　understanding　the　equilibrium　and　the　rate　process．　Using　the

TTPD　method，　the　preexponential　factors　are　estimated　as　a　function　of　water

coverage，　assuming　first－order　desorption［Fig．6．7（b）］．　vd　is　estimated　to　be　4．1

×．IO17　s’1　atθ＝O　and　is　nearly　constant　toθ～0．6．　With　coverage　further　increased，

vd　decreases　to　be　1．3　x　1014　s－1　at　the　saturation　coverage．　For　multilayer

des。rpti。n，　which　is　a　zer・モrder　pr・cess，　vd　is　estimated　t・be　3、2　×　IO16　ML／s，

which　is　in　good　agreement　with　the　previous　measurement　of　crystalline　water

ice（1．02　x　1016　ML∫s｝．351n　the　first　layer　desorption，　the　preexponential　factor

varies　by　more　than　103　as　a　function　of　coverage，　indicating　that　the　effective

stabilization　of　the　first　water　layer　at　higher　coverages（θ≧0．6）originates　from

the　decrease　in　the　preexponential　factor　A　signi価cant　change　in　vd　as　a　function

・fc・verage　has　als・・丘en　been・bse四ed．36

　　　　　　　1n　the　theory　of　the　absolute　reaction　rate，　the　preexponential　factor　is

related　to　the　entropy　of　an　activated　process　Iv＝（kT∫h｝e文P（△S∫R）for　fi　rst－order

pr。cess，－where　T　is　the　abs・1ute　temperature・hthe　Planck　c・ns愴nいS　the

entr・py・f　activati・n，　and　R　the　gas　c・nstant・Here，　the　transmissi・n　c・e稲cient

Lis　assumed　to　be　unity｝37　Since　gaseous　water　molecules　adsorb　on　Rh（M1）

thr・ugh　a　n・n－activated　pr・cess，　the　entr・py。f　des・rpti・n　is　c・nsidered　as　the

entropy　di箭erence　between　the　gas　phase　and　adsorption　states，　based　on　the

prmciple・f　detailed　baiance　at　equilibrium・Theref・re・　a　large　preexp・nential

fact・r（4．1　×　IO’7　s’1）indicates　a　l・w　entr・py　ads・rpti・n　state・Up　t・θ一〇・6・the
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preexponential　factor　is　nearly　constant、　These　results　indicate　the　water　layer

fbrms　an・ordered　structure，　which　is　related　to　the　V3　phase，　even　at　lowθ（see

chapter　7），　and　the　adsorption　structure　may　not　change　with　increasing

coverage　up　toθ智0．6．　However，　the泊reexponential　factor　gradually　decreases

aboveθ＾・0．6．　This　indicates　that　the　water　layer　atθ≧0．6　has　a　higher　entropy

than　that　atθ≦α6．　Genera‖y，　the　entropy　of　the　adlayer　is　gi∨en　by　both　the

internal　entropy　fbr　each　adsorbed　molecule　and　the　con柄gurational　entropy　in

the　2D　Iayer，　i．e．　the　entropy　associated　with　the　arrangement　of　adsorbed

molecules　on　the．　surface．　These　results　may　be　consistent　with　LEED　and　lRAS

results，　which　will　be　discussedjn　chapter　7．

　　　　　　Sim睡ar　coverage　dependence　of　Ed　and　vd・in　Fig．6．8　is　due　to　a

well－kn・wn』メEmpensati・n　e廿ect38；whereby　at　a　certain　c・verage，　the

preexponential　factor　and　theIdesorption　activation　energy　fbllows　the　Arrhenius

relation　lnvd＝Ed1RTc＋c，　where　c　is　a　constant　and　Tc　is　a　characteristic

temperature．　ln　the　present　experiment，　we　obtained　a　straight　line　for　ln　vd　vs．

Ed　with　Tc＝163　K．　The　compensation　effect　is　common　in　many　d6sorption

systems．36　Niemantsverdriet　et　al．39　have　shown　that　the　compensa‡ion　ef「ect

can　drastically　influence　the　desorption　spectrum　of　an　adsorbate　syste「n　with

pairwise　latera日nteractions．　lt　is　emphasized　that，39　due　to　the　compensation

effect，　desorption　analysis　procedures　based　on　peak　maximum　temperature

and　peak　width（integral　method）always　lead　to　incorrect　results．40　According　to

their　report，τc＝163　K，　as　l　obtairled　here，　indicates　a　relatively　strbng

compensation　eflもct．　Therefore，　it　is　reasonable　to　use・the　TTPD　analysis

procedure　in　the　present　study．　　　　　　　　　　　、　　　　　　　　　　’
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6．4Conclusion

ln　summary，　adsorption　and　desorption　kine甘cs　of　water　molecules　on　the

Rh（111）surface　were　investigated　using　TPD．　Water　molecules　show　a

coverage　dependent　sticking　probability’and　So　was　estihlated　to　be　O．46．匪n

desorption　process，　water　molecules　exhibit　coexistence　of　a　dilute，　gas　like

phase　together　with　islands　of　a　condensed　phase，　both　being　tWo　dimensional．

Based・n　the　m・del　pr・P。sed　by　K．　J．　KreuZer　and　S〔　H．　Payne，29　apParent

fra　ctional－order　TPD　peak　shape　can　be　attributed　to　a　first－order　desorption　with

・two　phases　on　the　surface．　Using　TTPD　method，　coverage　dependence　of　Ed

andvd　were　estimated，　They　showed　weak℃overage　dependence，　where　Ed　and

vd　were　decreased　from　60　kJlmol　to　51　kJ「mol　and’　from　4．1　x　l　Oi7　s’i　to土3　x

1　Oi4　，s－l　with　increasing　coVerage，　respeCtively．
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Fig．6．6．　Simulated　results　calcu］ated　by　H．　J，　Kreuzer　and　S．　H，　Payne．29（a）lsothermal

desorption　for　varying　temperature　（top　to　bottom）τ＝82，80，78，76　K．　Parameters

approximating　Xe／Ni（111），　see　original　paper，　Dashed｜ines　show　coexistence　boundaries．（b）

Corresponding　TPD　traces　with　heating　rate　O，5　Ks司and　initial　coverages（top　to　bottom）ρ）＝

0．95，0．75，0．55，0．35，0．15．
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108

References

1．

2．

3．

4．

5．

6．

Z
8．

9．

10．’

11．

12．

13．

14．

15．

16．

17．

18．

19．

20．

2t．

22．

23．

24．

25．

26．

27．

P．A．　Thiel　and　T．　E．　Madey、　Sur『．　Sci．　Rep．7，211（1987）．

M．A．　Henderson，　Surf．　Sci．　Rep．46，1（2002）．

D、E．　Brown，　S．　M．　George，　C．　Hung，・E．　K．　L　Wong，　K．　B．　Rider，　R　S．　Smith，　and　B．　D．　Kay，

J．Phys．　Chem．100，4988（1996）．

J．J．　Zinck　and　W．　H．　Weinberg，　J．　Vac．　Sci．　Technol．　17，188（19BO）．’

S．K．　Jo，　J．　Kiss，　J．A．　Polanco，　and　J．　M．　White，　Surf．　Sci．253，233（1991）．

GB．　Fisher，　Monolayer　and　Multilayer　Adserption　of　Water　on　th．　e　Pt（111）surface，．　General

Motors　Research　Publication　No．　GMR・4007’PCP－171（t982）．

MM・rgenstem・↓Mulle・，・T・・Michely・and　G・C・msa・z・Phys・Chem・、198・43（1997）・

S．Haq，↓Hame仕，　andA．　Hodgson，　Surf．　Sci．505，17］（2002）．、

H．lbach　and　S．　Lehwald，　Surf．　Sci．91，偲7（1980｝．

PA．丁hiel，　F．　M．　Hof㎞ahn，　and　W．　H．　Weinberg，　J．　Chem．　Phys．75，5556（1981）．

S．Andersson，　C．　Nyberg，　and　C．　G「「bngstal，　Chem．　Phys⊥ett　tO4，305（1984｝．

K．Jacobi　and　H．　H．　Rote而und，　Surf．　Sci．133，40t（1983）．

B．D．　Kay，　K．　R」－ykke，　J．　R．　Creighton，　and　S．　J．　Ward，　J．　Chem．　Phys．91，5120（1989）．

KBange，　D．巳Grider，　T．　E．　Madey，　and↓K．　Sass，　Surf．　Sci、137，38（1984）．

M．Klaua　and　T．　E．　Madey，　Surf．　Sci．136，　L42（1984）．

C．T．　Au，」．　Breza　and　M．　W．　Roberts，　Chem．　Phy．　Le廿．66，340（伯79）．

J．LDaschbach，　B．　M．　Pede，n，　R．　S，　Smith，　and　B．　D．　Kay，　J．　Chem．　Phys．120，1516

（2004）．

C、Clay，　L　Cummirlgs　and　A．　Hodgson，　Suth　Sci．601，562（2007）．

M．E．　Gallagher，　S．　Haq、　A．　Omer　and　A．　Hodgson，　Surf．　Sci．601，268（2007）．　　　　’

R．H，　Stulen　and　P　A．　Thiel，　Surf．　Sci．157，99（1985）．　　　　　　　　　　　　　　　　㍉　　　・

N．S．　Faradzhev，　K．　L　Kostov，　P　Feulner，　T．　E．　Madey，　and　D．　Menzel，　Chem．　Phys．　Lett．

415，165（2005）．

↓C．Tully，　Surf．　Sci．299∫300，667（1994）．

Michaelides，　V・A・Ranea，　P・Lde　Andres，　and　D．　A．　King；phy；Rev．　Le廿．90，2i6tO2

（2003）．　一　　　　　・　．一　　　　　　　　　　　　　　　　　　　　　　　　　・　　　　　　　占

J．　T．Kindt　and　J．　C．　Tuily，　Surf．　Sci．477，149（2001）．

M．LGrecea，　E．　H．　G　Backus，　B．　RiedmUller、　A．日chler、　A．．W．　Kle￥n，　and　M．　Bonn，　J．　Phys．

Chem3．108，12575（2004）．

FT．　Wagner　and　T．　E．　MOylan，　Surf．　Sci咋9f，121（1987｝．

S．　Yarnamoto，　A．　Beniya，　K．　Mukai，　Y　Yamashita，　and　J．　Ybshinobu，　J．　Phys．　Chem．　B．109，



109

28．

29．

30．

31．

32．

33．

34．

35．

36．

37．

38．

39．

40．

5816（2005｝．

PVassilev，　R．　A．　van　Santen，　and　M．　T．　M．　Koper，　J．　Chem．　Phys．　t22，0’ T470i（2005）．

H．↓Kreuzer　and　S．　H．　Payne，　Su㎡．　Sci．200，　L433｛1988）．

P．A．　Redhead，　Vacuum．　’t2，203（1962）．

C．M．　Chan，　R．　Aris，　and　W．　H．　Weinberg，　AppI．　Surf．　Sci．　t，360（t978）．

D．Edwards，　Jr．，　Surf．　Sc輻54、4（1976）．

E．Habenschaden　and　J．　Ktippers，　Surf．　Sci．138，　Li47（1984）．

」、B．　Mi｝1er，　H．　R．　Siddiqui，　S．　M．　Gates，　J．　N．　Russel，　Jr．，」．　T．　Yates，　Jr．，　J．　C．　Tu；ly，　and　M．　J．

Cardi‖o，　J．　Chem．　Phys．87，6725（1987）．

R．J．　Speedy，　P．　G　Debenede杖i，　R．　S．　Smith，　C．　Huang，　and　B．　D．　Kay，↓Chem．　Phys．　t　O5，

240（1996）．ln　this　report，1MUs　de6ned　as　an　ice　monolayer　on　Ru（001｝．

E．GSeebauer，　A．　C．　F．　Kong，　and　L．　D．　Schmidt，　Suげ．　Sci．　i93，417｛1988）．

S．Glasstone，　K．」．　Laidler，　and　H．　Eyring，　The　theot　y　of　ra　teρmcesses：the　kinetics　of

chem’ca’react拍n8，　viscos’ty，　d’肋s’on　and　electrochem’calρhenomena、（McGraw－Hill，　New

Yorl｛，194”．

GA．　Somorjai，　Chemistty　in　fwo　d亙mens↑ons；　Su㎡’aces、（Comeli　University　pressぼthaca，

1981）・　　　　　　　　　　　　　　　　　　　，

J．W．　Niemantsverdriet，　K．　Markert，　and　K．　W白nde脆，　Appl．　Su㎡．　Sci．31，2M｛1988）．

J．T、　Yate、　Jr．，　P．　A．　Thiel，帥d　W．　H．　Weinberg，　Surf．　Sci．84、427｛1979｝．

4



1・1　1

Chapter　7

The　first　water　Iayer

groWth　on　the　Rh（111｝

and　thin　film

surface

The　adsorption　states　and　growth　process　of　the　first　water（D20）layer　and

multilayer　on　Rh（411）were　investigated　using　IRAS，　TPD，　and　SPA－LEED．

At　the　initia1’stage，　water　molecules　form　the　commensurate（V3x寸3）R3e°

structure．　This　tWo－dimensional　strUctUre　is　fiatter　than　thとice－like　bilayer

consiSts　of　the　D－down　species．　The　D－down　domains　show　a　characteristic

island　shape．　With　increasind　coverage，　ice－like　bilayer（D－up）grows　and

shows　a　incommensurate　structure．　At　nearly　the　saturation　coverage，　the

ice－like　bilayer　is～9％compressed　from　the　Ootnmensurate（V3xV3）R30°

strUcture，　which　is－5％℃ompression　with』七 窒?唐垂?モ煤@to　ice’h．’At　saturation

Coverage，　the耐st　water　iayer　consists　of　the　ice－like　bilayer（D－up）and刊at

（p－down）domains，　where　the　D－up　domains　OccUpy　44％and　the　D－down

domains　oCcupy　56％in　coverage．　Fur寸her　adsρrption　of　water　molecUles

form　three－dimensbna目ce　crystallites　on　the　D－down　domains　where　the

D－down　spさcies　do　not　reorierit　’to　accommodate　fbrmation　of　a　crystalline

lce．
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7咋lntroduction

When　water　molecules　adsorb　on　a　metai　su㎡ace，　they　interact　with　the　surface

through　van　der　Waals，　charge　transfer　and／or　hydrogen　bond　interactions．

Water　molecules　have　been　observed　on　su　rfaces　in　the　form　of　monomers，

dimers，　larger　clusters，　two－dimensional（2D）bilayers，　and　three－dimensional

（3D）islands．1’21n　these　adsorbed　states，　the　ordered　200verlayers　were

investigated　most　intensively．12　However，　despite　many　experimental　and

theoretical　studies，　there　remain　open　questions：of　which　the　most　relevant

involves　a　geOmetric　structure　and　the　behavior　of　the　first　water　Iayer　on

close－packed　transition　metal　surfaces．　Besides　the　structure　of　the　first　water

layer，　much　less　is　known　about　the　morphology　of　nanometer　scale　water打lms．

ln　this　study，　the　adsorption　states　and　growth　process　of　the　first　water（D20）

layer　and　multilayer　on　Rh（111）were　investigated．

　　　　　　ln　section　12，　the　proposed　models　of　the　first　water　layer　on　a　metal

surface　are　mentioned；ice－like　bilayer（H－up）3，　compressed　bilayer（H－up）4’5，

H－down6，　and　half－dissgciated　model7．　The　H－dOwn　model　was　proposed　fOr　the

water　adl．ayer・n　th．e　Pt（1tl）su「face，　th臼ther　m・deis　are　pr・P・sed　f・r　that・n

the　Ru（OOOt｝surface，

　　　　　　　Tb　reveal　whether　water　molecules　dissociatively　adsorb　or　not　on

Ru（0001），　thany　experimental　studies　have　beqn　pe　rfo　rmed　，∈8’”15　However，　recent

experimental　studies　bave　reached　opposing　conclusions．　Using　xイay

photoelectron　spectroscopy（XPS），　Weissenrieder　et　al．8　reported　that　the　stable

wetting　layer　of　water　gn　Ru（OOe4｝contains　OH　and　H20　in　roughly　3：5

proportions　below　170　K．　On　the　other　hand，　other　XPS，9椿11　infrared　reflection

absorpti国　spectroscopy　（IRAS），　together　with．temperature　programmed

desorption（TPD）12　and　LEED13，　indicate．that　water　moiecules　wet　the　Ru（0001）

surface　intact．　Based　on　vibrational　spectra，　Denzler　et　al．14　reported　that　water
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molecules　on　Ru（0001｝were　arranged　as　the　D－down　model．　These

contradictory　results　might　be　due　to　different　experimental　conditions．

Andersson　et　a’．9　reported　that　the　dissociation　was　an　activated　process　and

kinetically　fbrbidden　at　low　temperatures（≦140　K）．　ln　additi抽，Iit　was　reported

that　the　dissociated　layer　observed　experimentally8　may　be　derived　from　the

extreme　sensitivity　of　the　water　layer　to　electron　or　x－ray　irradiation，　electron

impact　leads　to　water　dissociation　with・　very　high　cross－sections（in　the　high　10－16

cm2　range　at　100－200　eV）and　Iow　threshold　energies　bn　the　Ru（OOOI）surface．10

Therefore，　non－destructive’experi　ments　are　crucial　to　study　water　adsorption加

metal　SUrfaCeS．tO’11・13

　　　　　　As　mentioned　above，　water　molecules　wet　Pt（111）and　Ru（OOI）intact

（≦140K）．　Recent　experime　nts　have　shown　that　the　first　water　layer　on　Pt（111，）6・15

and　Ru（0001｝13’14　are　arranged　with　the　H－down　species，　where　the　H－up

species　rarely　exist、

　　　　　　　1n　the　H－down　model　proposed　by　Ogasawara　et　a’．，　water　molecules

rare　arranged　as　the　commensurate（V3xV3）R30°geometry，　where　all　water

molecules　are　situated　at　on－top　sites．6　However，　two　different　phases，

（V37xV37）R25．3°at　low　coverage　and（V39xV39｝R16．1°at　high　coverage，　were

obseived　・at　temperature　above　135　K　using　LEED15　and　dif「raction　of　He　atom16．

Models　of　these　structures　are　shown　in　Fig．7．1．　Here　the　2D　lattice　of

（V37xV37）」R25．3°　structure　　is　expanded　s目ghtly　by　4、4　　％　　and　that　of

（V39xV39）R16．1°structure　is　compressed　by　3．3％，　compared　to　the　basal

plane　of　ice∬h，　respectively．　On　the　other　hand，　three　different　structures　were

observed　using　a　STM｛scanning　tunneling　microscopy），　these　structures　are

’depending　on　the　preparation　conditions　（temperature　and　water　vapor

exp・sure），　and　are　di廿erent　in　m・lecular　density．18　And　thus，　c。ntr・versy　still

exists　in　the　lite　ra　tu　re　regarding．the　structure　of　first　water　layer　on　Pt（111｝．

　　　　　　　In　the　case　of　Ru（0001）、　Haq　et　ai．t3　have　reported　that　water　adsorption

creates　fla勧ying（raolecular　plane　is　parallel　to　the　surface）clusters，　rather　than
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extended　i．slands，　preferring　to　optimize　the　Ru－water　interaction　at　the　expense

of　a　reduced　hydrogen　bonding　configuration．　Only　as　the　coverage　increases

towards　O．67　ML，　the　fiIm　order　into・the（V3xV3｝R30°structure　where　water

buckles　out　of　plane　into　an　H－down　geometry．　Adsorption　continues　past　the

ordered　O．67　ML・structure　to　saturate　with　a　coverage　of　O．76　ML，　with　some　of

the　additional　water　adsorbed　in　the　H－up　geometry．

　　　　　　Similar　model　was　proposed　by　Mitsui　’　et・a’．　for　submonolayer　water　on

the　Pd（111）Surface・19　TheY・bsewed　the　aggregati酷・f　water　leads　t・the

fo　rmation　of　hexagonal　honeycomb　structures　in　registry　with　the　Pd（1．11）

substrate　below　l　30　K．　The　lateral　groWth　of　these　clusters　is　1桶ited　to　a－few

unit　cells，　as　shown　in　Fig．7．2．　On’the　basis　of　this　result，　they　proposed　a

rnodel　where　the　molecules　are　neatly　coPlanar　and　use　their　hydrogen　atoms　to

fbrm　bonds　with　neighboring　molecules，　while　bonding　to　the　subStrate　through

the　lone　pair　orbitals．　This　model　implies　necessarily　that　the　cluster　size　must

be　limited　to　a　few　ceils　since　in　two　dimensions　onty　a　finite　number　of

molecules　can　be　fu到y　hyd　rogen　bonded（double　donors，　isingle　accepter，　and　a

forth　bond　to　the　substrate）、　They　also　found　this　structures　are　metastable：

when　the　sample　was　heated　to　130　K，　the　structure　changed　considerably．

Table　7．1　shows　the　experimental　results　of　molecular　wetting　structu　re　s　on

transition　metal　surfaces．

　　　　　　On　the　other　hand，　based　on　theoretical　studies，　the　adsorption　energies

of　the　i十up　and　H－down　models　are　nearly　the　same　on　’transition　metal

surfaces．f72e’23　These　theoretical　resutts　suggest　that　water　molecules　could

exist　as　a　Mixture　of　the　H－up　and　H－down　modeIs　in　real　systems．　However，　no

experimental　studies　supporting　the　mixture　of　H－up　andト1－down　models　have

yet　been　reported．

　　　　　　Besides　the　structure　ef　first　water　layer，　much　less　is　known　about　the

growth　mechanism　of　nanometer　sc創e　water側ms｛e．9．，　coverages　greater　than

IBL）．　The　in舳ence　of　the　first　water　layer　on　the　growth　morphology　of　ice而ms
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has　recently　been　demonstrated．on　Pt（111），　where　H－down　（i．e．　fully

coordinated｝configuration　of　first・water　layer　resu駈s　in　a　hydrophobic　su南ce；

water　molecules　fom　nonwetting　3D　ice　crystallite　on　the　fi　rst　water　layer．24・25

Thus，　water　ice　films　grow　Stranski－Krastanov　mechanism（2D　layer＋3D

islands）on　the　Pt（111）surface．　Same　growth　mechanism　was　observed　on

Pd（111）25　and　Ru（0001）2627．　Based　on　the　above　idea，　hydrophobic　first　layer，

ice　crystallite　should　nucleate　randomly　on　the　fi　rst　water　layer．　STM

measurement；however，　showed　that　the　second　iayer　formed　a　regular　pattem

of　clusters18，　whi6h　indicate　that　there　are　nucleation　sites　for　multilayer　groWth．

On　the　other　hand，　water　ice　grows　layer－by－layer　on　the　Ni（111）sur拾ce，　where

the創rn　orders　to　fbrm　an　incommensurate　crystalline　ice　at　2　BL　because　of

Weak　water」metal　interaction（i．e．　the打rst　water　layer　may　reconstruct）．28

However　the　structure　of　an’interface　betWedn　the　fist　layer　and　multilayer　is　not

elucidated，　which　may　strongly　influence　the　growth　mechanism　of　the　ice　fiims．

Experimental　results　fbr　rnultilayer　growth　mechanism　are　also　shown　in　table

7．1．

　　　　　　　Here，　we　choose　Rh（Ml）as白n　underlying・substrate．　Only　a　few

experimental　studies　have　been　reported　on　the　interaction　Of’ 翌≠狽?秩@molecules

with　Rh（M1）・獺Previ・us　studies　have　rep・rted　that　Water　m・lecules　ads・rb

in｛act　and’fc〕『m　an　ordeied　（rl3x・V3）R30°structute　on　Rh（111）．　By　DFT

calculation，　however，七 eeibelMah　proposed　that　the　OH舶gments，　which　were

’fbrmed　by　impurity　atoms，　could　anchor　a　2D　water　layer　to　the　Rh｛111）surface．

34Therefbre，　controlling　surface　impurities∫defects　is　indispensable　to　study　the

』而rst　water　layer　on　Rh（111）．

七J

@　　　ln　this　study，　l　investigated　the　growth　process　of　the　first　water　layer　and

’multilayer　on　Rh（ll1），　using　lRAS，　TPD，　and　spot－profile－analysis　LEED

（SPA－LEED）Jn　the　chapter　6，　l　conclude　that　water　molecules　adsorb　intact　on

the　Rh（111｝surface．’ln　addition，　energetic　Stabilization　of　water　adsorbed　h　the

first　layer，　compared　to　the　multilayer，　is　elucidated．　ln　this　chapter，1aims　to
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elucidate　the　microscopic　adsorption　state　of　water　on　Rh（1，f．1）as　a　function　bf

coverage．　ln　the　present　experiments，．I　carefully　conttolled　thel　surface

impuritiesldefects　and　carried　out　non－　or　less－destructive　measurements．

7．2　ExPeriment

The　experimen．tal　qonditiQns　and　sample　preparation　are　described　in　chapter　3．

The　ciean　Rh（111）surface　was　carefully　prepared，　the　carbon－and　boron

impurities、　w6re　rem・ved　by　gxidati・n　．and　ltrshing・35　Thr　cleanness　was

checked　by　the　ads・rpti。n　behavi・r・f’ @co36　and　D20　usihg　li；LAs，　and　TPD・f

H20’ ≠獅п@D2029・31；and　n。　diss。ciated　species・f　Water　was・bserved　in　the

present　experiments（see　beloΨ）・

　　　　　　Water（D20，　H20）vapor　was　introduced　through　a　pulse　gas　dosing

system・nt・the　sampie　sititace．　The　wat剛2160（Milli－Q）and　D2160（Aldrich，

is°t°pic　pu「i卵9・96％）】was　degarseq　th「°ugh　seve「al　f「eeze二pump－thaw

cycles　prior　to　exposure．

　　　　　　lRAS　measurements　were　performed　using　an　FTlR　spectrometer

（Bruker　iFS66v∫S）with　a　B－doped．Si（Si：13）、deteCtor（with　measurable　range：

370－4000　cm－一’｝・r　a　m6rcuiy－cad叩ium－t’?i 撃撃浮窒奄р?D　．（MCT；HgCdTe）　detec’t・r

（700－7500bm－1）・　Ali　the　spectra　were　taken　wi．th　4　cm－’　res・luti。n　and　590

scans．

　　　　　　The　L≡…EiD　measurements　were　carried　out　using　a　SPA－LEED

instrument（O国cron）・During　a　typicai　measureme吋period，　the　total　electron

d°se　is～0・0｛el螂酷s　per　＄u「face・　Rh　at・m　in　this　st卿LEED・bsprvati・n

with　a　small　electron　dose’　is　quite　important，　since　water　molecules　adsorbed　on

the　metal　surfaces　are　easily　damaged　by　loW　energy　eteCtrons．iolti・i3
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7．3Results　and’Discussion

7．3．1The町st　layer　gf　waterρn　the　Rh（111｝surface

7．3．IAl＿EED

When　water　mOiecules　were　adsorbed　on　Rh（111）at　20　K，　and　then　anneal．ed　at

145K，　the　fbrmation　of　a（・∫3x・」3）R30。　LEED　pattern（see　the　inset　of　Fig・τ3　at

θ＝0．23）was　observed．　Figure　7．3　shows　a　full－width　at　half－maximum（FWHM）

in　a　percentage　of　the　first　sur「ace　Brillouin　zone（％SBZ）and　an　integrated

intensity　of　a（1∫3，1∫3）LEED　spot　as　a　function　of　water　coverage、100％SBZ　is

de伽ed　as　the　distance　between　the　specular　beam　and　the　first　order　Rh　spot　in

reciprocal　space，　k＝2冗／O．27　nm－1．　　　　　　　・

　　　　　　Even　at　low　coverage，　the｛V3xV3）R30°LEED　pattern　is　observed．Thus，

water　molecules　are　mobile　at　145　K　and　form　a　hexagonal　CommensUrate　2D

domain　on　the　Rh（111）sur「ace．　Here，　the　intermolecular　distance　must　be

slightly　longer　than　that　in　bulk’h　to　form　the　commensurate　layer　because　the

lattice　constant　of　Rh（111）is　3％longer　than　that　of∫h．　Therefore，　the　water　layer

should　be　fi　atter　tha　n　the　ice－like　zig－zag　bilayer．

　　　　　　Apeak　intensity　of　a　diffracted　beam　for　an　island　containing　N　ordered

scatrerers　is　pr・P・E：ti・nal　tρ砿COnsequently・the　largest　island　will　influence

the　shape　of　the，　beam　profile　most　strongly，　and　the　FWHM　will　not「e｛br　to　the

mean　diameter　of　the．islands　on　thq　surface．　but　will　be　weighted　heavily　toward

the　larg6st　i＄lands　present．37　W証h　increasing　coverage，　the（113，113）LEED　spot

、becomes　sharper　and　intensifies，　but　at　o．2≦θ≦0・3　FWHM　and　integrate

intensity．　do　not　change　smoothly　as　a　function　of　covqrage．丁hese　result＄

indicate　that　the　cemmensurate　（V3xV3）R30°islands　initially　grow　with

increasing　coverage，　but　at　O．2≦9≦・α3　new　phases　apPear　eXcept　the

commensurate（・」3×，V3）R30°domain．
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　　　　　　With　f岨her　increasing　coverage，　water　molecules　show　new　di新raction

spots　as　shown　in　Fig．7．4．　Figure　7．4（b）shows　LEED　image　atθ＝0．56，　where

new　spots　are　observed　around（0，0｝and　halo・like　intensities　also　are　observed

outside　the（1∫3，113）spots．　At　near［y　the　saturation　covetiage，θ＝0．89，　these

halo－iike　intensities　are　more　clearly　visible　in　Fig．7．4（c）and　schelriatically

illustrated　in　the　inset　as　squares．　The　position　and　six－fold　symmetry　of　these

sp・ts　indicate　that　there　is－g’ 唐メEmpressed　hexag・n　with　iespect　i6’　V3aRti　and

～8°rotated　from［112】direction　in　the　real　space．　ln　addition，　new　spots

around（0，0）obser∨ed　at　e＝0．56　are　changed　to　hexagonal　ring　atθ＝0・89・

Figure　7．4（d｝shows　a　one－dimensional　cut　along【112】of　Fig．7．4（c）．　Besides

（0，0）and（1∫3，1／3）spots，　new　spots　are　observed　at－12％SBZ，　which　hdicated

along　rage（～8aRh｝domain　periodicity　along［112］direction．　K．　D．　Gibson　ef　a’．

observed　small　feature　near　the　specular　using　di『raction　of　He　atom　for

H20／Rh（111），　which　indicate　the　superlattice　structure　with　a　repeat　distance　of

鞠24A（－9aRh）．32　They　noted　that　this　feature　is　always　present　but　the　positions

and　intensities　were　not　fully　reproducible．32

7．3．1BIRAS

ln　Order　tO　Obtain　the　miCrOSCOpiC　rinfbrmatiOn　Of　the　adSOrbed　StateS，　We

measured　the　vlbrational　spectra　of　the　water　layer，　grown　on　the　Rh（111）

surface　using　lRAS．　A　series　Of　lRAS　spectra　are　shown　as　a　function　of　water

coverage　in　Fig．7、5．　For　the　submonolayer　regionθ≦1．0，　Fig．7．5（a｝，　D20

molecules　were　adsorbed　at　20　K　follOwed　by・annealing　at　145　K．　Note　that　no

Ctifferences　in　lRAS　were　observed　in　the　three　preparation　methods；（1）D20

moIecules　were　adso「もed　at　20　K　followed　’by　annealing　af　145　K，（2）

Amorpheus　sOlid　water（ASW）thick　film　was　annealed　at　165　K　to　desorb　water

molecuies，（3）D201ayer　was　epitaxially　grown　with　Ia　constant刊ux　of～O’．01



119

（fractional　coverage）∫s　at　145　K．　Thus，　l　measured　the　thermodynamically

equilib如m　adsorption　states　at　145　K　by　IRAS．　Figure　7．5（b）shows　the　spectra

of　epitaxially　grown　multilayer　ice　ofθ＝1．4　and　of　thick　crystalline　ice侃m　of

θ＝119，which　was　prepared　by　annealing　an　ASW　multilayer　at　165　K　to

crystallize，　respectively．

　　　　　　Firstly，　l　concentrate　on　the　OD　stretching（voD）mode　because　the

stretching　vibration　Of　water　is　very　sensitive　to　hydrogen　bond　formation．　At　the

early　stage　of　water　adsorption　on　Rh（111）（θ≦0．31），　water　molecules　show　a

sharp　peak　at　2694　cm－1　and　broad　peaks　of　around　2540，2460，　and　2200　cm－1

［Fig．7．5（a）］．

　　　　　　According　to　our　previous　study，　the　peak　at　2694　cm－1　was　assigned　to

afree　OD　stretching　mode　of　water　molecules　inside　the　2D　islands．32　This

assignment　to　the　free　OD　was　confirmed　by　the　following　experiment，　where　we

exposed　the　D201ayer　showing　the　lRAS　peak　at　2694　cm－1　to　H20　molecules

at　20　K．　As　a　result，　the　stretching．mode　at　2694　cm－1　decreased　in　intensity．

Since　an　H20　molecule拓rms　a　hydrogen　bond　with　a　free　OD　via　its　oxygen

bne　pair，　H20　adsorption　leads　to　a　fall　h　the　number　of　free　OD．　Therebre，　this

mode　corresponds　to　the　stretching　vibration　of　free　OD．　Note　that　proton

exchange　and　interlayer　mixing38　between　the　D201ayer　and　posLdosed　H20

molecules　was　not　observed　at　20　K．　For　the　case　of　proton　exchange　and

interlayer　mixing，　a　bending　mode　of　HDO（1370　cm－1　for　the自rst　layer）30　and　a

stretching　mode　of　2－coordinated　free　OD（2750　cm－1）39　should　be　observed　in

lRAS，　respectively，　but　were　not　at　20　K，　which　will　be　discussed　in　section　D．

However，　l　can　not　eiucidate　whether　the　water　molecules　which　have　free　OD　is

at　the　inside　or　edge　of　2D　island　by　this　experiment．’

　　　　　　Here，　in　this　study，　the　peak　at　2694　cm’1　is　reassigned　to　a　f「ee　OD　at

the　2D　domain　edge　as制bws．、　Firstly　water　layer（θ＝0．14｝are　prepared，　Fig．

7．6（a）．’We　exposed　the　D20∫Rh（111）to　・・1　ML　Xe　at　20　K，　where　Xe　atoms　can．

adsorb　on　the　water　island　and　the　bare　Rh（］11）sui栢ce（discussed　Ilater　in
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section　7．3．2）．　Xe　adsorption　may　not　caμse　structural　change　of　water　islands，

because　Xe　atoms　weakly　physisorb　on　the　surface．　If　the“D－up”species　is　in

the　2D　island，　it　may　interact　with　Xe　atoms　adsorbed　on　the　water　island，　thus

the　lRAS　peak　observed　at　2694　cM’1　should　pelturbed　by　Xe　adsorption　on　the

2D　island．　Figure　7．6（b）shows　an　lRAS　spectrum　of　Xe1D20（e＝0．14｝∫Rh（111），

where　the　water　islands　and　the　bare　Rh（111）surface　are　covered　by　Xe　atoms．

The　IRAS　peak　at　2694　cm吟1　decreased　in　intensity　andlor　red　shifted　by　Xe

adsorption．・The　Xe／D20∫Rh（M1）is　heated　to　77　K．　in　order　to　desorb　Xe

adsorbed　on　the　2D　island，　Fig．7．6（c）．　Xe　atoms　are　adsorbed　only　on　the　bare

Rh（111）surface，　the　2694　cm－1　peak　do　not　show　change　as　compared　with　Fig．

7．6（b｝、Thus，　l　conclude　that　this　mode　is　not　the“D－up”species　in　the　2D

islands．　Figure　7．6｛d）shows　lRAS　spectrum　after　flashing　to　110　K　in　order　to

desorb　Xe　atoms　adsorbed　on　the　bare　Rh（ill）sulface．　The　peak　intensity

increased　and　lRAS　spectrum・is　nearly　the　same　with　Fig．7．6㈲．　Water

molecules　at　the　2D　island　edges　may　strongly　interact　with　Xe　atoms　adsorbed

on　the　bare　Rh（111）surface，　thus　l　conclude　that　the　IRAS　peak　observed　at

2694cm’1　is　the　stretching　mode　of　free　OD　at，the　2D　island　edge．

　　　　　　hFig．7．5（a），　the　broad　peaks　at　2550，2450，　and　2200　cm－1　are

assigned　to　the　OD　stretching　vibration　of　hydrogen－bonded　water　molecules，

because　the　OD　stretch韮ng　shows　a　red，　shift　and　a　peak　broadening　owing　to

hydrogen　bonds．　The　IRAS　spect’窒浮香@of　crystalline　bulk．ice　exhibits　broad　peaks

from　2600　to　2300　cm－｛［Fig．7．5（b），θ＝119］．40　Therefore，　the　stretching　modes　of

the　first’water　layer，　namely　around　2550　and　2450　cm■1，are．　assigned　to　water

molecules　hydrogen－bonded　to　each　other　in　the，first　layer．

　　　　　　On　the　other　hand，　the　stretching　frequency　of　2195　cm■1　mode　is　lower

than　that　of　crystailine　buik　ice，　which　indicates　an　enhanced　elongation　of　the

OD　bond．　Such　extremely　low－frequency　OD　stretchin自bands　have　been

observed　for　D20・on　Rh（1t1），3t・33　Pt（111），41　and　Ru（0001）．131assign　this　peak　to

the　OD　stretching’・vibration　of　D20　with　an　OD　bond　pointing　to　the　Rh（111）
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surface，　as　previously　repαted　for　H20∫Pt（100）．42　This　red　shift　is　explained　by

the　weakening　and　elongation　of　the　internal　OD　bonds　through　interactien　with

the　metal　substrate．6　Based　on　DFT　calculation　Meng　et　at．20　reported　that　the

stretching　vibration　of　the　D－down　species　carl　be　characterized　by　the　broad

peak　at　2200　cm－10f　D20　on　Pt（111）．41

　　　　　　　Thus，　we　conclude　that　water　molecules　form　D－down　domain　at　low

coverage，　and　the　free　OD　exists　at　the　edge　of・　D－down　domain．　Based　on　the

LEED　results，　the　D－down　domain　is　the　commensurate（V3×V3）R30°structure，

in　other　ward　it　is　flatter　than　the　ice－ike　zigzag　bilayer．

　　　　　　　At　e≧0．36，　a　new　peak　sta　rts　to　appear　at　2723　cm－1　in　the　OD　stretching

region：while　in　contrast，　the　peak　intensity　of　2694　cm－1　decreases［Fig．7．5（a）】．

This　new　peak　exhibits　almost　the　same　stretching　vibratiOn　of　free　OD－at　lh　or　ic

surface［Fig．7．5（b），2724　cm－1】．43　The　appearance　bf　this　new　peak　is　not

explained　by　the　multilayer　formation，　because　the　multilayer　molecules　desorb

at　lower　temperatures　than　the　first　layer（see　chapter　5）．　Thus，　the　ice－Iike

bilayer　starts　to　appear　with　increasing　coverage．　By　LEED　measurements，　the

compressed　hexagon　was　observed　at　high　coverage　region．　Therefore，　we

conclude　that　the　ice－lil｛e　bilayer　is　compressed　with　respect　to　V3aRh　and～8°

rotated　from【112］direction；incommensurate　structure．　Atθ＝1．0，0nly　the　peak

at　2723　cm’i　is　observed　at　free　OD　region　in　lRAS．　Thus、1　conclude　that　the　first

water　layer　is　miXture　of　the　“D－up”and‘“D－down”species　at　high　coverage．　The

coexistence　of　the　D－up　and　D；down　species　may　be　the　one　which　mifiimizes

the　long－range　dipole－dipole　repulsion、

　　　　　　　Figure　7．7（a）shows　coverage　dependence　of　lRAS　spectra　at　free　OD

stretching　regiQn．　Note　that　two　peaks　do　not　shift．with　increasing　coverage，

which　indicate　that　the　free　OD・species　do　not耐eract　with　each　other，　Thus　we

．assume　that　the　peak　intensity　of　these　peaks　is　proportional　to　their　’coverage．

Figure　7．7（b）shows　integrated　intensities　of　these　peaks　as　a　function　of

coverage，　the　intensities　are　normalized　by　a　value　at　e＝1．0　of　2723　cm’t．　With
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increasing　coverage，　the　peak　at　2694　cm“1　grows　in　intensity　and　reach

maximum　atθ～02，　and　then　decreased　in　intensity、　The　IRAS　peak　observed

at　2694　cm－1　is　the　stretching　mode　of　free　OD　at　the　D－down　dornain　island

edge．　The　number　of　water　molecules　at　the　edge　of　the　2D　islands　is

proportional　to　eξwhereξ＝t12　fbr　disk－like　islands　and　O．5＜ξく1　for　the　2D

islands　with　jagged　circumference．ξ一〇．95　is　estimated　by　fitting　the　coverage

dependence　of　2696　cm－t　peak　intensity　at　e≦0．2　and　fitted　result　is　shown　as

dashed　curve　in　Fig．　7．7（b）．　This　indicates　that　water　molecules　form　very．jagged

or　restricted（anisotropic）D－down　islands　on　the　surface．

　　　　　　The　D－down　model　proposed　by　Ogasawara　et　al．　6　can　grow

isotropic，　a目y　on　the　surface，　thus　islands　may　show　disk－like　islands　in　order　to

decrease　the　island　edges．　Thus，　the　very　jagged　or　anisotropic　islands

indicates　a　different　adsorption　structure　which　restrict　the　isotropic　growth　like

observed　for　H201Pd（111｝19　and「or　small　clusters　observed　for　D20∫Ru（OOO寸）13．

In　order　to　identify　the　2D　islands　shape，　STM　measurements　should　be

Recessa　ry・

　　　　　　On　’the　other　hand，　in　Fig．7．7（b｝，the　peak　at　2723　cm’1　starts　to　increase

in　intensity　at　e～0．2　and　grows　linear　up　toθ＝1．O．　The　linear　growth　of　the

peak　intensity　of　the　2723　cm“t　is　consistent　with　our　peak　aSsignments　that

these　peaks　are　derived　from　the　water　molecules　which　have　free　OD（D－up）

inside　the　2D　islands．　The　linear　increase　of　the　D－up　species（2723，　cm’1）

correlate　with　the　linear　decrease　Of　the　free　OD　at　the　D－down　domains（2694

cm－1 j，　this　result　indicates　that　the　D－up　domains　start　to　grow　from　the　edge　of

D－down　domains　and　occupy　among　the．D－down　domains．・

　　　　　　Ishortly　Summarize　the　results　at　submonolayer　region（Fig．7．8）．　At　the

initial　stage，　water　molecules　fbrm　the　comrnensurate（V3xV3）R30°structure．

This　is　fiatter　than　ice－like　bilayer，　and　consists　of　the　D－dowrl　species，　Free　OD

at　the　D－dowrl　island　edge　shows　the　stretching　mode　at　2696　cm’1　in　IRAS．

・Based　on　the　coverage　dependence　of　the　peak　intensity（2696　cm’1），　D・down
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islands　may　have　jagged　edges　or　anisotropuc　island　shape．　With　increasing

coverage，　the　ice－like　bilayer（D－up）grows　and　show　the　incommensurate．　At

nearly　the　saturation　coverage，　the　ice－like　bilayer　is～9％compressed　from　the

commensurate（V3xV3）R30°structure，　which　is～5％compression　with　respect

to　ice・th．　At　saturation　coverage，’the伽st　water　layer　consists　of　the　ice－like

bibyer（D－up）and刊at（D－down）domains．

　　　　　　Taking　into　account　the　above　results，　l　assigned　the　DOD　bending

（δDoD）and　librational　modes　as　bilows．　At　Iow　coverage　region，　two　peaks　at

1187and　1172　cm－1　are　observed　in　theδDoD　region．　At　the　initial　stage　of　first

layer　growth，　water　molecuies　fbrm　the　D－down　islands，　where　two　kinds　of

water　species　exist：water　mOlecule　which　bonds　to　the　metal　atom　via　their

oxygen　Ione　pair　and　has　OD　bond　pointing　to　the　substrate（D－down　species）．

Assuming　that　the　frequency　of’the　bending　mode　decreases　from　its　gas－phase

value（1178　cm－1）as　the　extent　of　charge　transfer　to　the　substrate　metal

increases，1　the　peak　at　1172　cm－1　is　assigned　to　water　molecules，　which　are

bonded　to　metal　atoms　via　their　oxygen　lone　pair．　ln　addition，　taking　into

consideration　the　fact’that　the　intermolecular　hydrogen　bond　causes　a　blue　shi丘
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　り

inδDoD，1　the　peak　at　1187　cm－1　is　assigned　to　the　D－down　species．　With

increasing　coverage，　a　new　peak　apPears　at　1199　cm’1　and　increase　in　intensity，

where　shoulder　peaks　at　1206　and　1230　cm－1　are　observed．

　　　　　　ln　the　D201ibratbnal　region，　tWo　peaks　are　observed　at　657　and　610

cm－1　at　low　coverage．　With　increasing　coverage，　these　peaks　grow　in　intensity．

Thus　these　modes　are　not　derived　from　the　edge　species：water　molecules

inside　the　D－down　islandS．　l　n　addition，　new　peaks　start　to　appear　at　706　and　520

メcm’1．At　saturation　coverage，　fbur　peaks　are　observed．

　　　　　　Figure　7．9　shows　top　and　side　views　of　three　adsorption　geometries　and

the　dipole－active（i．e．　the　totally　symmetric）modes　at　the　different　geometries、

Figure　7．9（a）shows　the　water　molecule　bonding　to　the　substrate　via　their

oxygen　Ione　pair．　This　water　molecule　has　three　hydrogen　bonds　betWeen　water
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molecules；accepting　one　and　donating　two　hydrogen　bonds．、丁hus，　two　OD

bonds　are　identical．　Here　note　that　・two　kinds　of　water　molecule　of　this　geometry

exist　on　the　surface：in　the　D－up　and　D－down　domains、　Figure　7．9（b）and（c）

shows　the　D－down　and　D戸up　species．　ln　these　configurations，　tWo　OD　bonds　are

not　identical．　These　three　geometries　results　in　one　dipole－active　hindered

rotation（libration）mode，　respectively．　　　　　　　　　　　　　』I

　　　　　　At　low　coverage，　two　peaks　observed　at　657　and　610　cm－1　・are　assigned

as　follows．　Because　the　librational　frequency　decreases　as’the　strength　and

tetrahedrality　of　the　hydrogen　bond　decreases，“　the　peak　observed　at　657　cm－1

is　assigned　as　out　of　plane　hindered　rotation　of　water　molecule　bonding　to　the

substrate　via　their　oxygen　lone　pair　in　the　D－down　islands．　Thus，　the　610　cm－1

peak　is　assigned　as　in　plane　hindered　rotation　of　D－down　species．　At　high

coverage　region，　two　peaks　start　to　appear　at　706　and　520　cm－1．　Based　on　the

above　discussions，　these　two　peaks　are　assigned　as　out　of　plane　hindered

rotation　of　water　molecule　bonding　to　the　substrate　via　their　oxygen　lone　pair　in

the　D－up　domain　and　in　plane　hindered　rotation　of　D－up　species，　respectively．

Yamada　et　al．　reported　that　the、surface　hindered　rotational　modes　of

single－crystalline　ice　grown　on　Pd（111）appeared・at　500　cm－1、45　The　peak　at　520

cm－1・bserved　in　the　present　experiment　are　in　g・・d　agreement　with　the

reported　surface　hindered　rotational　mode．

　　　　　　Here，　note　that　on　Pt（111）the・first　water　layer、at　the　saturation　coverage

sh・ws　the（V39xV39）R16．1°phase，l　in　which　water　m・lecules　are　laterally

compressed　by　33％compared　to　the　bulk　ice∫h．15’16　From　recent　calculations，

one　key　feature　of　the（V39xV39）R16．f°phase　is　that　9　e／o　of　water　molecu　les　are

ionised　as　H30＋and　OH－，　due　to　both　lateral　compression．　of　the　water　layer　and

its　・interaction　with　the　substrate．17　However，　in　the　present　experiment，　no　IRAS

peak　was　Qbserved　at　the　800　・一　850　cm－｛region，　whiCh　is　characteristic　of　D30＋

（is・t・pic　＄hifted）46・Thus，　1　c・nclude　that　the　first　D20　layer　m・lecularly　wets

the　Rh（111）surface、
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7．3．1．C　Wate　r　coadsorption　with　oxygen

1investigated　the　effect　of　preadsorbed　oxygen　on　the　adsorbed　state　of　water

on　Rh（111）．　Figure　7．10　shows　the　IMS　spectra　in　the　librational　region．　Oxygen

molecules　were　adsorbed　at　20　K，　and　then　annealed　to　300　K　to　dissociate　the

molecule　into　oxygen　atoms［Fig．7．10（a｝1．3i　The　coverage　of　oxygen　atoms　was

about　O．06　ML．　Figure　7．10（a）shows　only　a　small　peak　at　516　cm－1，　which　is

assigned　to　the　stretching　vibration　of　Rh・－O，35　Water　molecules　were　dosed’on

O∫Rh（111）at　20　K，　fblIowed　by　annealing　at　155　K　for　60　s［Fig．7．10（b）】．　This

treatment　induces　a　new　peak　at　771　cm－1，　which　is　assigned　to　the　bending

mode　of　a　hydroxyl　species（Rh－OD）．31　Since　this　peak　is　not　observed　in　the

pure　water　layer（Fig．7．5），　we　conclude　that　water　molecules　are　not　dissociated

on　the　Rh（111）s’clean”surface．　ln　addition，　the　TPD　spectrum　of　this　Iayer　is

shown　in　the　inset　of　Fig．6．3（a）．　The　desorption　peak　at　202　K　is　a　feature　for

the　desorption　from　the　OD＋D20　mixed　layer．

7．3．1．D’「itration　of　D・up　and　D・down　species　On　Rh｛111｝

ln　the　previous　section，1　eIucidated’that　the　first　water　layer　on　Rh（111）consists

of　a　miXtu　re　of　the　D－up　and　D－down　species．　ln　this　section，1estimate　the

fractional　coverage　of　the　D－up　and　D－down　species　at　e＝1．0．

－　　　1n　order　to　estimate　the　coverage　of　the　D－up　and’D－down　species，　l

exposed　the　D201ayer　to　H20　molecules　at　20　K．　I　expected　that　the　H20

molecules　interact　with　free　OD　via　its　oxygen　lone　pair；and　the　decay　kinetics

’　of　free　OD　as　a　function　of　dosed　H20　coverage　e（H20）would　give　the　coverage

of　the　D－up　species．

　　　　　　θ（H20）was　estimated　as　follows．　I　measured　the　coverage　as　a　function

of　H2σexposure　on　Rh（111），　where　H20　was　adsorbed　at　135　K．　Based　on　a

coverage　increment　of　multilayer　as　a　function　of　exposure，θ（H20）was
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determined．　Note　that　1　assumed　the　sticking　probability　to　be　unity　betWeen　H20

0n　the　saturated　H20／Rh（111｝at　135　K　and　H200n　the　saturated　D20∫Rh（1f1）at

20K．

　　　　　　Figure　7．11　shows　the　lRAS　spectra　of　OH　and　OD　stretching　vibrations

as　a　funct韮on　of　adsorbed　H20　coverage．　With　increasing　H20　exposure，　the

intensity　of　the　free　OD　stretching　vibration　at　2723　cm－1　decreases．　ln　addition，

new　peaks　appear　at　3719，3698，3430　and　3200　cm　1，　respectiveiy，　and　their

intensities　increase　with　increasing　H20　exposure．

　　　　　　These　new　peaks　at　3719　and　3698　cm－t　are　derived　from　the　OH

stretching　mode　of　free　OH　groups　with　2－coordinated　and　3－coordinated

surface　H20　molecules，　respectivellみ391t　should　be　noted　that　neither　proton

exchange　nor　interlayer　mixing37　between　the－first　D201ayer　and　post－dosed

H20　molecules　was　obser∨ed　during　the　adsorption　process　at　20　K．　Proton

exchange　and　interlayer　mixing　should　provide　a　bending　mode　of　HDO（1370

cm－1　for　the　first　layer）31　and　a　stretching　mode　of　2－coordinated　free　OD（2750

cm－1 jin　IRAs，39　respectively．　However，　I　did　not　obser∨e　them．1n　addition，　the

new　peaks　at　3430　and　3200　cm－1　may　be　derived　from　a　hydrogen　dOnor　in　the

form　of　2－or　3－－coordinated　andlor　4－coordinated　H20　molecules．47

　　　　　　At　the　early　stage　of　H20　adsorption［θ（H20）≦0．16］，2．coordinated　H20

molecules　are　preferential　species　on　the　D20ξirst　layer，　judging　from　the　peak

intensity．　With　increasing　H20　coverage，　IRAS　peaks　of　3－coordinated　and

4－coordinated　H20　molecules　sta　rt　to　apPear　at　9（H20）≧0．21．　Here，1propose

the　following　model　concerning’H20　adsorption　on　the　D20　layer．　Whe’n　a　single

H20　molecule　adsorbs　on　the，D20　first　layer，　H20　bonds　to　the　free　OD　via　its

oxygen　lone　pair，　and　may　be　observed　between　3719　and　3755　cm－1

（asymmetric　stretching　vibration　of　gas　phase　water　molecule）．　However，　a

1－c◎ordinated．　water　molecule　is　not　observed．　Since　this　species　is　not　stable47

and　mobile　Oni　the　D201ayer，　they　migr白te　until　they　collide　with　the　other

migrating　H20　molecules，　and　finally　form　a　stable　cyclic　hexagonal　ring．　A
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model　of　this　ring　structure　is　shown　in　Fig．7．12．　Note　that　three　H20　Molecules

are　involved　in　this　structure　and　they　are　a112－coordinated．　Therefore，　this

’model　is　consistent　with　the　observed　resUlts，　in　which　2－coordinated　H20

species　are　dominant　at　the　early　stage　of　H20　adsorption【9（H20）≦0．16】at　20　K．

ln　this　tnodel，　two　free　OD　bonds　are’　bonded　to　three　H20　mdlecUles．

　　　　　　　Figure　7．13　shows　the　intensity　of　the　free　OD　stretching　mode　at　2723

cm－1　as　a　function　ofθ（H20）．　ln　this　figure，　the　peak　intensity　is　normalized　by

the　initial　peak　intensity（belbre　the　H20　adsorption）．　With　increasing　H20

coverage，　the　peak　intensity　of　free　OD　rapidly　decreases．　ln　the　case　of　a

hit－and－－stick　model　on　an　ice　surface，48　a　simulated　curve（dot－dashed　curve　in

Fig．7．13）does　not　supPort　the　observed　results　at　all・This　also　indicates

surface　dif「usion　of　incoming　H20　Molecules；H20　molecules　migrate　on　the　D20

1ayer　until　they　forM　a　cyclic　hexagonal　ring．　Because　of　the’recent　result，　where

a　fully　’モ盾盾窒р奄獅≠狽?п@water　monolayer　On　Pt（ll1）results　in　a　hydrOphobic　surface

on　which　water　diffusion　is　facile，24this　assumption　may　be　valid．

　　　　　　　ln　this　migration－clustering　model　on　the　D20　layer，　we　can　estimate　the

maximum　coverage　of　the　D－up　species．　From　the　adsorption　kinetics　based　on

thiS　model，　we’ ≠垂垂撃凵@a　Iinear　decay　atθ（H20）≦0，16（the　solid　line　in　Fig．7．13）．　A

gradient　of　this　line　is　estimated　to　be－3．0．　This　valUe　should　be　equal　to

－2∫［3xθ（free　OD）］；θ（free　OD）is　the　fractional　coverage　of　free　OD　sites．　By　the

same　token，θ（free　OD）iS　estimated　to　be　O．22．　Since　the　first　water　layer　on

Rh（11f）consists　of　a　miXture　of　the　D－up　and　D－down　species．　the　maximum

CoVerage　of　the　D－up　domain　and　the　minimum　coverage　of　the　D－down　domain

i合estimated　to　be　O．22x2＝0．44　and　1－O、44＝O．56　at　the　saturation　coverage

fθ＝1．0），　respectively．　Thus　the　am・unt・f　D－d・wn　species　is　t・3　times　larger

than　that　ofthe　D－up　species　on　Rh（111｝（θ＝tiO）．
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7．3．1．E　Wetting　or　dewetting　of　water　molecules　on　Rh｛111｝

Feibelman　has　proposed　that　water　molecules　on　Rh（111）must　be　dissociated

by　impurity　atoms　on　the　surface　in　order　to　explain　the　wetting　layer，　because

the　calculated　heat　of　adsorption　disfavors　intact－molecule　wetting　layers，

compared　with　the　formatbn　of　3D　ice　mounds．341n　addition，　he　has　proposed

that　entropy　effects　hardly　contribute　to　the　free　energy，　and　adsorption　energies

at　T＝O　K恥minate　in　the　free　energy　between　wetting　and　dewetting，　eyen　at

150K4g　lnfact，　experimentally，　the　wetting－dewe廿ing　transiti・n　was　rep・rted・f・r

H200n　Ag（110）at　133．5　Kso．　and　D200n　Pd（111）at　130　K．犯

　　　　　　　ln　the　present　study，　we　clearly　reveal　that　water　molecules　wet　the

Rh（lll）surface　molecularly　as　previously　reportβd．2933　From　the　TPD　results，

water　molecules　wet　the　Rh（111ンsurface　intact　atθ≦0．6　simply　because　of　the

ads。rpti・n　energy（see　chapter　6）．　Since　this　result　c・ntradicts　the　the・retical

study，　either　DFT　is　simply　inadequate　to　calculate．the｛e，nergetics　to　the　required

accuracy　and　dispersion　fbrces　must　be　included，510r　the　structure　of　the

wetting　layer　differs　from　the　bilayer　assumed　previously．3

　　　　　　0n　the　other　hand，　from　an　energetic　point　of　view，　water　molecules

ceuld　not　wet　but　only　dewet　the　Rh（111）surface　atθ≧0．6．「「b　examine　the

－wetting≒dewetting　transition　for　D200n　Rh（111），　the桁st　water　layer｛ltθ＝1．O

was　annealed　at　t　30■1　35　K（below　the　temperature　of　multilayer　desorption）fbr

1200s．　lf　the　wetting－dewetting　transition　occurs，　a　bare　Rh（111）surface　must

be　pa1宝ly　exposed　to　vacuum．　ThenJ　exposed　this　annealed　water　Iayer　to　CO

molecules．　However，　no　stretching　vibration　of　CO　on　Rh（111）was　observed　by

lRAS；thus，－there　was　no　bare　Rh（II1）surface　after　this　annealing，　Therefore，　l

conclude　that舶wetting－dewetting　transition　occurs　in　this　experimental

Condition　for　D20　on　Rh（特1｝at　e＝　1．O．　Thus，　the　dewetting　on　Rh（111）may　be　a

kinetiCaily　hindered　process．　Entropy　effects　may　also　contribute　to　the　free

energy．　ln　faCt，　water　molecules　exist　as　the　D－up　and　D－down　configurations
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with　a　slight　energy　difference（0．3　kJ／mol｝，　which　could　．increase　entropy　over

the　entire　system．　　　　　　　　　　　　　　　一

7．3．2　MultiIayer　groWth　of　water　on　the　Rh（111）surface

Based　on　the　previous　section，　we　investigated　a　crystalline　ice　groWth　on　the

first　water　layer．　The　first　water　layer　on　the　Rh（111）surface　is　the　miXture　of

D－up　and　D－down　species．　As　explained、　above，　the　D・－up　species　has　one　free

OD　pointing　to　a　vacuum　（hydrophilic）whereas　a　fully　coordinated　water　layer　by

D－down　species　results　in　a　hydrophobic　surface．　Therefore’，．the　first　water　layer

on　the　Rh（111）suriace　has　hydrophilic（D－up）and　hyd　ro　phobic（D－down）

domains．

　　　　　　　Kimmel　et　al．　investigated　the　morphology　of　thin　water柑ms　grown　on

．the　Pt（111）and　Pd（111）su汁aces　using　a　Kr　TPD．24’25　The　van　der　Waals

・jnteraction　of　a　rare　gas　atem　with　a　metal　surface　is　a　sensitive　function　of　the

distance　between　the市．　As　a　result，　the　TPD　spectra　of　multilayers　of　rare　gas

atoms　adsorbed　on　a　metal　surface　typically　have　a　series　of　peaks　at　ascending

temperature　due　to　desorption　of　adlayers　successiveiy　closer　to　the　substrate．

Thus　the　TPD　spectra　can　be　used　to　assess　the　height　of　a　desorbing　atom

above　a　metal　surface．　This　same　approach　can　also　be　used　to　determine　the

height　distribution　of　a　thin　water　film　grown　on　the　Rh（lll）substrate．

　　　　　　　Figure　7．14　shows　Xe　TPD　spectra　adsorbed　on　D201Rh（11i）as　a

function　of　water　coverage　at　submonolayer　region．　Water　molecules　were

台dsorbed　on　Rh（111）at　150　K，　and　then　Xe　atoms←d　ML｝were　adsorbed　at　20

Kfollowed　by　TPD　measurernent．　Peaks　around　4’OO　K、　are　assigned　to　a

desorption　of・　Xe　atoms　adsorbed　on　the　bare　Rh（11S｝surface．　Atθ＝0．14，　this

peak　decreased　in　intensity　and　Ieading　edge　shifts　to　lower　temperature．1n、

addition，　new　peaks　appear　at　72　K－and　small　peak　is　observed　at　67　K．　ln　this
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study，　l　labeled　these　peaks　observed　at　72　and　671K　asα1　andα2，　respectively・

On　the　clean　surface，　these　peaks　are　not　observed，　thus　these　peaks　can　be

assigned　to　desorption　of　Xe　atoms　adsorbed　on　the　2D　water　islands．　Based　on

the　results　of　previous　section，　Water　molecules　form　the　commensurate

（V3xV3）R30°structure　with　D－down　configuration　at　low　coverage　region．1n　Xe

TPD，　theα1　peak　is　dominant　compared　with　theα2　peak　atθ＝0．14．　Thus，　the

α1peak　is　assigned　to　desorption　of　Xe　atoms　adsorbed　on　the　D－down

domains．

　　　　　　With　increasing　water　coverage，　ctf　peak　increased　in　intensity　a　nd　shift

to　higher　temperature．　Subsequently，　theα2　peak　increased　in　intensity　and　shift

to　higher　temperature．　Based　on　the　previous　section，　the　ice－like　bilayer　grows

at　high　coverage　region．　Thus，　theα2　peak　is　assigned　to　desorption　of　Xe

atoms　adsorbed　on　the　D－up　domains．

　　　　　　Therefore，1can　ti‡rate　the　D－up　and　D－down　domains　using　Xe　TPD．　At

saturation　coverage，　a　ratio、of　the　integrated　peak　intensity　of　oct　with　respect　to

α2is　1．2，　Assumihg　a　linear　heating　rate　in　this　desorption　region　and　a　same

adsorption　structure　of　Xe　on　D－up　and　D－down　domains，　it　is　consistent　with　the

previous　titration　experiment（section　7．3、1．D）where　the　amount’of　D－down

species　is　1．3times　Iarger　than　that　of　the　D－up　species．

　　　　　　Figure　7．15（a｝shows　TPD　spectra　of　Xe　adsorbed　onD20∫Rh（111）as　a

function　of　water　coverage　at　multilayer　region．　D20　was　adsorbed　at　135～140

Kfollowed　by　Xe　adsorption　at　20　K．　Multilayer　or　second　layer　Xe　was　desorbed

before　the　TPD　measurements，　thus　only　the　Xe　desorption　adsorbed　on　the　first

water　layer（α1　andα2　peaks）are　observed．　With　increasing　the　water　coverage，

desorption　peaks　decreased　in　intensity　whereα1　peak　firstly　decreases．　ThiS

result　means　that　adsorption　sites　of　Xe　on　the　D－down　domains　firstly　decrease

by　water　adsorption、　Thus，　water　muitilayer　starts『 狽潤@grow　on，the　D－down

domains．　Here，　muitilayer　formation　may　not　cause　structural　change　of　the

D－down　domains，　because　the　stretching　mode　of　D占down　species（2195　cm－1）
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atθ＝1．4　does　not　show　any　changes　compared，with　that　at　e　＝1．O　as　shown　in

Fig．7・5（b）．　　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　I

　　　　　　Figure　7，i5（b）shows　the　water　coverage　dependence　of　the　integrated

peak　intensity（αT＋α2｝，　which　iS　identical　to　a　fractional　coverage　of　the　bare

桁st　water　layer．　With　increasing　water　coverage，　the青actional　coverage　of　the

bare柑st　wat色r　layer　decreased，　but　the　clystalline　water創ms　do　not　fully　wet

the　fi　rst　water　Iayer　up　to　e－～100．　Therefore，　three－dimensional　water　islands　are

formed　on　the　fi　rst　water　layer、

　　　　　　ln　the　previous　section，　l　conclude　that　the　D－up　domaiR　is　～5％

compressed　compared　with　．ice　lh．　If’　the　water　multilayer　grows　epitaxially　on　the

D－up　domain，　crystailine　ice　becomes　unstable　compared　with　ice’h　b部ause　of

strain（compression）energy．　ln　addition，　epitaxial　groWth　of　cryStalline　ice　on　the

D－up　domain　may　results　in　a　net　polar　ordered　ice　which　has　lower　entropy　than

ice∬because　hydrogen　atoms　are　randomly　situated　in　ice’．　Therefore，　water

molecules　prefer　to　aggregate　each　other　on　the　D－down　domain　in　erderto　fbrm

3D　crystailine（ice’h　or∫c）grains　wi‡h　no　hydrogen　bonds　between　the昔rst　water

layer　and　multiIayer．　In　the　previous　sectbn，　water　molecules　form　vertical

hexagonal　ring　on　the　D－up　domain　at　20　K（Fig．7・12）・This・smali　cluster　may

not　be　stabIe　at　440　K，　thus　water　molecules　rnigrate　on　the翫st　water　layer　t白

form　large　ciystalline　3D・　grains．　Therefo　re，　the　ver匡ical　hexagonal　ring　may　be　a

precursor　in　order　to　form　the　three－dimensional　ice　grains加the　first　water

｝ayer．

’7．4Discussions

The　Xe　adS・rptien　experimepis　des磯ed　ab°ve　sh°w緯wa‡e「ads°「pti°n　at

｛35K和rmed　3D　c痒s剛e　islands・n　the　first　water　layer．撫be繍・r　has
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been　observed　previously　on　other　metal　Substrate　such　as　Pt（111）24’25，

Pd（111）25，　and　Ru（OOO1）2627．　ln　these　studies，　the　structures　of　the　first　water

layer　are　considered　as　H－down　model，　where　a　fully　coordinat’ed　’Water　layer　’by

H－down　species　results　in　a　hydrophobic　surface．

　　　　　　8ased　on　the　above　idea，　H－up　species　may　result　in　a　hydrophilic

Surface・，・because　one　free　OH　can　donate　a　hydrogen　bond．　However，　water

multilayer　start　to　grow　on　the　D－down　domains　and　do　not　wet　the而rst　water

layer　on　the　Rh（111）surface，　where　the　D－up　and　D－down　species　coexists．

Thus，　D－up　species　dσnot　result　in　a　hydrophilic　sulface．　This　indicates　that　the

hyd　rophobic　and　hydrophilic　properties　of　the　first　water　layer　are　not　simply

controlled　by　the　water　arrangement；H－up　or　H－down．

　　　　　　ln　previous　studies，　a　micrOScopic　structure・at　the　interface　between　first

layer　and　multilayer　is　rarely　obtained．　Su　et　a∫．　studied・the　gr◎wth　of　water

multilayer　on　Pt（f11）at　120～137　K　using　SFG（secOnd　harmonic　generation）．52

They　reported　that　hydrogen　bond　network　is　not　random（i．e．，　isotropic）but

exhibits　a　ferroelectric　order（the　term　is　used　here　to　describe　a　net　polar

ordering　of　water　molecules　in　the　ice　film）．　The　observation　of　a　SFG　peak

characteristic　of　a　free　OH　stretch　atθ＝1．2　and　above　raises　the　possibility　that

the　structure　of　the　first　water　layer　on　Pt（111｝could　be　modified　when　the

second　layer　grows　on　top，　becauSe　the　first　Water’layer　arranges　as　H－down　on

this　surface．

　　　　　　On　the　other　handjn　this　study，　it　is　elucidated　that　the　D－down　species

do　not　reorient　to　accommodate　fbrmation　of　a　crystalline　ice　when　the　second

layer　start　to　grow　on　the　D－down　domain　on　Rh（111｝．　This　result　is　clear

evidence　for　a　hydrophobic　interaction；hydrogen　bonding　wjthin　the　multilayer　is

favored　compared　to　bonding　to　the　first　water　layer．

　　　　　　ln　addition，　it　is　elucjdated　that　a　・lattice　matching　between　substrate　and

the　basal　plane　of　ice∫h　do　not　ensure　an　’epitaxial　growth　of　ice∬h，　where　the

D－down　domain　adopts　commensurate　structure　with　the　Rh（111）surface　which
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has　small．lattice　mismatch　of　・・3％．

　　　　　　Previous　studies　are　su’mmarized　as　shown　in　Fig．7．16，　in　which　the

re　po　rted　groWth　mechanisms　of　water　ice　are　lined　up　in　the　order　of　periodic

tables　of　the　substrate　meta1　atom．　This　order　may　correlates　with　the　adsorption

energy（Ead）of　water　molecules　because　the　dominant　interaction　of　water

molecuie　with　metal　substrate　may　be　the　electron　donation　from　water　1　bl

orbital（lone　pair）to　the　sE」bstrate　d－bands．

　　　　　　Water　molecules　weakly　interact　with　the　noble　metal　substrates，

because・f　weak　hybridizati・n・f　water　lbl　with　metal　sρbands・1耐ese　cases・

water－water　interaction（hydrogen　bonding）governs　water－metaI　interaction，

thus　watel　m・lecules．d・n・t　wet　the　substrates，　namely　hydr・ph・bic　metal

su　bstrate．

　　　　　　On　the　other’hand，“for　transition　metal　substrates，　water拍01ecules

interact　more　strongly　with　surfaces．　On　the　Ni（111）surface，　the柑st　water　layer

shows　the　high－order　commensurate　2D　structure．　When　a　second－layer　is

formed，　water　film　reconstructs　to　an　incommensurate　crystalline　ice．　In　addition，

water　film　grows　layer－by－layer　on　the　Ni（111）surface．　ln　other　words，　this

surface　results　in　hydrophilic　metal　surface．

　　　　　　ln　the　case　of　the　Pt（111），　Pd（111），　Rh（111），　and　Ru（0001）sulfaces，　the

fi　rst　water　layer　wet　these　surfaces（hydrophilic　metal　surface）、　however　water

ice　nucleate　on　these　first　water　［ayers　as　3D　islands．　ln　this　study　for　Rh（ll1），

3D　islands　grows　on　the　D－down　domains　where　D－down　species　does　not

reorient　in　order　to　accommodate　formation　of　a　crystalline　ice．　This　behavior

results　in　the　hydrophobic　first　water　layer．　Thus，　l　think　that　not　the　water

arrangement　but　the　capability　of　reorientation　（reconstruction）of　water

molecules　in　the　first　water　layer－is　crucial　in　order　to　understand　the刊m　growth

mechanism　on　metal　substrates．
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7．5Conclusion

The、adr°「pti°n　states　and，9「°曲p「°cegs°f　thr　w「st　Wate「．（P2°）laye「、and

multilqyer　on　Rh（111）were　investigated　using　，IRAS・丁PD，　and　SPA－LEED・At

the　initial　stage，Ψater　m・lecu．les　f・rm　the　c・mmensurate（V3xV3）R30°structure・

This　is　fiatte「than　the　ice“like　bilaye「，　and　c°nsists°fthp，D’d・wny　speci．es・．　Free

OD　at　the　D－d・Wn　d・main　edqe§h・ws　the　stretching　m・de　at　2696　cm－‘　in　IRAS・

Based・n　the　c・verage　dependence・f　the　p6ak　intensity（2696　cm－5，2D

islands　may　have　jagged　circumference　or　anisotropic　island　shape．　Wth

inc「qasing　c°ve「age，　lle　icerlike　bilaye「9「°ws　and　sh°Ws　the　inc輌ensurate

structure・　At　nearly　the　saturation　coverage，　the　ice－like　bi　Iayer　is　～9％

c。mpressed　fr・m　the　cpm！pensurate（V3xV3）R30・structurei　whicb’@ls－5％

compression　with　respect　to　ige．∫h．　At　saturation　coverage，　the　first　water　layer

c°nsiSts°ft ??@ice白like　bilaye「（D但p）and　flat（D－dgwn）d・mainS・姉ere　the　D－up

and．　D・d・wn　d・mains・ccupy　44％and　56％・f　the　fi　rst　wqter　layer　respectively・

F岨her　ads・rpti・n・fwater　m・lecules　f・rm．　3D　ice　qrystallites。n　theP－d・wn

d・mains　where・the　D－d・wn　species　d・n・t　re・rirnt’ ｲc・mm。date　f・唖・n

of　a　crysta‖ine　ice．



135

Figures　and　table
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Fig．7．1、Proposed　models　of（a）the（V37xV37）R25．3°（H－down）and（b）the（寸39xV39）R16．1°
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Fig．7．2．　Experimental　and　simulated　STM　images　of　D20　ctusters　on　Pd（111）．　Left：STM　image

of　D20　clusters　on　Pd（111）at　100　K．　Right：（a）Experimental　STM　image　of　a　rosette　structure

made　of　seven　hexagons．（b　and　c）STM　topographic　image　simulations　for　two　different

DFT－optimized　models　of　the　rosette　structure．　ln　panel　b，　the　edge　water　molecules　have　a

H－down　configuration．　ln　panel　c，　alternating　mo【ecules　are　dissociated　to　OH　（a　similar

simulated　image　was　obtained　from　an　H・up　configuration）、（d）DFT　optimized　structure　of　panel

b．White　circTes　are　O　atoms，　and　dark　circles　are　H－atoms．　Dirk　circles　inside　white　circles　are

dangling　H－atoms　below　the　O－atoms（H－down）．　Panels　a’－d’show　the　resu［ts　for　a［arger

structure．　Again，　the　STM　images　can　be　reproduced　only　with　edge　molecules　with　dangling

H－atoms　toward　the　surface．19
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Fig．7．3．　FWHM　and　integrated　intensity　of　a（113，1／3）LEED　spot　as　a　function　of　water

coverage．100％SBZ　corresponds　to　the　normal　spot　distance　of　the　Rh（111）surface，　k＝

2π／0．27nm＾1．　Solid　Iines　are　only　a　guide　to　eyes．　The　inset　shows　a（V3xV3）尺30°LEED　pattern

at　O＝0．23．　Water　mo｜ecules　were　adsorbed　at　20　K　followed　by　annealing　at　145　K．　Al］　the　data

were　measured　at　20　K　with　electron　energy　of　60、6　eV．
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Fig．7．4．　LEED　patterns　for　D20　adsorbed　on　Rh（111）at　135　K　observed　with　incidental　electron

energy　of　60　eV　at　85　K．（a）0＝0．25，（b）0＝0．56，（c）0＝0．89．　The　insets　of　panel（c）are

iilustrated　schematica｜ly　of　diffraction　pattern．（d）One－dimensional　cut　along［l　I　2］of　panel（c）．

100％SBZ　corresponds　to　the　normal　spot　distance　of　the　Rh（111）surface，　k　＝　2πiO．27　nm’1．
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Fig．7．5．（a）IRAS　spectra　of　D200n　Rh（111）as　a　fUnction　of　coverage（the　submonolayer

region）．　Water　molecules　were　adsorbed　at　20　K　fo［lowed　by　annealing　at　n45　K．　All　the　spectra

were　measured　at　20　K　with　4　cm－1　resolution　and　500　scans　by　the　Si：B　detecto「，（b）IRAS

spectra　of　D200n　Rh（111）as　a　function　of　coverage（the　multilayer　region）．　All　the　spectra　were

measured　at　20　K　with　4　cm．i　resolution　and　500　scans　by　the　Si：B　detector．　The　multilayer　ice　of

O＝1．4and　O＝119was　made　by　epitaxial　groWth　and　annealing　an　ASW　multilayer　at　165　K　to

crystallize，　respectively．
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Fig・7・6・IRAS　spectra　of　Xe∫D20∫Rh（111）as　a　fUnction　of　Xe　obServed　at　20　K（a）IRAS

spec加m　of　ID20∫Rh（1軒）at　e＝0．14，　where　water　mole¢ules　were　adso『bed　at　155　K．（b｝IRAS

spectrum　of　Xe「D20∫Rh（111），　Where　water　layer（θ＝0．14｝’are　exposed’to’Xe　at　20’K．（c｝The

XerD・0∫Rh御）is刊ashed　t・’77　K（d）1RAS’ 唐垂?р窒浮香@a慌er‘fi・shing　t・1蝋．　Ali’ 狽??f　speetta
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Fig，7．8．　A　schematic　iliustration　of　the　first　water　layer　at（a）Iow　coverage　and（b）high　coverage

region，respective「y．
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Fig．7．9．　Tbp　and　side　views　of　three　different　adsorption　geometries　and　the　dipo［e－active（Le．

total｜y　symmetric）modes　at　the　different　geometries．　The　lntramolecular　modes　are［abeledδ

（D－O－Dbend）and　v（O－D　stretch）．　The　hindered　rotation　and　hindered　trans｜ations　are　labeled　R

and　T　with　respeCt　to　axes　fixed　to　the　substrate，　respectively．（a）Water　molecule　bonding　to　the

substrate　via　their　oxygen　bne　pair．（b）D－down（c）D－up　species，
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Oxygen　molecules　were　adsorbed　at　20．K　on　Rh（111｝followed　by　annealing　to　300　K．　The

coverage　of　oxygen　atoms　is　about　O．06　ML（b）Water　molecules　were　dosed　on　O∫Rh（111｝at

20K，　followed　by　annealing　at　155　K　for　60　s．　Both　spectra　were　measured　at　20　K　with　4　cm－1

resolution　and　500　scans　by　the　Si：B　detector．　An　unwanted　signal　at　750　cm－1　is　due…o　noise．
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The　D201ayer（0＝1．0）was　made　by　annealing　an　ASW調lm　at　145　K，　and’then　it　was　exposed　to

H20・　at　20　K．　All　the　spectra　were　measured　at．20　K　with　，4　cm－1　resolution　and　500　scans　by　the

MCT　detector．
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Fig．7．12，　A　schematic　structural　mode［　for　H20　adsorption　on　the　D－up　domain．　Gray　and　white

small　circles　represent　deuterium　and　hydrogen　atoms，　respectively．　Bold　lines　represent

hydrogen　bonds．
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Fig．7．13．　The　intensity　of　2723　cm一1　peak　normalized　by　the　initial　peak　intensity　as　a　function　of

H20　coverage．　The　dot－dashed　curve　is　a　simulated　decay　based　on　a　hit　and　stick　model，　The

solid　line　is　fitted　by　a　Ieast　squares　approximation　at　O（H20）≦0．16．
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Chapter　8

Concluding　remarks

1n　this　study，　the　adsorption，　desorption，　and　thin　film　groWth　of　water　molec山les

on　Rh（111）were　investigated．　An　Rh（111）sUI佑ce　is　one　of　tfie　feW　subStrates

where　lattice　mismatch　with　the　basal　plane　of’h　is　very　small，　and　has　rlot　been

studies　so　much　as　compared　with　other　substrate　such　as　Pt｛111）and

Ru（OOO1）．　Much　previous　literatur60n　the　adsorbed　wa｛er　on　met61　surfaces

’hiay　have　been　aflもcted　by　xi－ray　and∫or　electron　induced　m6di而cation，　thus　non－

or　less　dest田ctive　experimental　methods　were　used　including　IRASI　SPA－LEED，

and　TPD．1n‘≠рр奄狽奄盾氏C　sur臨ce　impurities　and　defects　were　care抽ly　controlled．

The　main　topics　of　the　present　work　are　to　clarifY　the　folbwing　pointsl（1）

transient　diffusion　and　cluster　formation　of　Water　molecules　at　low　temperature．

（2）the　adsorption　and　desorption　kinetics．（3）the　fi　rst　layer　and　thin　filM　growth・

　　　　　　　ln　Chapter　5，　the　initial　stage　of　water　adsorption　On　Rh（111）at　20　K　was

investirgated．’　ln　this　1・w　c・verage　regi・n，　is・lated　water　m・1ec山es　and　small

v亘ater　clusters　are　obser∨ed．　Sin’Ce　thermal　diffusi加is　suppressed　at　20　K，　the

fbrmation　of　water　clusters　at　low　coverage　is　controlled　by　both　coverage　and

transient’ р奄??浮唐奄nn　en　the　sUrface．　Within　a　simple　isotropic　di箭usion　model　as　the

ltransient　diffusion　and　clustering　process，’l　estimate　the　mean　latera1
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displacement　from　the　first　impact　point　to　the　final　adsorption　site　to　be　7．6A；an

incoming　water　molecule　on　Rh（111）is　trapped　with　eight　post－collision　hops　on

the　average．

　　　　　　ln　Chapter　6，　the　adsorption　and　desorption　kinetics　of　water　molecules

on　the　Rh（111）surface　were　investigated　using　temperature　programed

desorption．　Water　molecules　show　a　coverage　dependent　sticking　probability

and　initial　sticking　probability　was　estimated　to　be　O．46．　Prior　to　desorption，

water　molecules　exhibit　coexistence　of　a　dilute，　gas　like　phase　together　with

islands　of　a　condensed　phase，　both　being　two　dimensional．　Apparent

fractional－order　desorption　can　be　interpreted　as　a　desorption　from　two－phase

adsorbate　with　dif「erent　sticking　probabilities．　And　then，　coverage　dependence

of　activation　energy　and　preexponential　factor　for　desorption　were　estimated．As

aresult　it　is　clarified　that　the耐st　layer　is　energetically　stable　compared　With　the

multilayer刷m，　and　this　is　clear　eyidence　of　wetting．　　　　　　　　　　、

　　　　　　ln　Chapter　7，　the　adsorption　states　and　growth　process　of　the　first　water

（D20）1ayer　and　multilayer　on　Rh（111）were　inve苧tigated．　At　the　initial　stagel

water　molecules　fbrm　the　commensurate（V3x寸3）R30°structure．　This　is　fla廿er

than　the　ice－like　bilay日r，　and　consists　ol　the　D－down　species．　D－down　islands

may　have　jagged　circumference　or　anisotropic　island　shape．　With　increasing

coverage，　ice－like　bilayer（D－up）grows　and　show　a　incommensurate　structUre．

At　n．early　the　saturation　coverage，　the　ice－like　bilayer　is～9％compressed　from

the　c・mmensurate（V3xV3）R3q°structure、　which　is－5％c・mpressi・n　with

respect　to　ice∬かAt　saturation　coverage，　the　first－water　layer　consists　of　the

ice・like　bilayer（D－up）and　flat（D－down）domains，　where　the　p－up　domains

occupy　44％and　the　D－down　domains　occupy　56％in　co∨erage．　Further

adsorption　of　water　moleculeS　fbrm　3D　ice　c『ystallites　on　the　D－down　domains

where　the　D－down　species　do　not　reorient　to　accommodate　formation、　of　a

crystalline　ice．　This　is　clear　evidence　of　the　hydrophobic　first　water　layer．

　　　　　　In　conciuding，　this　thesis　set　out　to　understand　the　microscopic　behavior
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and　structure　of　water　on　the　Rh（111）surface　using　modern　surface　science

techniques．　The　present　study　is　the而rst　t韮me　to　reveal　the　limited　transient

diffusion　Iength　of　water　Molecules　because　of　large　corrugated　PES．　This　could

be　important　to　understand　surface　reactions’inCIUding　water　molecules，

because　the　adsorption　dynamics　could　controls　the　reaction　kinetics．　ln　this

study，　energetical　stabilization　of　the什st　water　layer　relative　to　the　mUltilayer

formation　is　elucidated，　which　is　clear　evidence　・of　the　molecular　wetting　layer．　ln

addition，　its　structure　is　revealed．　lt　shows　the　coverage　dependent　structures，

where　they　significantly　affect　the　growth　mechanism　of　crystalline　ice，　The

results　in　this　thesis　will　improve　our　understanding　of　water－metal　interactions

being　important　in　many　scientific　fields．
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