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gontrirement ux mtériux idimensionnels inorgniques @eFgF grpheneD dihloE génures de métux de trnsitionAD les mtériux idimensionnels orgniques sont synthétiqueD et présentent une struture plus omplexe héritée de leur riques de onstrutionF ne gmme plus rihe de propriétés est ttendue pour ette risonD et leur prodution devrit être á s oûtF hns e mnusrit de thèse nous présentons nos résultts otenus selon deux strtégies visnt l formtion de telles ouhes orgniques iEdimensionnellesD ou u moins ultrminesF ges deux strtégies exploitent une himie interfileF v première strtégie s9ppuie sur des outils de siene des surfes @mirosopie à e'et tunnelD spetrosopies de photoéletronique et de seuil d9sorption pr ryons D théorie de l fontionnelle de l densitéA et se onentre sur une moléule dérivée du triphénylène et ses modi(tions sur l surfe @IIIA ien dé(nie du uivreF i nous ne sommes ps prvenus á élorer un mtériux idimensionnel étenduD nous vons déouvert que les moléules sont tlytiquement oxydées et dns le même temps hngent de strutureD d9orgnistion sur l surfeD et d9intertion ve le sustrtF ves moléules totlement oxydées se révèlent être d9exellents epteurs életroniquesD meilleurs que l pluprt des moléules onnuesF v seonde strtégie est sée sur une synthèse en solution et des rtéristions plus verstiles @spetrosopies Evisile et mnD mirosopies optique et életroniquesAF ille exploite l himie dynmique des liisons iminesD ve omme monomère un omposé rène@rutheniumAD onduisnt á l formtion d9une nnoouhe orgnométllique polymériqueD qui peut être mnipulée filement pour être pr exemple reportee sur i Abstract gompred to inorgni twoEdimensionl mterils @eFgF grpheneD trnsition metl dihlogenidesAD orgni twoEdimensionl mterils re ll syntheti mterilsD tht dditionlly hve more omplex struture inherited from their uilding loksF e riher set of properties is for this reson expeted from themD nd their prodution should e inexpensiveF sn this thesis mnusript we present our work on two strtegies towrd the formE tion of suh orgni twoEdimensionlD or t lest ultrthin orgni sheet mterilsF hese strtegies rely on interfil hemistryD on one hnd t the vuumGsolid interfeD nd on the other hnd t liquidGliquid interfeF he (rst strtegy is sed on surfe siene tools @snning tunneling mirosopyD Ery photoeletron nd sorption nerEedge spetrosopiesD density funtionl theoryA nd ddressed triphenylene derivtive moleules experiening hemil modi(tions on the wellE de(ned @IIIA surfe of opperF elthough we did not yet mnge to prepre n extended twoEdimensionl mteril in this systemD we disovered tht the moleules get tlytilly oxidized nd onomitntly hnge in shpeD surfe orgniztionD nd intertion with the sustrteF e estlish tht the fullyEoxidized moleules re stronger eletron eptor thn most known moleulesF he seond strtegy is sed on inEsolution synthesis nd more verstile hrteriztion @Evisile nd mn spetrosopiesD optil nd eletron mirosopiesAF st exploits dynmi imine ond hemistry strting from ruthenium@reneA monomersD to form polymeri orgnometlli nnosheets tht re onveniently mnipulted nd nD for instneD e suspended ross memrnesF iii s would like to strt this setion thnking the memers of the juryD for their gret involvement in my defenseF he disussion hd gret interest oth for the onstruE tion of future projets from this mnusript nd from personl point of viewF s m relly grteful to isxe group t wteril iene snstitute of wdrid euse thnks to them s disovered n mzing reserh (eld y whih s felt tE trted from the (rst time s visited their lortory during the wster9s degreeF wny thnks to rofF tosé Ángel wrtínEqgo nd hrF qui vópezD to gve me the opportunity to work with themF es prt of this temD s n not forget grlos nd srene tehing me how to mke pure siene during my wster9s internship nd to do not despir when the mirosope went into 4poltergeist mode4F portuntelyD we never lost the onttD sine they were involved in my ollortions during my thesisF end t this pointD s need to thnk lso tosé sgnio @or xho for friendsA nd grlos @yesD ginAD for ll the disussionsD nlysis nd morl supportD espeE illy in the pni moments of the lst period of the thesisF hnks lso toD xereD loD tonD uoenD wrioDFFF for mking me feel prt of your groupF es soon s s rrived in qrenole three yers goD the dventure strtedF ith itD the (rst person s metFFF tohnnD my thesis diretorF our ptieneD understndingD rigorously nd orgnistion hve een the se of this projetF vots of things s hve lernt from youD not only pure physis whih s ws it sred ofD ut lso the ility to vlue nd trust wht s n doF feuse you trusted me from the very (rst moment nd you gve me the opportunity to uild together this 4explortive4 projet from lmost zeroF hnks for the freedom you gve me lwys to deide wht to do step y stepF enother importnt hrter from this thesisD is predD the projet9s ftherF e lose personD lwys ville nd retiveD you hve een n essentil pillr of thisF feuse s hve never douted in sking you whtever s needed or s did not understndD tht ws n invlule trnquillityF lérie et hilippe @ou hilippe et lérieAD pour vous je vis essyer quelques mots en prnçisF in tnt que pitines du loD vous vez vu mon évolution en euoup d9spetsD surtout dns ette lngueFFF impossile de prononer orreteE ment pour une espgnole invétéréeF ns uun douteD ette thèse urit ps été possile sns vousD pre vous vez été là ytyD sns horires et ve pleine v dévouement des professionnelsF te voudris fire une mention spéile à lérieF weri pour notre jour à jourD et nos onverstions de n9importe quoiF weri pour ton ompréhension in(nie et tes onseils de 4mmn4D que euop des fois m9ont ien soutenuF elsoD s n essentil prt of my live in xéelD s would like to thnk the ryrid temF hiverse in topis nd hrged of humnity nd mzing peopleD s felt more thn welome from the (rst dyF s m very grteful to vetitiD xedjmD tulien nd inentD lwys ville for guide me with the new 4mnips4 or tehniques s needed to lernD or for ny question s hd @from sieneD to l orgniztionD nd in worst sesD for prenh dministrtionAF ithout eing o0illy my supervisorsD ll of you hve ontriuted to the development of my projetD ut more importntlyD to my lerning nd evolution during these three yersF es lrge groupD plenty of hh studentsD postEdo nd visitors ompose the totlity of this temD mking it rih in ultures nd funny lunhes nd o'ee reksF elexnderD udiptD hipnkrD iE dhD qomD ulineD imoneD hnsisD nEhungD quillimD riynk @or rynkccAD frieD uzyD ehishekD wri eres nd inzoF hnks for the disussions out everything @exept siene during the lunh time euse it ws foriddenAD the jokes @speil mention to quntum )ututions topiAD the ompliity with some of youD the exursionsD the 4soirées4 nd 4rémillères4F s would like to thnk oerto nd istelleD my omrdesD ll their support nd friendshipF s ws very luky to strt nd end my thesis with youF n meri spéil à m s÷ur istelleD ompgne de tout pendnt es trois nnéesF ne elle déouverte en tnt que personne et merveilleux professeure de frnçisD ç 9est grâe à toiF ue l distne ne sépre ps e que l thèse unie3 portuntelyD s lso hd the opportunity to work with plenty of people out of my temX lérie iseD hvid tiqyyD gorinne pivsD wrtien hixEriyqD s feel in(nite grtitude for the time you hve invested on me nd on this projetF wny thnks lso to the people of the (nnil mngement nd dministrtive deprtments s ws in ontt withX plorene oisD ytmne nd engeliqueD nd lso to trik nd tulienD from the informti servieD for hd solved my ig hedhes with the omputerF por other people s just see every dy in the orridors nd they lwys hd smile for meD or s shred seminrsD o0eD meetingsD o'ee reksX ernudD ierre wevviD ierre qsyD fenjmin gexevD hrideviD elexisD toséD sselleD wriD wihelD ivertonD gorentinD wroD tulietteD rugoDFF hnk you kindlyD for this nie dily routine we hve onstrutedF es prt of my life in qrenoleD my other fmilyF xnohurros peopleD unstopE pleX uimonD onD oertoD hnsis nd entonioD we hve uilt good memories either in the eh or in the snowD with ghrtreusse @nd thenD the stisA s rooh vi of our gret momentsF ómo dejrme trás elvritoD utétio omo po gente he onoido y sineroF puiste un grn poyo en los primeros momentosD que vees fueron tn durosF ispero que nuestro periodo de 4olo4 no fuer muy trumátioF xos deemos un juerg en orre33 quí un list de persons on ls que he tenido l grndísim suerte de oinidir y omprtir momentos inolvidles durnte estos tres ñosX omásD quelD wrie vuD nni y wrilD tioD wddiD tviD ssD uikeD eniD en y wrkD iugeni y xioD oert y ndyD irdo e snésF qris on myusulsD por herme ogido sin repros y sin dudrlo omo un másF osotros heis onseguido que me sintier omo en s estndo lejos de ellF hlndo de persons importntes pr míD no podí fltr torgeF v perE son que pree undo más lo neesits pr tenderte l mno y guirte omo un hermno myorF n de ls mejores persons que onozo y un mistdD sin dudD pr tod l vidF iempre será tuy l frse de 4entes todo esto er mpo34F mién querrí grdeerD y muhoD quells persons que desde mi más tiern juventud me hn visto evoluionr y que he tenido l suerte de mntener mi ldo pesr de l distiF wi woni y wri ierrD que sig preiendo que no ps el tiempo d vez nos enontrmosF hinD ontigo desurí lo que signi( l plr mistd que hemos mntenido ontr viento y mreF n person lel y fuerte donde ls hy y de grn orzónF qris por todo tu tiempoF wi querido grupo de l niversiddD vrido y singulr omo ls piezs de un puzzle que l (nl n enjndo pr esperoD que no se sepre jmásF uikeD ndrD ilenD srisD itorD wu yD de reiente dquisiiónD glemensF qris todos por vuestr omE pliidd y por sentiros siempre erD en espeil mis niñsD porque l distniD prdójimente nos unió másF ys quieroF un espeil gris pr hni @o wu pr los migosAD mi ompñero de venE turs y en espeil de est que se llm qrenoleF orque sin dud qrenole no huier sidoD ni seríD lo mismo sin tí quí mi ldoF orque me omprendes y me poys en ulquier deisión que he tomdo y porqueD soretodoD me hes ser mejor personF por últimoD pero no por ello menos importnteD gris mi fmiliF e mis pdres que on tnt pen omo orgullo me vieron prtir pr omenzr est nuev etp de mi vidF iste logroD h sido gris vosotrosD por herme enseñdo el sentido del sri(o y esfuerzo desde vuestro mor más in(nitoF e mis tíos y primosD que siempre me reuerdn donde están mis orígenes y llevn ligd l plr morriñ @término imposile de explir quí quien no onoe el espñolAD y mis uelosD que de l nd onstruistéis tntoF ys quieroF por últimoD mi pequeño plequiD uy prtid preió que puso punto (nl est hermos etpF 
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SFQ ynthesis t liquidGliquid interfe F F F F F F F F F F F F F F F F F F F IHV SFR ividene for polymeriztion vi Eis spetrosopy F F F F F F F F F IIH SFS uspended nnoEsheets F F F F F F F F F F F F F F F F F F F F F F F F F F III SFSFI lidtion of vngmuirEhefer deposition method F F F F F F III SFSFP smine ond formtion in the polymer nnoEsheet F F F F F F F IIR SFT gonlusions F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IIW 1 Introduction and motivation he (rst isoltion of grphene in PHHR hs spurred onsiderle interest on ultrthin twoEdimensionl mterilsD involving vrious sienti( ommunitiesF es result of their lowEdimensionlityD interesting properties re usully di'erent from their threeE dimensionl ounterprtsF e vriety of ndidtes hve emerged @trnsition metl dihlogenidesD nd oron nitride mong mny othersA nd new ndidtes sed on the omintion of orgni moleules hve ome up in reent yersF he orgni moleules re hepD generlly stle nd esy to hndleF he wide experiene of orgni hemists llows the design nd synthesis of à l rte9 orgni moleules with spei( hemil groups tht n guide the susequent synthesis of lrgerEsle mterilsD moleulr lok y moleulr lokD or tht n t s eletron donors or eptors in omposite mterils omining severl moleules or moleule nd metlli eletrode for instneF he ltter exmples re highly relevnt in the rising (eld of moleulr eletronis in view of pssive @eletronGhrge trnsport hnnelsA or tive @hrge seprtionD swithesD mpli(ersA elementsF e foused introdution of oth types of mterils nd of relted synthesis strtegiesD from erly exmples to most reent dvnesD is given in hpter PF his hpter lso intends to give n overviewD without entering muh into detilsD of the gret numer of pplitions in whih these new lsses of mterils n e employedF ith these premisesD the study of twoEdimensionl orgnometlli rhitetures hs een ddressed in this thesis vi interfe retions i.e. t the vuumGsolid interfe @onEsurfe hemistryAD nd t the liquidGliquid interfeF sn (rst prt of the work @hpter RAD the intertion nd hemil trnsformtion of orgni moleules with metlli sustrte hs een investigted in detilsF por this purE pose we hve mde use of di'erent surfe siene tehniques nd experimentl protoolsF his work relies on the use of ultrEhigh vuum @rA equipments nd tehniquesD inluding snning tunneling mirosopy @wAD Ery photoeletron spetrosopy @AD nd ner edge Ery sorption (ne struture @xiepA tht gve us omplementry informtion out the intertions of the moleules with neighour moleules nd the sustrteD out their hemil modi(tionsD nd out their orgniztion on the surfeF e lso mke use of density funtionl theory lultions @hpA to rtionlize our oservtions nd otin further miE rosopi insights into the struturlD hemilD nd eletroni propertiesF e rief desription of the working priniples is given in hpter QF sn seond prt of I 1 Introduction and motivation the work @hpter SAD we hve explored the synthesis of polymer nnoEsheets t liquidGliquid interfeF o on(rm the formtion of new onds nd integrity of the polymer in the form of n ultrthin (lm @nnosheetA severl tehniques inludE ing mn nd ultr violetEvisile spetrosopies @iwD iwAD nd snning nd trnsmission eletron mirosopies hve een employedF he si working priniE ples of these tehniques is desried in hpter QF he study of the hemil strutureD morphology nd intertion of hexhydrolE triphenylene @rrA moleules deposited is the topi of hpter RF idely emE ployed in the synthesis of twoEdimensionl ovlent nd orgnoEmetlli mterilsD s regrds onEsurfe hemistry studiesD rr moleules hve een exlusively deposited on eg@IIIA nd eu@IIIAF yur work is systemti nlysis of rr moleules on gu@IIIA t room temperture nd fter nneling t SQH uF en stepE wise oxidtion of the moleules @i.e. loss of hydrogen toms of the hydroxyl groupsA is witnessed in high resolution spetrosopy dtF he tlyti e'et of the suE strte eme evident when the moleules were prtilly dehydrogented lredy t room temperture on the sustrteD upon mere depositionF ghnges in their hemiE l retivity were deteted diretly with leding to di'erent selfEssemly networks oserved efore nd fter the therml tretmentF eording to hp lultionsD the degree of oxidtion of the rr moleules hs strong onsequenes on their hemil strutureD sine the moleules dopt owl shpe when they re prtilly dehydrogentedD nd dome shpe when they reh their mximum oxidtion stteF hiretly relted to these struturl hngesD the intertion of the moleulesD with the sustrte nd with other moleulesD hngesF hen moleules dopt the owl shpeD their intertion with gu is through g toms of the entrl ringD wheres for the dome shpe the y toms re losest to the surfeD forming strong onds with itF e (nd tht this di'erent orienttion towrds de sustrte lters sustntilly the hrge trnsfer produed from the surfe to the moleulesD whose vlue inreses from IFP eletrons @for owl shpe nd prtilly dehydrogented moleulesA to IFW eletrons per moleule @for dome shpe nd fully dehydrogented moleulesAF his strong eletronEeptor hrter of the rr moleules is quite interesting from the moleulr eletronis point of viewF sn senseD the oxidtion tht ompnies the deprture of hydrogen toms is here ompensted y the presene of the suE strteD whih n e seen s hrge reservoir tht ompenstes the oxidtion of the moleuleD nd stilizing the moleule in the form of system with four romti rings nd six outer oxygen toms ering signi(nt prtil hrgesD sitution tht hs not een oserved thus fr in solution to our knowledgeF snditions of the premises of the formtion of orgnoEmetlli strutures re found in the dehydrogented systemD lose to defets in the moleulr lttieF hese defets re omposed y three moleules pointed in the sme diretion presumly P enlosing smll luster of opper tomsF hp lultions reveled the enhneE ment of moleulr onding ssoited with the inlusion of gu lusters in the entre of the hollow site de(ned y the three moleulesF ell these oservtions re ruil for further investigtions sed on the omintion of these moleules with other orE gni lignds or metlli entres with the im of forming longErnge ordered systemsF pinllyD in hpter S the synthesis of polymeri nnosheets grown t liquidGliquid interfe is reportedF e new synthesis sheme sed on dynmi imine hemistry is presentedD whih is sed on hi'Ese ondenstion retion etween dimine nd @reneArutheniumEtrildehyde monomersF he formtion of n ultrthin @< PH nmAD selfEsupported nnosheet on seeEthrough memrnes ross SHH nmD is oE served y iw nd iw nlysisF henD the formtion of new onds @gaxA etween monomers is demonstrted y the lolized nlysis on the sme spots tht were investigted with iwGiwD y mn spetrosopyF yur new syntheE sis strtegy produes polymer tht inludes metlli enters ut does not rely on these metlli enters to propgte the polymeriztion retionF his is t vrine with the mjority of the polymeriztion shemes for orgnometlli systemsF e expet tht the polymeriztion retion results in the extension of the πEonjugtion over the whole systemD yielding polymeri nnosheet tht ould serve s )exile eletroni ondutorD or thermoeletri mterilD where lso the presene of highE tomiEnumer metlli entres is ruilF Q 2 State of the art Contents 2.1 Molecular self-assembly F F F F F F F F F F F F 2.2 Reticular synthesis F F F F F F F F F F F F F F F 2.3 Molecular electronics F F F F F F F F F F F F F F 2.4 Organic two-dimensional materials F F F F F F 2.4.1 Kinetic control approaches F F F F F F F F F F 2.4.2 Thermodynamic control approaches F F F F F 2.5 Surface mediated of two-dimensional polymerization and chemical transformation F F F 2.5.1 On-surface chemistry as a tool of creating long-term stable structures F F F F F F F F F 2.5.2 Ultrahigh vacuum conditions for reaction control F F F F F F F F F F F F F F F F F F F F F 2.5.3 Two-dimensional connement eects F F F F F 2.6 Interfacial polymerizations F F F F F F F F F F F 2.6.1 Extended π-conjugated polymer nanosheets at interfaces F F F F F F F F F F F F F F F F F 2.6.2 Dynamic covalent chemistry: a self-repairing methodology for polymerization growth F F F 2.6.3 Dynamic imine chemistry involved in polymerization reactions at interface F F F F F F F 2.7 Main applications F F F F F F F F F F F F F F F F S 2 State of the art xno9 is universl pre(x used tody in siene nd tehnologyF yne nnometre @nmA is equl to oneEillionth of meter @IH -9 mAF por omprisonD single humn hir is out VHDHHH nm in dimeterD lood ell is pproximtely UDHHH nm wide nd wter moleule is lmost HFQ nm longF he study of the phenomen nd mnipultion of mterils t nnometre sle @iFeD ontrol over tomsD moleules or mromoleulesA from the size of toms to typilly IHH nmD is the sis of wht is known nowdys s nnosieneF yftenD the smller the size the most prominent the modi(tion of the properties ompred to those of the ulk mterilF hese hnges re sed on the inresed reltive surfe reD whih results in orE responding enhne of hemil retivityD nd the dominne of quntum e'etsD whih n signi(ntly hnge the mteril9s optilD mgneti nd eletril propE ertiesF por instneD depending on their sizeD gold prtiles n pper redD lue or gold in olourD nd historillyD gold nd silver nnoprtiles hve een used s oloured pigments in glss nd ermis sine the IH th enturyF hiretly linked to nnosiene is the nnotehnologyF goneived to exploit the mteE ril9s properties developed y nnosieneD its gol is to frite struturesD devies nd systems with novel funtions due to their sizeF he oneptul sis of nnE otehnology were set y the physiist ihrd peynmn in IWSW in his fmous leture here9s plenty room t the ottom9F 1 re explored the possiility of mnipulting nd ontrolling things on smll sleD for instne to write the entire PR volumes of the inylopedi frittni on the hed of pinD nd foreseeing the inresing ility to exmine nd ontrol mtter t the nnosleF wking nd mnipulting mtter on the suEIHH nm length sle is gret hlE lenge for oth sientists nd engineersF e key point for nnomteril9s synthesis is the ontrol over the morphologyD the omposition nd the sizeD whih ltogether de(ne the physil properties of the resulting mterilF rene the tremendous imE portne of mterils siene in the development of this disiplineD whih we will ddress more extensively in etion PFRFIF henD to fully exploit the integrtion of new nnostrutures with devie elements nd orgnized them t di'erent slesD hiE errhil ssemly is required @iFeF (nl rhiteture or sping etween elementsAF sn this seD the hemists9 ility forD not only the ontrol ut lso the understndE ing of the most si intertions tht governs mtter @eFgF dispersive fores nd steri repulsionAD re of prmount relevne in this spetF he nnosle @IEIHH nmA spns n extrordinry extended domin omprising vrious kinds of hrE teristi length slesD tht they hve historilly explored y designing new forms of mtter ssemled with toms nd moleulr groups @eFgF polymersD olloidsD lrge moleulesD ll uilt strting from tiny orgni suunitsAF hereforeD sed on this expertiseD gret ontriutions to nnosiene n e provided y hemistryX es n e0ient supplier of à la carte nnostruturesD tht n e diretly T used or omined to uild more omplex mterilsF he ontrol over the size or funtionliztion of uilding loksD will determine the future mteril9s propertiesF es dt soure on how to produe new mterils whose properties depend on their sizeD in reproduileD eonomil wy nd in quntitiesF his ontriuE tion is of gret of interest on oththe development of new mterils nd their lrgeEsle produtionF he multidisiplinry hrter of nnosiene nd nnotehnology is evident in the rod (eld of pplitions tht they ddressD from eletronisD to photonisD metrologyD iotehnologies nd nnomedeine to nme fewF xnomterils re onsidered s one of the (rst outome of nnosiene nd n e de(ned s those whih hve struturl omponents with t lest one dimension less thn IHH nmF wE terils tht re extended in twoEdimensions nd hve one dimension in the nnosle re lyersD suh s thin (lms or surfe otingF his inludes mterils tht re nnosle in twoEdimensions suh s nnowires nd nnotuesD nd (nllyD mteriE ls with the three dimensions in the nnosleD nmely prtilesD like preipittesD olloids nd quntum dotsF 2 here re two min lsses of proesses tht re used to otin nnomterilsX topEdown9 nd ottomEup9F opEdown frition onsists in trnsforming mterils into nnomterils y ething or milling proessesF por instneD lithogrphy hs een developed nd reE (ned y the semiondutor industry over the pst QH yersF vikewiseD exfolition of ulk lyered mterils is onsidered lso topEdown pproh for twoEdimensionl @PhA mterils synthesisD whih o'ers high qulity monolyer or fewElyered smE plesD esily trnsferle to vriety of sustrtesF sn generlD these tehniques re wellEsuited to design devies with sometimes omplex strutureD ut they re enerE getilly ostly nd higher soure of wste thn ottomEup proessesF [START_REF] Chem | 4 !frA 3 + D Inorg. Chim. ActaD volF QSUD noF QD ppF VQR!VQVD PHHRF 211 pF ghériouxD fF herrienD F dkiD gF gommingesD nd qF üssEpinkD ynE thesisD moleulr struture nd eletrohemil properties of the strEshped dinuler omplexes[END_REF] sn ontrstD the ottomEup uilding of strutures involves tomEyEtom or moleule EyEmoleule ssemlyF elted growth tehniques n e lssi(ed into three teE goriesX hemil synthesis @whih produes rw mterils suh s moleules or prE tilesAD positionl ssemly @in whih single toms or moleules n e pled oneE yEoneAD or selfEssemly @whih implies the spontneous orgniztion of moleules into struturlly wellEde(ned nd rther stle rrngement through nonEovlent intertionsAF peillyD from n eonomil nd environmentl point of viewD selfE ssemly proesses hve eome of highly relevne s promising method for U 2 State of the art lrgeEsle frition of funtionl nnostruturesD with less wste nd energy onE sumption thn topEdown proessesF 3 wore detils out selfEssemly pprohes will e given in the following setionF 2.1 Molecular self-assembly xture is mster in designing omptile hemil uilding loks tht n e orgnized into more omplex struturesF yne wellEknown exmple is the silky sE semlyF e silk worm n spin thousnd monomeri silk (roinsD with nnometre sizeD into silk mterils over two kilometres in lengthF ine the struture deterE mines the funtionlityD it is of prmount relevne to ontrol the positioning of the monomers in the selfEssemled struturesF enother exmple is given y the proteins involved in the pture of light to tivte the photosyntheti retionsF he e0ieny of these proteins depends on very spei( sptil distriution of the pigments @hlorophyll moleulesAD whih impede the exiton reomintion nd llows the development of redox retions t spei( moment nd ple fter the photon sorptionF 4 yrgni moleules re proly the most extensively used nnoEojets for moleE ulr selfEssemliesF heir spei( funtionliztion will llow the ontrol over their mutul intertions nd their intertion with the environmentD nd is the key to the desired spei( selfEorgniztionF sn this senseD hemil omplementrity nd struturl omptiility etween nnoEojets re indispensleF sndependent of the orgniztionD new fetures n e dded to the (nl struture y the presene of spei( hemil funtions on the uilding loksF pei( funtions n ordE ingly e implementedD for pplitions in optoeletronisD photovoltisD or sensingF rious kinds of intertions ply role in the selfEorgniztion of nnoEojetsF 3 vondon fores re one exmple of ttrtive n der ls intertionsF hey re generted y )ututions of the moleulr eletron densityD giving rise to n instnE tneous eletril dipole tht genertes nother dipole inside polrizle neighour moleuleF he intertion is thus n ttrtive indued diploleEindued dipole inE tertionF imilr phenomen our when the moleules feture permnent dipolesF he dipolr intertions my e prtly sreened y the sustrteD or indue dipoles in the sustrte itselfF gontrry to vn der ls intertionsD t short distnes the eletronEeletron intertion @etween the eletron louds of eh moleuleA is repulsiveF he lne of this soElled steri hinderne with the e'et of ttrE tive vn der ls intertions leds to vriety of selfEssemled moleulr lttiesF V 2.2 Reticular synthesis en dditionl kind of intermoleulr intertionD whih plys key role in moleE ulr selfEssemliesD is the hydrogen ondF st is onsidered s dipoleEdipole interE tionD relted to the permnent polriztion of hemil link involving the r tomD whih is less eletronegtive thn toms it is often ond toD eFgF gD xD or yF hue to its omplexityD rod de(nition is requiredD s the one proposed y homs teinerX en !r•••e intertion is lled hydrogen ond if IA it onstitutes lol ondD nd PA !r ts s proton donor to eF 5 he hydrogen ond inludes severl ontriutions tht re di'erent in their ntureD suh sY eletrosttiD polrE iztionD hrge trnsferD dispersion nd exhnge repulsionF he reltive weight of these ontriutionsD implies tht the hydrogen ond n e s wek s n der ls intertion or on the ontrry s strong s ovlent ondF he lulted energies for hydrogen onding rnge from HFP to RH kl mol -1 F he most importnt prmeters tht dditionlly in)uene the strength of the ond re of geometril ntureD nmely the distne etween the toms nd the reltive ngles formed eE tween the ondsF eginD these two prmeters evolve di'erently with respet to the reltive weight of the di'erent ontriutions @eFgF eletrosttiD polristionAF por instneD of ll omponents the eletrostti ontriution redues the slowest with inresing the distneF husD for donor!eptor omintionD the eletrostti ontriution will dominte t long distnesF sullyD the eletrostti term is the lrgest oneF roweverD in the wekest kind of hydrogen ondsD the dispersion term my ontriute s muh s the eletrostti oneF wore detiled disussions out the hydrogen ond n e found is review ppersF 5,6 he nonEovlent hrter of intertions in suprmoleulr ssemliesD put limE its on their hemil nd therml stilityD nd often hinders postEsyntheti modi(E tionsF etiulr synthesis is nother route to the ottomEup frition of ordered orgni lttiesF he most relevnt produts derived from this strtegy re the ovE lent nd metl orgni frmeworksD whih will e disussed in the following setionF 2.2 Reticular synthesis etiulr synthesis onsists of the oneption of n extended network y preE identi(tion nd design of wellEde(ned nd rigid moleulr uilding loksD tht will mintin their struturl integrity during the onstrution proessF 7, 8 he network omprises retiultion nodes @lso nmed vertexAD usully in the form of moleulr units hving more thn two rnhes forming ondsF elsoD they inlude linkersD usully moleulr units or tomi entres forming with two rnhesD whih generte onds @or linkgesA with the retiultion nodesF his pproh is di'erent from the retroEsynthesis of orgni ompoundsD sine the integrity nd rigidity of the uilding omponents is keptF he vst vriety of orgni moleules with spei( W funtionlities nd shpesD is often onsidered s toolEox to design networks with desired geometry nd propertiesF he syntheti onditions re oviously ritil to ontrol the degree of order @rystllinityAF es it will e disussed in etion PFR y lning the thermodynmis nd the kinetis of the synthesisD rystlline two nd threeEdimensionl frmeworks n e otinedF 9,10 hue to the inresed interest shown in the pst yers for mstering the synE theti retions in ontrolled mnnerD vst vriety of new mterils emergedD nd heneD )urry of new de(nitions roseF sn this regrdD twoEdimensionl @PhA polymers term hs een reEde(ned in the time sed on syntheti onditions or rystllinity degreeD for instneF 11,12 sn this thesisD kmoto et al. de(nition is followed nd Ph polymer is onsidered s topologilly plnrD seprle ovE lent monolyer sheet with internl periodiityF 13 ixtensive de(nitions of metl nd ovlent orgni frmeworks will e given elowD ttending to the onding nture without restrition of dimensionlityF husD twoEdimensionl ovlent nd metl orgni frmeworks re onsidered s Ph polymers s wellF Metal organic frameworks (MOFs) re de(ned s extended rystlline nd porous strutures uilt y orgni lignds nd metlli entres nd they re syntheE sised following the retiultion strtegyF rereD the linkge onsists in oordintion omplexes with moleulr linkers or moleulr retiultion nodes rrnged round the metl entresF elthough the oordintion ond is usully more lile thn the pure9 ovlent oneD it is onsidered strong intertion sine the energy rnge vlues found re from IH to QH kl mol -1 F 14 his moderte strength llows ontinE uous ssoitionGdissoition proesses of linkgesD whih gives the growing network the possiility to dynmilly reErrngeD heling defets suh s lowEoordinted metl entres or polygonl pores reting ostly rystl defets in the networkF e wellEhosen set of syntheti onditions @eFgF tempertureD retnt onentrtionsA sometimes exists tht llows to pproh loseEtoEthermodynmil equilirium growthD leding to lrge wyp rystl with very few defetsD nd low energyF e singleElyer nd fewElyer twoEdimensionl metl orgni networks synthesised y kmoto et al. presented domin sizes of b IH µm on one side with hexgonl inEplne periodiityF 15 he optil properties shown y the singleElyer mteril llow the on(rmtion of the suessful omplextion retion etween the orgni lignds nd the metl entresD yielding the formtion of lowEdefeted mterilF he use of trnsition metl gives esy ess to diretionl onds with spei( orienttionsD sine their eletroni strutures give rise to spei( geometries nd oordintion numersF 14 pirst ttempts to uild metl orgni frmeworks with spei( geometri poresD were hieved y triklen et lF in IWVQD when they synE thesised the (rst squre ring network y omining metlEomplexes @metl a grD IH

Reticular synthesis

A with diEphosphine ridging lignds @pigure PFIAF 16 = = Cr, W efter this disoveryD plenty of new orgnometlliEsed strutures ppered folE lowing the rtionl design of preursors whih will oupy spei( positions @retiuE ltion nodes or linkersA of the trget polygon strutureF 1719 fxter et al. shown the synthesis of Q×Q losed inorgni superstruture with spei( lotion of T lignds nd W metl ionsF his work opened the doors for whole fmily of polynuler inorgni @squreE or retngulrEA grids with interesting prospets for the develE opment of eletroni devies for informtion storgeF 20 he sme pproh ws employed for the onstrution of threeEdimensionl strutures or gesF en interestE ing review is done y oshizw et al.D where they highlighted the developments in the pplition of rti(ilD selfEssemled moleulr hosts s funtionl moleulr )sksF hese systems n filitte unusul hemil retivity or isolte moleules nd promoting new physil propertiesF 21 inzymes re nturl moleulr )sksD whih provide moleulrEsized nd Eshped pokets ple of inding sustrtes nd tlyzing unique retionsF he huge progress in the preprtionD hrteriztion nd study developed on the wyps in the pst dedes hs een driven minly y the rod sope of tehE nologil pplitions in whih these mterils n e employedF heir exeptionl porosityD minly stemming form the use of long orgni linkers tht yield void spesD mkes them suitle for gs storgeD seprtion nd tlysisF 22 gompring with permnentEporous inorgni mterilsD like zeolitesD the dvntges of metlEorgni ounterprts re their )exiility in design nd funtionliztionF yne of the mjor dvnes in this regrd ws hieved y vi et al. when the formtion of roust threeEdimensionl ui frmework uilt y n 4 y@gy 2 A 6 othedrl lusters eh linked y six helting IDREenzenediroxylte fhg 2 units ws hievedF 23 he lulted pore volume vlues for this struture were from HFSR to HFTI m -3 m 3 @for di'erent gs sortesAD whih were omprle to nd even higher thn those II 2 State of the art found for zeolitesD tht typilly rnge from HFIV to HFRU m -3 m 3 F Covalent organic frameworks (COFs) re the other lss of systems tht n e produed y retiulr synthesisF hey re de(ned s rystlline extended orgni strutures in whih the uilding loks re linked y strong ovlent ondsF nlike in the oordintion ondsD not ll hemil retions yielding ovlent onds llow dynmi exhnge proessesD tht we disussed in the se of wypsF o ene(t from the ddedEvlue of the dynmi exhnge proessD spei( retions need to e seletedF qenerllyD these retions n e lssi(ed in terms of the linkges they form @pigure PFPAD nd they re generlly ondenstion retions @tht relese wter moleules upon the formtion of the new ovlent ondAF wost ommonly linkges employed in gyps synthesis reX f!y ond formtion vi oronte ondenstionF 9,24 gax ond formtion vi imine ondenstionF 25 enother exmple of gyp synthesised y the ondenstion of two di'erent orE gni moleules is exposed in the sme workD following the similr syntheti routeF 9 sn tht seD enzene dioroni id ws mixed with hexhydroxyEtriphenylene moleules leding to igger twoEdimensionl plnr network with porous size of PU ÅF por oth systemsD twoEdimensionl lyered rystl strutures were oE tinedD with distint stking modesF e stggered ef rrngement @nlogous to the fernl struture of grphiteA of the retiulted moleulr plnes ws otined for the (rst gypD nd n elipsed rrngementD tht found in hexgonl oron niE trideD for the ltter oneF imilrly to wypsD ovlentEorgni ounterprts present highEsurfe re eing suitle for storing or pturing relevnt gsesF pirst pplitions were foused on this fetureF 31,32 hue to their roustness nd therml stilityD postEsyntheti modiE (tion is lso possile for gypsF hing et al. prepred twoEdimensionl gyp with IFV nmEwide pore whih n pture metl ions through iEdentl oordintion to nitrogen toms disposed in the poresF st ws demonstrted tht this struture n e loded y d 2+ ions fter its immersion in d@yeA 2 solutionD estlishing possile tlyti pplitions of gypsF 33 roweverD the most relevnt feture of ovlentEorgni frmeworks from whih IQ 2 State of the art the study of these mterils hs inresed enormously in reent yers is their high intrinsi eletroni moilitiesF htD together with their struturl verstilityD hve positioned twoEdimensionl gyps s novel orgni semiondutor omponent to e inluded in deviesF wore detils will e given in etion PFQD when n introduE tion out moleulr eletronis will e presentedF en dditionl de(nition is neessry in order to over ll spets tht this thesis will disussF govlent nd metl orgni frmeworks hve een synthesised so frD in mny di'erent formsX either in two or threeEdimensionl systemsD yielding lyered rystlsD monolyers or multilyer formsF enother terminology existsD tht refers to ultrthin twoEdimensionl mterilsD or equivlently to nnosheetsF uh systems hve thikness of the order of few tomsD overll thinner thn S nmD nd ltE erl size from IHH nm to few mirometersF 34 xnosheets nd singleElyer sheets hve stimulted onsiderle interest reentlyD due to their superior )exiilityD onvenient interfing with other mterilsD nd possile eletril mnipultion with eletroE stti kEgtes in (eldEe'et trnsistor geometriesF e will spei(lly disuss the synthesis of these importnt mterils when ddressing interfil retions in etion PFTF
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woleulr eletronis is onsidered s rnh of nnotehnology nd nnoEeletronis tht studies nd exploits moleulr uildingEloks for the frition of eletroni omponents of deviesF he onset of the minituriztion of these omponents egn to gin relevne from the TH9sF roweverD this new (eld strongly rose in the lte WH9s when lithogrphyEsed tehnologies were pprohing the limits of their piliE ties due to severl prolemsX need of everEthinner gte oxidesD short hnnel e'etsD doping )ututions nd n inrese of di0ulties nd expensive lithogrphy proE essesF he growth in omplexityD omptness nd verstility in devie funtions in minimum spe nd weightD onstituted one of the mjor tehnologil dvnes of the epohF his tendeny hs een desried sine IWTSD y the oEfounder of sntelD qordon iF wooreF re foresw n inrese of twie the totl numer of omE ponents per hip for eh yer over the next dedeD lying the sis for wht is now known s woore9s vwF 35 he rel tendenyD over the pst SH yersD hs een doule numer of trnsistors pproximtely every IV monthsF ht relly mde possile the explosion of iruits omplexity over the dedes ws the shrinking size of the trnsistors @from millimetre sle in IWRH for typil trnsistor to few tens of nnometres in size in PHIHAF es response to the limittions found y lithogrphyE sed devies nd in foreseeing to extend the vlidity of woore9s lwD the (eld of IR 2.3 Molecular electronics moleulr eletronis strted to e in the spotlight of the sienti( ommunityF st is onsidered tht the ide of moleulr eletronis ws oneptulized in IWWW y wrk eF eedF 36 he tomisti or moleulrEsle tehnology ssoited to moleulr eletronis my eome new lterntive devieEuilding tehnologyF sn this ontextD retiuE lted systems hve wellEsuited spet rtio to e integrted in deviesD ut severl severe limiting issues regrding their use s suh reminF emong these issuesD they indeed should e slle up to lrgeEres with s few defets s possileD whih ll for synthesis lose to thermodynmil equiliriumF yther issues inlude the interonnetions with solid stte eletrodesD usully metlli onesF elsoD hievE ing low resistivity ontts is often di0ultF olving ll these issues is expeted to open the wy to inexpensiveD )exile eletronis s n lterntive to the estlished silionEsed tehnologiesF elredy in the erly UH9sD evirm el at. presented semiEquntittive lultions out the fesiility of onstruting very simple eletroni devieD reti(erD sed on the use of single orgni moleuleF 37 e reti(er is n element whih onverts the lternting urrent @egA into diret urrent @hgAF gommon solidEsttes reti(ers re sed on the use of pEn juntionsD presenting single eletroni trnsfer diretion s n indispensle onditionF en orgni moleule tht will e used s reti(erD should show pEn juntion properties s wellF his is possile thnks to the presE ene of ertin sustitutionl groups on romti systemsD whih n redistriute the totl hrge of the moleuleF husD n eletronEwithdrwing group will rete n eletronEpoor region @pEtypeAD rising the eletron 0nity of the entrl ring nd mking the struture good eletron eptorF vikewiseD n eletronEdonting sustituent will generte n eletronErih romti entrer @nEtypeAD lowering its ioniztion potentil nd leding to good eletron donor systemF his is oserved for the moleule shown in pigure PFRD where the eto groups @gayA derese the πEdensity of the entrl ringD wheres the methoxy groups @yweA produe the oppoE site e'et on the right prtF he eletron motion diretion demnded in reti(er would require to positionD esides the thode of the devieD n eptor moleuleD nd lose to the node donor oneD respetivelyF he f oritl depited in pigure PFR @vwy of eptor prtA will reeive the eletrons from the thodeD whih should e totlly or prtilly empty nd lie t or slightly ove of the permi levelF hen enough lrge voltgeD bHD is pplied for the thode level to overlp the eptor levelD the eletron trnsfer eomes possile @pigure PFRAF he wy to onnet the eptorEdonor prtsD will e through sigm ondD imposing the reti(er properties with n unidiretionl eletron trnsferX from thode → eptor → donor → nodeF husD it is proposed tht the urrent pssge ine these (rst ttempts nd studiesD the uilding of new devies sed on orgni moleulr lyers hve een ddressed extensivelyF woleulr ndidtes for eing prt of pssive elements @e.g wires or resistorsA or tive prts @e.g swithing or mE plifyingAD inlude polyporphyrinsD polyphenylenesD polythiophenes nd other plnr orgni polymers with extended πEonjugtion long the length of the moleuleF e prllel (eld lso emerged with the use of rigidEron strutures with g 60 moleules or singleEwll nnotuesD even if they do not present the funtionliztion verstility of the oveEmentioned moleulesF e key point to tke into ount when uilding moleulrEsed devie is the onnexion of the moleulr uildingElok with the metlli onttsF en e0ient wy to del with tht is the selfEsorption of the moleulr speies on the onE ttsF everl dvnes hve een done in the funtionliztion of moleulr end groups with spei( hemil omponents whih present high 0nity for the metl surfesF his is the se of terminl thiol moietiesD tht n selfEdsored onto gold ontts llowing onjugted oligomers to t s moleulr wires in moleulrEsed eletroni deviesF 38 sn order to ssure the suess of moleulrEsed devieD it is importnt to hoose suitle link etween the moleulesF es mentioned ove for the se of ovlent nd metl orgni frmeworksD the ovlent intermoleulr intertions re IT 2.3 Molecular electronics more roust thn their nonEovlent ounterprts nd they ssure n e0ient eleE tron trnsport through the ond nd heneD the whole systemF wuh progress hs een done on the study of the linkge etween moleules tht hve een deposited onto metlli sustrtes in highlyEontrolled onditionsD during the pst yersF he dvntge of this pproh is douleY the sustrteEmoleule intertions n help for the dispersion of preursorsD voiding the growth of multilyer networks nd the ner (eld hrteriztion tehniques often employed in these onditionsD o'er exhustive studies out the resulting strutures nd their linkgesF pirst studies on this mtter were rried out y qrill et al. when they demonE strted howD y omining refully hosen moleules with spei( funtionlizE tionD it is possile to form ovlently onded nnostruturesD with desired geomE etryF 39 hey hose the squreEplnr porphyrin moleules s uildingEloks nd eu@IIIA singleErystl surfe s sustrteF hey designed di'erent sustituted porphyrins funtionlized with oneD two or four romine tomsD to e removed y therml tretmentF hereyD hierrhil growth of omplex nnostrutures n e hievedF orphyrins with only one romine tomD will develop into single rdil fter heting upF e new ronEron ond will e generted one twoEfree rdiE ls re found on the surfeD leding to moleulr dimer @pigure PFSAF imilrlyD iEsustituted porphyrin E with the romine toms disposed IVH o prtE will deE rive into two freeErdils whihD y omintion etween themD will generte liner hins @pigure PFSAF pinllyD tetr sustituted porphyrin will present four possile tive sites fter therml tivtionD whih will link into two dimensionl networks @pigure PFSAF en experimentl dsGd urve tken t the onnexion etween two moleulr units revels the presene of pek round Q e on(rming the presene of ovlent ondF oD in generl termsD the suessful frition of moleulr eletroni devies lys on the ontrol of wide vriety of prmetersXent leving ehind rdil in their positions @red dotsAF henD they n omine y forming ron!ron ondsF he shpe of the (nl struture depends on the nu he hemil nture nd eletroni struture of uildingEloksD whose lterE tion upon hemil retion need to e ntiiptedF he degree of order on the tive lyerD hieved y the wellEhoosing of tE lyti or ptterned surfesD where moleules re depositedF he presene of impurities or dopnts in the (lmsD tht n e ontrolled to some extent with tlyti or ptterned surfesD speilly under kinetilly or thermodynmi ontrolD s it will e disussed in etions PFRFP nd PFRFIF IU 2 State of the art he morphology of the (nl orgni (lmsD whih is strongly in)uened y the initil design of the moleulr uildingEloksF he interfe etween the tive orgni lyer nd the surfe tht will evenE tully support itF

a) b) c) Figure 2.5:
Controlled formation of a covalently bonded structure with porphyrin molecules (blue species) on a gold surface. Substituent bromine atoms can be lost after thermal treatment and location of the substituents, so a) depicts the formation of dimers when porphyrins are mono-substituted, in b) linear chains are formed by using bisubstituted porphyrins and c) shows an example of two-dimensional array formation by progressive activation of tetra-substituted porphyrins. Adapted from reference 40.

es previously disussed for the moleulr reti(er exmpleD strong donorGeptor moleules led to hrge trnsfer phenomenF uh phenomen n involve the surE fe itselfD speilly when the sustrte is lrge eletron reservoirD s it is the se with metl surfesF xormllyD when moleule is deposited on surfe it n su'er some morphologE il modi(tionsD whih onsequently will derive into eletril onesF hepending on the degree of intertion etween the surfe nd the orgni moleulesD three limit @idelizedA ses re usully onsidered @pigure PFTAF 41 hen orgni moleules re fr wy from the surfeD we (nd the idel hottkyEwott limitD where no lignE ment of energy levels hppenedD s shown in pigure PFTF sn this seD the inherent surfe dipole @whih omes from the nturl distriution of negtive hrge density into the vuum side nd the positive one on the ulk sideA is not lteredF roweverD when orgni speies re in ontt with the metlli surfeD ut there is not diE ret intertionD vuum level relignment oursD s it is depited in pigure PFTF his hppens in systems prepred normlly in mient onditionsD where the hyE ridiztion of moleulr nd metl oritls is negligileD often due to n oxideElyer formtionF he vuum level lignment genertes injetion rriers for eletrons @Φ e B AD nd for holes @Φ h B AF he former is given y Φ e B a Φ m E ie @ieX eletron 0nityA nd it desries the energy neessry to injet n eletron from the metl into the moleuleF heres the injetion rrier for holes is given y Φ h B a s E Φ m @sX ioniztion potentilA nd orresponds to the energy neessry to injet n sn mny sesD even for wekly interting systemsD the experimentlly determiE ntion of these injetions rriers yields di'erent vlues thn those expeted from simple vuum level lignmentF hen the moleules re in ontt with the surE feD reElignment of eletroni levels oursD s it is depited in pigure PFTF his produes reEdistriution of hrge t the interfeD hene n interfe dipoleD ∆F emong ll possile ftors tht n ontriute for the interfe dipoleD the most relevnt ones re iA the rerrngement of the eletron loud of the metl surfeD due to the repulsion indued y the presene of the eletron louds of the sored moleulesD iiA the presene of moleulr dipole @permnent or indued y the suE strteA nd iiiA hrge trnsfer etween the metl nd the orgni lyerF sn ny of these sesD the injetion rriers re given now y Φ e B a Φ m E ie E ∆ nd Φ h B a s E Φ m C ∆F ghrge trnsfer proesses etween moleules nd sustrtes n led to moleE ulr onformtion hngesD 42,43 sustrte reonstrutionsD 44,45 sustrteEmedited intertions 46 nd new hemil retions pthwys tht otherwise re not oserved in solutionF 47,48 sn summryD thorough nlysis of eletroni properties nd e'ets derived of them t the interfeD together with n exhustive study of the interfe9s geometryD will e essentil to understnd the physil ehviour of the (nl devieF IW 2 State of the art 2.4 Organic two-dimensional materials yf importne on the (nl mteril9s properties is its dimensionlityF 49 e represenE ttive exmple is the se of sp 2 ron mterilsX Hh fullerenesD Ih nnotuesD Ph grphene nd Qh grphite exhiit very di'erent propertiesF efter the isoltion of monolyer grphene sheet for the (rst time 50 vriety of new inorgni Ph mteriE ls emerged @eFgF trnsition metl dihlogenidesD or oron nitride mong othersA due to their interesting propertiesF 34 st turns out tht their optil nd eletroni properties re usully di'erent from their Qh ounterprts due to on(nement of eletrons nd euse of the sene of interlyer intertionsD whih n ply n importnt role in determining the nd strutureF edditionllyD other properties n e improved @iFeF mehnil nd hemil responseA mking these new mteE rils ndidtes for moleulr eletronisD sensors nd optoeletroni deviesF he lredy mentioned nturl uriosity nd ility of hemists to rete nd modify mtter lunhed the interest on orgni Ph mterilsF sn prtiulrD (rst theoretil studies foused on the eletroni hrteristis of grphyne @ ron phse whih ontins plnr sheets of mixture of sp 2 nd sp hyridized ondsAD put in evidene the interest of Ph polymers with onjugted kEone for inE teresting eletril purposesF 51 qrphyne shown semionduting ehviourD with lrge ndgpD s well s the possiility of tuning its eletroni properties with respet to the periodiity nd topogrphyF ine thenD gret ttention hs een pid to syntheti Ph polymers with wellEde(ned inEplne rystlline strutures in the pst yersF 34 sullyD they present ovlent linking etween monomersD forming permnent pores of de(ned size nd shpeF he ottomEup synthesis of these mteE rils is governed y the ontrol monomer ssemlyD efore nd during the ovlent onding proessF wo strtegies provide suh ontrolX thermodynmi nd kineti pprohesD 52 whih we will explin in detils in their orresponding setions @ eE tion PFRFI nd PFRFPD respetivelyAF foth of them require rigid nd roust monomersD whih form diretionl intertionsD driving the formtion of spei( geometriesF 2.4.1 Kinetic control approaches sn kineti pprohesD the polymeriztion proess ours on preEorgnised twoE dimensionl ssemlyD where the ond selfErepiring took ple @pigure PFUAF his pproh is omptile with irreversile retions or onditionsD sine when the polymeriztion ours @seond step in the shemeA the ssemly is lredy orderedF 52 reprtion of ovlent nd metl orgni frmeworks under highlyEontrolled onditions @i.e ultr high vuum E rA is n exmple of kineti ontrolled twoE PH

Organic two-dimensional materials

Non-covalent assembly Polymerization Kinetic approach dimensionl polymeriztion growthF wny exmples of reversile retionsD suh s the ondenstion proesses lredy mentioned in etion PFP or other trditionl retions tht will e disuss in etion PFSD hve een suessful dpted to the r environmentF 5356 ypillyD during polyondenstion retion yEprodut in the form of smll moleule is produed @e.g wterD loholsD nd hydrogen hlidesAF he presene of these smll 4impurity4 moleules my 'et negtively the polymeriztion kinetisD ltering the retion mehnismF sn order to redue the e'et of these yEprodutsD nneling or working under vuum onditions re strongly reommendedF he fesiility of implementing these ondenstion retions ws demonstrted for the (rst time y wneveld et al. 53 he lredy mentioned ondenstion retion of enzene dioroni id moleules y gôté et al. under mild onditionsD 9 ws then demonstrted on eg@IIIAF e oronteEsed ovlently onded nnoporous ws formedD omposed y (veED sixED sevenE nd eightEmemered ringsF 53 his seminl work estlished the potentil of surfe siene pprohes to onE trol nd srutinize the hemil nd physil proesses tht our when moleulr uilding loks ret to form onds nd extended networksF nderstnding the tomisti proesses requires wellEde(ned systems nd ontrolled onditionsF por these resonsD tomillyElen single rystls re ommonly employed s retion sustrteF ressures of the order of vlue of ∼IH -10 mr re kept during retion proessesD to limit the mount of surfe ontminntsF elsoD the lk of solvents reE dues the intertions nd interferenes etween the moleulr uilding loksF he progress of the surfe siene (eld hs een oosted y the expnsion of surfe siene tehniques suh snning proe mirosopiesD photoemission spetrosopies nd di'rtionD whih long with theoretil methods give fundmentl nd (ne insights out onEsurfe retion mehnismsD 57,58 inluding the formtion of inE termedite speiesD the role of the sustrteD 59 nd moleulr di'usion mong other e'etsF wore detils out the surfe siene tehniques employed in this thesis re given in hpter QF PI 2 State of the art es notedD the surfe n t s templte for the growth of twoEdimensionl networksF peillyD metlli surfes re of the gret relevneD ll the more s they n hve desirle tlyti e'etsF 60 hey n kinetilly enhne retions y reduing the tivtion energy rriersF his tlyti ehviour is founded on the ility of the metlli surfe to rete onds with the moleulesF yne the moleules sor on itD strong or wek intertions n e estlished with the surfeD whih dditionlly hs strong in)uene on the surfe di'usion of the moleulesF henD the surfe n ese the levge of some intermoleulr onds nd help forming new ones when the new hemil produts re retedF he tlyti tivity gretly depends on the eletroni struture of the metl surfeD in prtiulr on its dEnd on(gurtionF pon sorptionD the eletroni sttes of n dsored moleule nd of the metlli surfe intertF he xewnsE enderson model plots three di'erent regimes of dsored orgni moleules on metl surfes depending on moleule!sustrte intertion strengthX iA physisorptionD iiA wekEhemisorption or iiiA strongEhemisorptionF 61,62 wo importnt prmeters re de(ned in this modelD the ndwidth of the metl nds @A nd the hyridizE tion strength @∆iA etween orgniEmetl oritlsF he ltter is otined y the di'erene etweenD the energy of seprte moleules nd surfe nd the energy of the hyrid systemF he physisorption regime is usully found when wek vn der lls fores govern the moleule!sustrte intertions @it is often the se of inert surfesAF sn this seD moleulr oritls re similr to those of the gs phse nd re not ltered y the sustrteF e more omplex senrio is found for more retive metl surfesF por metl surfes with lrge ndwidthD b IH eD @e.g. eg nd guAD G∆i I rtio n e estimted nd wekEhemisorption regime is onsideredF his is oserved for the se of egGperylenetetrroxyli dinhyE dride @gheA interfeF 63 sn the se of nrrow d metlsD ∼ I eD @e.g. xiAD G∆i I rtio is found yielding to lrge hyridiztionF his is the se for strongEhemisorpted systemsD s is oserved in rGxi interfeF 64 he metlli9s nd struture is omposed y rod sEnd nd shrp dEndF ine the eletroni stte of the former for ll trnsition metls is the sme @(lled y only one eletronAD is the dEnd whih determines the tlyti ehviour of metlli surfeF st is onsidered tht the eletroni sttes of the entire dEnd of the metl re ruil for ontrolling the surfe retivityF he density of sttes t the permi levelD my shows the eletrons tht re prone for ondingD nd the empty dEsttes ove the permi level will ply n importnt role in the moleuleEsurfe intertionF wny studies hve demonstrted the importnt role of the sustrte in terms of e0ient onEsurfe hemil retionsF 59,65,66 qutzler et al. shown the fesiility of uilding twoEdimensionl network through g!g ond formtion PP 2.4 Organic two-dimensional materials when metlli sustrte ws employedF en homolyti rupture of g!fr onds tkes ple s (rst tivtion stepF henD fter onEsurfe di'usion of these tive speies their enounter leds to the formtion of new g!g ondF roweverD when insted the inert surfe of grphite ws utilizedD no tivtion ourredD leding to the formtion of nonEovlent selfEssemled wellEordered network stilized y hydrogenEhlogen ondsF 65 sn this regrdD struturl surfe defets lso deserve wordF he presene of stepsD vnies or dtoms hnge the hemil environment of the djent resD 'eting the tlyti tivity of the surfeF [START_REF] Gago | Languages Spanish Native English Advanced French Advanced Profesional Skills Langages Igor,Python Softwares Gwyddion and InkScape PAO Latex List of publications to be submitted "Synthesis of polymeric arene(ruthenium) nano-sheets via imine chemistry at a liquid/liquid interface[END_REF]68 his ws shownD for instneD in the se of the dsorption of diromoter)urene moleules on stepped gold surE feF [START_REF] Gago | Languages Spanish Native English Advanced French Advanced Profesional Skills Langages Igor,Python Softwares Gwyddion and InkScape PAO Latex List of publications to be submitted "Synthesis of polymeric arene(ruthenium) nano-sheets via imine chemistry at a liquid/liquid interface[END_REF] fy mens of low temperture snning tunnelling miroopyD the stepEedge kinks were identify s the tive sites of the surfeD where the g!fr onds re seE letively dissoitedF henD thermlly indued polymeriztion led to oligomer hin formtionD long the edge stepsF 2.4.2 Thermodynamic control approaches hermodynmi pprohes onsist in monomer ssemly nd polymeriztion siE multneouslyD s it is shown in pigure PFVF hey rely on reversile retionsD suh s ondenstion or oordintive proesses lredy mentioned when disussing the formtion of ovlent nd metl orgni frmeworksF he ond selfErepiring of the seond step leds to wellEde(ned nd orreted rystlline strutureF 52 sn stndrd reversile retionD the preursors e nd f n ret yielding g nd h produtsD whih n ret together to give the reverse retionF hnks to le ghteE lier9s prinipleD the ontrol over the retion onditions @tempertureD preursor9s or produt9s onentrtionsD volume or pressureAD drives the equilirium diretionF the slow dehydrtion of the moleules nd their ontrolled di'usion due to low soluilityF his strtegy llows the nuletion of rystlline mterilD nd lsoD the lose retion system mintins the presene of r 2 yD ensuring the reversile onditions nd the rystlline growthF 9 he presene of r 2 y during the retion proess hnges de qis energy nd pushes the equilirium kwrd to fvour reverse retionF his reversiility llows the selfEdjustment nd selfEheling of the systemD resulting in the formtion of high ordered porous nnostruturesF yxidtionEsensitive nd lowEsoluility moleulr preursors re not very wellEsuited to the strtegy we just desriedF olyfuntionl tehols re prone to oxidtion nd re often springly solule in orgni solventsD ftors tht hinder othD the preprtion of useful quntities of funtionlized monomers nd their inorportion into gypsF husD lterntive syntheti routes were needed fter the lossom of the (rst synthesisF pitler et al. proposed n etonide protetion @E9!y!!y!9A over these sensitive theolte groupsD yielding to oronte esterElinked gypD s previous exmpleD ut employing more omplex preursorsF 69 sn oth sesD the produts were in form of insolule powderD hindering susequent pplitions nd slilityF hereforeD the methods tht yield the synthesis of multilyer or nnoE sheets in ontrolled orienttion diretly on support re of gret interestF ith these onstrints in mindD golson et al. demonstrted tht surfes o'er nturl interfe to templte polymeristion in two dimensionsD nd performed the ondenstion retion done y gôtè et al. in the presene of the desired supportF 10 hey suessfully grew oriented gyp (lms on singleElyer grphene supported in vriety of supports @polyrystlline opper foilD i wfers or ig supportAD with minor mounts of residul retntsF snterestinglyD they oserved the formtion of rystlline (lms just fter one hour of retionD while typilly the stndrd retion lsts UPhF roweverD leit the synthesis desrie ove yielded rystlline nd ordered (lmsD no ontrol in the thikness ws hievedF hen dvned eletroni pplitions re trgetedD more urte frition method is neededF wehnil exfolition proE esses re possile route to inorporte lyered mteril into deviesD however the lk ontrol on the thiknessD nd the lterl extension of the mteril is still limited y hemil synthesis routesF es n lterntiveD lterl polymeriztion retions orD soElled interfe retionsD enle the synthesis of not limited length rystls sine the polymer or nnosheet is suspended on the interfe where they growthF wost relevnt interfil retions re held t liquidGliquid or irGliquid interfesF ith these tehniques the synthesis of twoEdimensionl polymer monolyers re esily essile sine the polymer suspended t the interfe is then trnsferred to the PR 2.5 Surface mediated of two-dimensional polymerization and chemical transformation desire sustrteD depending on the pplition or hrteriztion menF foth pE prohes nd exmples will e ddress in etion PFTF 2.5 Surface mediated of two-dimensional polymerization and chemical transformation es disussed erlierD metl surfes hve eome n importnt pltform for the growth of polymer nd re very wellEsuited for surfe siene studiesF sn this seE tionD we will detil generl protool for polymer growth in ultrEhigh vuum onditions s well s the role9s surfe during onEsurfe moleulr rrngements @in terms of moleuleEmoleule vs moleuleEsustrte intertionsAF henD severl onEsurfe hemil retions will e detiledF pinllyD spei( dvntges ssoiE ted with the use of metlli surfe s retion sustrte @on(nement e'etA or y using highlyEontrolled onditions @retion ontrolA will e ddressedF nder ultrEhigh vuum onditionsD the uilding loks re deposited y moleE ulr em epitxy onto len surfeF sn generlD the orgni moleules re evpoE rted from their powder stte ut lterntive deposition methodologies re ville for thermolile speies or speies whih polymerize inside the ruileF woleuE lr spry deposition is yet nother pprohD where the desired orgni moleule is dissolved in onvenient orgni solvent nd is then deposited diretly on the surfeF 70 ith this method lmost ny kind of orgni ompound n e used voiding dmge or frgmenttionF sn the se of synthesis of metl orgni frmeE works or simply formtion of oordinted ondsD metlli entres n e supplied y therml evportion of highEpurity mterilsF edditionllyD some spei( metl surfesD e.g. opper or silverD nturlly provide metl dtoms oming from the tomi step evportion or vny formtionF 71,72 sn generlD the twoEdimensionl rrngement of moleules on solid surfes is determined y the lne etween intermoleulr fores nd moleuleEsustrte intertionsF sn the se of wek sustrteEmoleule intertions re presentD the inE termoleulr fores will govern the moleulr ssemlyF lnr moleules tend to ly prllel to the surfe nd ulky moleulesD or moleules with voluminous groupsD tend to oupy hollow sites of the sustrteF hen heterotoms re present in the moleuleD stronger moleuleEsustrte intertions n ourD even if the moleE ulr kEone is not disruptedF sullyD the moleulr sorption ours where the overlpping etween lone eletron pirs of the moleule nd surfe dEsttes is mximumF sn the se of moleules with more thn one heterotomD spei( moleulr orienttions might ourF sf the surfe is not homogeneous @e.g. due PS to di'erent hemil ompositions or lttie prmetersA or the moleuleEsustrte intertions re relly strong @e.g. importnt hrge trnsfer phenomen led y strong donorGeptor moleulesAD site seletive dsorption might tke ple nd in these sesD hemil trnsformtions n ourF 73 2.5.1 On-surface chemistry as a tool of creating long-term stable structures prom prtil stndpointD surfe funtionliztion with moleulr strutures is route to funtionl moleulr eletronis devies @etion PFQAF yn more fundmentl levelD ultrhigh vuum onditions llow the synthesis of sustnes tht my not e synthesised in solution due to soluility prolemsD nd sometimes gives ess to new hemil synthesis pthwys due to surfe on(nement of the retntsF sn this setion we will give n overview of the min onEsurfe hemil retions whih llow the synthesis of new onds for network growthF he reviewed retions will e lssi(ed into di'erent tegoriesX retions with ron!hlogen ond levge @or dehlogention retionsAD retions with ron!hydrogen ond levge @or dehydrogention retionsA nd retions produing wter moleules @or dehydrtion retionsAF Dehalogenation reactions hese retions involve the levge of g! @ a pD glD frD sA ondF he high polrity of these onds mkes their rupture esy nd soD they hve een widely used in lssil orgni hemistry synthesisF everl wellEknown retions whih produe new ronEron ondsD re sed on these hemil groupsF he lsE sil llmnn oupling retionD desried in IWHRD 74 llows the seletive formtion ronEron ond etween two ryl moleulesD y gu medited tivtion of n ryl hlideD s shown in pigure PFWF Figure 2.9: Ullmann coupling reaction mediated by copper between two aryl halides. Reproduced from reference 57.

he homolysis of the ronEhlide ond n tke ple t room tempertureD yielding to single rdilF henD further therml tretments usully led to the ddition of rdils generting the new @ronA ondF 39,65,75,76 elthough gu is the tlyst pr exelleneD llmnn oupling retions n e performed with other PT 2.5 Surface mediated of two-dimensional polymerization and chemical transformation metls suh s euD 39, 65 nd egF 77 en importnt pplition of this retion develE oped in the pst yers is the grpheneEnnorions growthF 78, 79 he presene of di'erent type of hlides in the sme moleulr struture llow higher ontrol over the retionF hue to di'erent g!hlide ond strengthD the ond levge tkes ple t di'erent nneling temperturesF his strtegy is onsidered s wht is known s hierrhil synthesisF 80,81 sn (rst nneling step t IPH °gD iodine toms re leved o' from the porphyrin strutureD wheres the romine toms sty inttF his leds to the tivtion of the (rst diretion growthD with the formtion of oneEdimensionl hin @pigure PFIHAF e seond therml tretment t PSH °g ws rried outD produing the gEfr ond levgeF xowD the seond growth diretion is tivted llowing the rossElinking of previous moleulr hinsD leding to n extended twoEdimensionl network @pigE ure PFIHAF vikewiseD other oupling retions whih generte g!g onds were proposed y onogshirD rek or uzukiF ell of them re rossEoupling retionsD where two di'erent preursorsD e nd fD re joined ssisted y metl tlystD typilly plE ldiumF hese in solution retions re extremely useful for generting g!g onds with highly seletive retion etween ef leding to the desired networkD while inE hiiting the formtion of homooupling produts ee or ffD whih is often di0ultF his ws evidened y unuru et al. when they presented for the (rst time the PU onEsurfe onogshir retion on eu@IIIAF 82 he homooupling produts of oth retntsD phenyletylene nd iodoenzeneD were found on the metl surfe longE side with the expeted rossElinking produt @pigure PFIIEupper retionAF elthough the seletive rossEoupling ws not hieved entirelyD the milder syntheti ondiE tions employed with respet to the ones needed in solutionD onstituted n dvne for the essiility of these kind of retionsF st ws few yers lterD when full rossElinking onEsurfe rek retion ws hieved y hi et al.D tht the suessful oupling of romophenylEdiphenylporphyrin to vinly derivted ws demonstrted on eu@IIIA surfeD y using d s tlyst @pigure PFIIElower retionAF pirst priniple lultions reveled tht the presene of d on eu@IIIA is essentil for promoting the highEseletive rossEoupling retionF 83
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On-surface Heck reaction hese retions involve the omintion of two or more moleules to form lrger oneD nd smll moleule is relesedD like wter @herein the dehydrtion or onE denstion nmesAF he ondenstion retions typilly employed for the ovlentE orgni frmework synthesis were lredy listed in etion PFPF ell of them hve een dpted to (t ultrEhigh vuum onditionsD nd the ones involved in the oroxine ond formtion were lredy detiled in the kineti ontrolled pprohes setion @etion PFRFIAF rereinD most relevnt exmples of onEsurfe dehydrtion retionD whih leds to gax @imineA ond formtionD will e disussedF he interest of these retions lies minly on the possiility of inorporting sevE erl hemil groups into the (nl produt y using two or more retntsD whih is of prtiulr interest when ll hemil groups nnot e inluded in single moleuleF elsoD it is noteworthy tht the initition step my require no nneling proess nd orgni moleules my e tivted y simply oEdepositionF his is the se of the twoEomponent ondenstion retion etween the dildehyde nd the liphti mine hosen y eigelt et al.D shown in pigure PFIQF 86 he retion ws performed t room temperture nd lose to sturtion of the (rst monolyer of oE deposited retnts on eu@IIIA surfeF unown s hi'Ese ondenstionD the lst step in whih the tetrhedrl intermedited is overed into the imine produtD is normlly tlysed y the solvent @ting s omined proton donorGeptorAF roweverD eigelt et al. pointed out more fvourle retion mehnism in whih n intermoleulr proton trnsfer oursD sustituting the solvent9s roleF vike oroxine ondsD 53,54,56 the gax ond is involved in the surfe syntheE sis of twoEdimensionl polymeri struturesD llowing ovlent linking etween QH 2.5 Surface mediated of two-dimensional polymerization and chemical transformation onsisting in othD oligomeri hins nd networks with pores of out QEIH nm in dimension y the omintion of iE nd triEfuntionlized preursorsF 87 st is noteworthy tht the onnetivity of polymeri nnostrutures ws ontrolled y dE justing the kineti prmeters during the growthF wo di'erent pprohes were testedD in whih the trildehyde ws lwys (rst dosed onto the surfeF henD (rst strtegy onsisted of the susequent deposition of the dimine t IPHEITH u nd the retion ws performed t RHH uF his led to smll oligomers linked vi imine ondsF he seond strtegy onsisted of depositing the dimine on top of trildehyde when the sustrte ws lredy t RHH uD llowing higher moleulr di'usion for oth retntsF his pproh led the formtion of othD twoEdimensionl networks nd oneEdimensionl hinsF imilr retions hve een explored lso on vriety of metlli surfesD suh s the ondenstion etween the highly retive yl hlorides with mines on eg@IIIAD yielding the orresponding polymidesD 88 or the formtion of polyimides on eu@IIIA QI 2 State of the art On-surface polyimide synthesis On-surface polyamide synthesis fter the onvergene of dinhydrideEderivtive nd di or triEmino ompoundsF 89 yneE or twoE dimensionl polymers re otined depending on the stoihiometry nd retnts employedF essoited retion shemes of forementioned onEsurfe retions re shown in pigure PFIRF 2.5.2 Ultrahigh vacuum conditions for reaction control sntermoleulr oupling retions on surfes hve demonstrted to e suitle synthesis method for metl nd ovlent orgni frmeworksF he vst vriety of possile omintions etween orgni moleules ndGor metlli entres llows to modulte othD the shpe nd size of the pores s well s the spei( fetures of the (nl strutureF elthough wellEestlished hemil retions re redily dpted to highlyEontrolled onditionsD (ne tuning or retion onditions is lwys neessryF wny exmples in the literture mke referenes to stoihiometry nd sustrte temE perture regultion in order to get spei( produtF 5355,9092 enother possile pproh is to vry the length of the retnts or the numer of sustitutionl groups on themF ith this strtegyD it is possile to fvourD for instneD the formtion of twoEdimensionl networks rther thn oneEdimensionl hinsD 81,87,89 or to tune the pore size of the (nl networkF 53,93,94 et nother wy to ontrol the (nl produt is through hierrhil growth or susequent tivtionF sn this regrdD few exmples hve een lredy disussedD 39,79,80 where wellEseleted monomerD with di'erent QP 2.5 Surface mediated of two-dimensional polymerization and chemical transformation sustitutionl hemil groupsD nd soD di'erent ond strengthD re susequent E tivted vi onseutive therml stepsF his llows the ontrolling over the diretion growthF purther exmples n e givenF 81, 95 hng et al. synthesised network with onjugted kEone under mild onditions y using terminl lkynesF 95 he interesting point of this work is the ontrol over the oupling y sustrte temE pertureD sine the deposition of lkyneEmoleules on eg@IIIA t IUH uD results in their selfEssemlyY rising the system t room tempertureD redues onsiderly the moleulr overgeD nd n nneling t QQH u restores the pristine surfeF rowE everD y deposition onto hot eg@IIIA t the sme tempertureD the dimeriztion nd oligomeriztion is induedD eing fvoured y further therml tretmentsF his hierrhil proess demonstrtes how sensitive is the lkyne g!r tivtion nd retivity to sutle hnges of the lol environmentF elsoD the mild onditions in whih the homooupling tkes ple pointed out the tlyti ehviour of eg@IIIA surfeF 2.5.3 Two-dimensional connement eects gon(nement to two dimensions ppered s n importnt ene(t of the use of surfe for the retion of ovlent struturesF he dimensionl restrition enles new retion pthwys with respet to other syntheti pprohesF 47,48,96,97 his hs een shown for the trnsformtion of the fourEfold rominted nthrthiophene into pentene moleuleD y deposition of the former on xi@IIIA nd therml nE neling to RUQ uF 96 heteroyli end moleules @IDQDVDIHEtetrzperopyreneA on gu@IIIA fter therml tretmentF 97 he low soluility of this preursor nd the high tivtion rrier sE soited to the polymeriztion proess hve een historilly prtil ostle for its investigtionF roweverD the redution of moleulr degrees of freedom y their dsorption on surfeD leds to the redution of the polymeriztion tivtion rE rierD llowing the ovlent linkge etween these romti moleulesF his study is step forwrd on the understnding of the ontention mehnismD sine it is thought tht it ours through the tutomeriztion of the xEheteroyli end units to rene intermedites @pigure PFITAF 
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he neessity to ontrol the thikness of polymer nnosheets nd to hieve high struturl qulity suh thtD good hrge rrier or spin trnsportD or pure optil propertiesD is strong motivtion in the (eld of moleulr eletronisF he study of onEsurfe growth performed under wellEontrolled environment suh s ultrhigh QR 2.6 Interfacial polymerizations vuum hmer is prtiulrly insightful to understnd the hemil proesses t ply during the formtion of moleulr networks or the metlGmoleule onttF sn view of mteril prodution nd pplitionsD oviously more verstile nd hep strtegies re desirleF vterl polymeriztion retions re performed t the inE terfe generted etween two )uid phsesD eh hosting single kind of preursorD nd it ppers s more pplitionEomptile pprohF he key fetures of this reltively new pproh reX )t nd uniform interfe whose size n in priniple e lrgeD onstnt supply of monomers nd tlysts from the involved phses nd mient onditionsF ine no exfolition steps re neededD mehnil dmge nd undesired rumpling or folding of the lyers n priori e voidedF snstedD gentle trnsfer to virtully ny kind of sustrte is possileD following the horizontl hefer or vngmuirEflodgett methodsF e vngmuirEflodgett system is illustrted in pigure PFIUD where the monomers @grey stiksA re spred t the surfe of tht ontins nother kind of monomer or tlyst @green irlesAF e thin (lm is formed in the irGliquid interfeD whose omptness n e djusted y gentle inEplne pressure pplied y lterl rE riersF henD one the polymeriztion retion is ompleteD solid host sustrte @hosenD e.g. with respet to the pplition or hrteriztion to e mdeA is pprohed to the interfeF pigure PFIU @QERA illustrtes the horizontl hefer trnsfer methodD where the sustrte is pprohed from the top until the interE feF yne the ontt of the polymeri (lm nd the sustrte is rehedD the ltter is smoothly withdrwn nd thusD the synthesized lyer is lifted o' from the interfeF they reported the (rst freeEstnding orgnometlli monolyer sheet prepred t irGliquid interfeF 99 pigure PFIU shows the hemil struture of the monomer tht they employedD onsisting of hexfuntionl terpyridine strutureD whih ws spei(lly designed for this purposeF he @nnoAsheet ws expeted to e formed t the irGwter interfe y deposition of the monomer I onto the wter phse whih hosts metl sltF he polymeriztion retion is sed on the metl omplextion of the terpyridine groups of two djent monomersF por this thermodynmillyE ontrolled retionD experimentl onditions hve een djusted in order to dpt the retion pthwy @i.e. vrition of metl ionsGslts nd their onentrtionD pr vluesD surfe pressureD temperture of liquid phse nd lso how to deposit the monomer onto the surfe nd the metl ions into the liquidAF he monomer design is of utmost importne to limit prsiti intertions etween moleules or with the liquid phse tht would promote ompetitive retion pthwys nd hene would redue the polymer stility nd degree of orderF 100 en importnt develE opment ws done in this diretion y ymyr et al. who used n mphiphili monomer @hving othD hydrophoi nd hydrophili prtsA for n irGliquid interE fil retionF 100 hnks to this strtegyD the hydrophoi prt stnds upright on the interfe driving the moleulr pking orienttionF 2.6.1 Extended π-conjugated polymer nanosheets at interfaces he polymer eletril ondutivity stems from eitherD onjugted doule onds long the kEone or romti hemil groupsD linked together or with the rE on kEone through ovlent ondsF ndoped πEonjugted polymers hve their permi level rossing the ondution nd sine one of the four eletrons whih omE pose the ron vlene nd remins unpired @elonging to p z oritlAF he lterntion on single nd doule ron onds long the polymerD genertes n overlp etween p z oritl llowing the deloliztion of unpired eletrons over the whole systemF roweverD if there re no hrge rriers within the polymer strutureD this will not e ondutiveF wost orgni onjugted polymers do not hve intrinsi hrge rriersF hereforeD externl hrge rriers should e introE dued to the polymers to mke them ondutiveF hen n eletron is removed from the vlene nd y oxidtion @pEdopingA or is dded to the onduting nd y redution @nEdopingA does the polymer eome highly ondutiveF fy this wy the ondution @vleneA nd ends up eing prtilly (lled @un(lledA nd rdil nion @tionA is formedF hese hrged speies re ommonly known s polritons nd their formtion uses the injetion of sttes from the ottom of the ondution nd nd top of the vlene nd into the nd gpF 101 QT 2.6 Interfacial polymerizations everl postEsyntheti lterntives re ville for doping polymersX edox or eletrohemil retions nd photoEindued dopingF elterntivelyD the ondutivity my e inresed y designing speil monomers omprising wellEsuited heterotoms or y using synthesis shemes tht involve the formtion of orgnometlli retiulE tion nodesF xeutrl onjugted polymers with smll ondutivityD typilly in the rnge of IH -10 !IH -5 m -1 D n e onverted into semiondutive or ondutive sttes with ondutivities of I!IH 4 m -1 F 102 vterl polymeriztion t interfes produes nnosheets nd in some ses monoE lyers @the thikness of single moleuleAF he gentle trnsfer is thought to only mrginlly lter the intrinsi eletril ondutivityF his is of prmount imporE tne in view of their pplition to eletroni nd optoeletroni purposesF 98,103106 he (rst interfil synthesis of πEonjugted orgnometlli nnosheets ws reE ported y ume et al. 103 he polymer omprised nikel is@diothioleneA units whih were formed y oordintion retion etween enzenehexthiol moleules nd nikel@ssA etteF he plnr nd threeEfold symmetri on(gurtion of the ligE nd longside with its multiEhelting hrter drive the orgniztion of the units leding to sixfold symmetryF edditionllyD xi ions dopts d 8 eletroni onE (gurtion withD s the more fvourle on(gurtionD squreEplnr oordintionF he strong hrge deloliztion mong the metldithiolene rings results in wellE developed πEonjugtionF wo routes were exploredD one synthesis t irGliquid interfe nd nother one t liquidGliquid interfeF sn the former synthesisD the enzenehexthiol is dissolved in n orgni solvent whih is gently spred using mirosyringe on top of n queous phse where the xi@ssA ette is dispersedF fy this methodD nnosheet of HFT nm ws synthesised fter P h of retion t room temperture nd in er tmosphereD in whih the orgni solvent ws evportedF henD it ws trnsferred onto grphite surfe @ryqA for full hrteriztionF en dditionl synthesis t liquidGliquid interfe ws rried out iming t the formtion of thiker nnosheetD hene etter suited to omprehensive nlysis of the rystllinity nd ompositionF sn this seD the orgni phse ws (rst overlid with pure wterF he di'erene in density mkes tht the orgni phse stys in the ottom nd leving the thin lyer of pure wter on topF henD the queous phse whih ontins the ion metl ws smoothly dded on top of the orgni phseD llowing lm liquidEliquid interfeF ith this pprohD mirosheet with ∼IHH µm lterl size nd IEP µm of thikness ws otinedF he redox sttes for othD miro nd nnoEsheetsD were nlysed nd it ws found tht they n e swithed from H to EI y mens of hemil redution with sodium sltF pinllyD in twoEeletrode on(gurtionD the eletril ondutivity of oth systems ws mesuredF st ws found tht the s prepred miroEsheets gve ondutivity of HFIS m -1 t PWV uD while fter QU 2 State of the art redution with the sodium sltD the ondutivity dropped to TFU × IH -3 m -1 t the sme tempertureF he multivlene sttes @HGEIA in the mirosheet ontriutes to higher ondutivityF snteresting dvnes in the synthesis of polymer nnosheets with fully ronE ted kEones hve een done more reently y wtsuok et al. e highly rysE tlline monolyer @`Q nmA of grphdiyne ws otined y irGliquid interfil homooupling retion etweenD hexethynylenzene @rifA @see struturl model in pigure PFIVAD tlysed y opper ions present in n queous phseF 107 he synthesis proedure is similr for the one shown in pigure PFIUF efter PR h the nnosheet ws invisile to the nked eyeD ut it ws suessfully trnsferred to vrE ious sustrtes for its hrteriztionF imilrlyD the synthesis of thiker @PR nmA grphdiyne nnosheet were omplished t liquidGliquid interfeD in the form of drk rown (lm @pigure PFIVAF sts insoluility lredy indited tht its kEone is πEonjugtedF petrosopi hrteriztion @Ery photoemission spetrosopyA on(rmed the good expeted rystllinity of oth polymer sheetsD tht is required to ount for the rtio of two oserved etween the sp nd sp 2 ontriutions to the g Is ore level spetrF he lulted ronGoxygen rtio for the monolyer ws HFHWD lower thn the HFP vlue lulted for the tiker grphdiyne sheet grown t liquidGliquid interfeF he ltter in turn ws in the rnge of vlues for grphdyine grown y other methods @∼ HFPA or other ronEsed mterils grown y ghF e low oxygen defet level is ruil for the good performne of ronEsed mE terilsF mn spetrosopy on(rmed the presene of onjugted diyne linkgesD s well s the h nd q peks expeted for grphdiyne mterilsF he wide vriety of mterils tht n e synthesized t interfes is good QV 2.6 Interfacial polymerizations illustrtion of the verstility of lterl polymeriztion synthesisF es properties imE proveD the next step is the slility of the proessF es disussed in the etion PFI devoted to moleulr selfEssemlyD spontneous moleulr reEorgniztion is of utE most relevne for proess slility sine low energy investment is required nd low wstes re genertedF pollowing the sme rgumentD the slility of lterl polymeriztion will e more fvourle if ond formtion is sed on some sponE tneous nd reversile proessF sn this respetD dynmi ovlent hemistry is n interesting tool whih llows the synthesis of polymeri nnosheets with roust nd stle strutures in mient onditionsF 2.6.2 Dynamic covalent chemistry: a self-repairing methodology for polymerization growth hynmi ovlent hemistry emres hemil retions whih re rried out unE der thermodynmi ontrol onditionsF govlent onds re formed nd rokenD nd (nlly reformed ontinuously while the retion progressesF ristorillyD orgni ompounds synthesis ws dominted y irreversile retions where retnts were designed to follow spei( retion pthwy yielding produtF he irreversile nture ensures tht one the produt is formedD not further trnsformtions will e produed @t lest under the sme onditionsAF eversile retions were lE redy shortly de(ned in etion PFRFP devoted to thermodynmi ontrol retionsF he produts formtion nd proportion under thermodynmi onditions re govE erned y their reltive stilities @i.e. ∆q B b∆q C A nd not y the reltive rrier tivtion energies of trnsition sttes @i.e. ∆q B ‡ b∆q C ‡ A s it is shown in pigE ure PFIWF por dynmi retionD the hnge in free energy during the retion must e fvourleD tht is ∆q 0 negtive in the following equtionX ∆q 0 a ∆r 0 ! ∆ 0 a ElnuF husD ontrol over the produts n e hieved y either introE duing ertin fetures into the strter monomers whih stilize the desire produt @e.g. steriD eletrostti e'etsA or y driving the retion equilirium @following le ghtelier9s priniple in numer of externl ftors suh s tempertureD presE sureD onentrtionsD impuritiesD nd so onA towrds the formtion of the desired produtF 108 ome fetures re in ommon etween dynmi ovlent nd suprmoleulr hemistryF foth involve reversile proesses nd the produts formtion re unE der equilirium onditionsF roweverD some mjor di'erenes exits for instneD the kinetis of oth proessesF hynmi hemistry is generlly slower thn suprmoleE ulr hemistry nd to elerte the proess tlysts re usully employedF he use of tlyst gives the dditionl dvntge to possily djust the retion kinetis towrds spei( produtD for instne y stopping the evolution of the system t given stge of the overl retionF 108 QW 2 State of the art wo possile tegories of reversile retions n e onsidered regrding the ond formtion mehnismF he orresponding retion shemes re shown in pigure PFIWF heme I refers to retions in whih the formtionGsission of the reversile ond leds to the formtion of new type of ondF sully it involves the formtion of ondenstion produt with loss of smll moleule @e.g. onE denstion retion etween roxyli id nd n lohol leding n ester new ondAF heme P represents diret exhnge retion where the new ond formed is of the sme type in oth strting mterils nd produts @e.g. trnsEesteri(tion retionY from one ester nd one loholD di'erent ester nd lohol produts re genertedAF his requires the use of tlystD whih helps to initilise ndGor speed up the retionF sn the followingD we will e foused on spei( reversile ond hemistry sed on the formtion of imine ovlent onds @gaxAY its hrteristis nd synthesis t irGliquid nd liquidGliquid interfesF 2.6.3 Dynamic imine chemistry involved in polymerization reactions at interface hynmi imine hemistry is represented y the reversile imine ond @gaxA formE tionD whih tkes ple etween n mine nd ldehyde @pigure PFPHAF st is involved in the hi' se ondenstion retions whih produe the fmous hi'9s ses fmily ompoundsF e generl hi' ondenstion ours etween ronyl group RH 2.6 Interfacial polymerizations @e.g. ldehyde groupsA nd n mino group with the loss of wter moleuleF gonE stitutionllyD the produts look like the struture of hi'9s ses @pigure PFPHAD where is n ryl groupD 1 is hydrogen tomD n lkyl or n ryl groupD nd 2 is n lkyl or ryl group @without r tomAF he retion is idEtlysedD nd the equilirium is usully ontrolled y removing wter tht forms s yEprodut @physillyD in henEtrk pprtusD or y dding drying gentAF 109 he imine ond formtion is speilD sine not ll ovlent onds re ple of eing formedD roken nd reformed under equilirium ontrol nd reltively fstF elsoD the hemistry ehind the imine ond llows tht one the desire imine is formedD still is possile to (x9 itD y reduing the imine ond to seondry mine funtionD trpping the produt in kineti mnnerF en illustrtion of its verstilE ity is the wide vriety of exoti moleules nd omplex strutures tht hve een synthesized in the pst yers @e.g. selfEsorting systemsD moleulr motorsD on(guE rtionl swithesD wypsD gypsD moleulr gesD nd so onAF 109,110 wo signi(nt works were pulished lmost simultneously from hudeen et al. nd hi et al. in PHITF foth synthesised twoEdimensionl onjugted polyE mers t irGwter ndGor liquidGliquid interfes vi dynmi imine hemistryF 111,112 hi et al. pproh lys in the thoughtful monomer strutures whih filitte the polyimine ondenstion t n irGliquid interfeF he trgeted imineElinked twoE dimensionl ovlent monolyer displyed hexgonl poresD s it is shown in pigE ure PFPIF he struture will e formed y linkersD omposed y terephthldehyde moleules @IAD nd retiultion nodesD whih will e onstituted y threeEfold symE metri mino phenylEenzene moleule @PAF he ltter lso ers three hydrophoi nEhexyl groupsF yne the monomer P is spred on top of the liquid phseD nEhexyl groups will stnd up on the surfe @i.e. pointing into the irAD while ll the phenyl rings will sty in the interfeF fy this strtegyD the trimine @PA nd dildehyde @IA moleules will orient themselves filitting the imine ond formtionF he suess RI 2 State of the art of the interfil retion rried out t mient onditions overnight ws demonE strted y mn spetrosopyF fothD the existene of imine onds nd the sene of end groups @ldehydes nd imine onesA were evidenedF fy tppingEmode epwD the monolyer thikness of the poylyimine struture ws ssessed to out HFU nmF he imine polymeri retion designed y hudeen et al. uses monomers whose struture ws designed to give superior roustness nd stility to the (nl polymer @nd not to improve the synthesis proess itselfAF 112 greful hoie on the linker @PDSEdihydroxyterephthlldehydeD @QAA nd retiultion node @monomer PA ws done @see hemil strutures of monomers I nd P in pigure PFPIAF rereD the RP 2.7 Main applications presene of hydroxyl groups in the djent position with respet to the ldehyde will introdue n dditionl stility trough n internl rEond one the imine ond will e formedF he twoEdimensionl monolyer network @HFU nm thiknessA grown t n irGwter interfe ws the size of REinh wfer nd presented n outstnding mehnil roustness with oung9s modulus of ∼ PTU ± QH qF his vlue is on the sme order of grphene ones @RHEIHHH qAF e proofEofEonept vlidtion ws done on the monolyer when it ws integrted in thinE(lm trnsistor s tive semiondutive mterilF e moility vlue of IFQ × IH -6 m 2 -1 -1 ws mesuredD on(rming tht the πEonjugtion of the polymer ws kept nd the potentil of these syntheti twoEdimensionl polymers to e used s semionduting mteril under mient onditionsF e prllel experiment ws rried out t n liquidGliquid interfeD omining monomer P nd Q yielding twoEdimensionl multilyer networkF sn this seD the di'erene with respet to previous retion is the oordintion of olt toms to four nitrogen toms of porphyrin strutureD yielding diret funtionliztion of porous hnnels in the multilyer polymeri systemF hese go!x 4 sites n serve s tive sites for eletrotlyti hydrogen genertion from wterF 2.7 Main applications ndoutedlyD the envisged min pplition of syntheti twoEdimensionl mteriE lsD regrdless of their hemil ond nture or syntheti proess is the moleulr eletronisF es disussed extensively in etion PFQD their semionduting ehviour nd their inherent metlli ondutivity re essentil fetures for their inorportion in optoeletroni 15,113115 nd eletroni deviesF 103,105,107,112,116118 he ultrthin nture of these semiondutors mkes them resistnt to shortEhnnel e'ets while hving high )exiilityF fesidesD the surfes of lyered twoEdimensionl nnomteE rils re free of dngling ondD whih llevites the surfe sttering e'etsF sn this ontextD mny ontriutions hve een done y xihishr9s group reting funtionl ottomEup nnosheetsD inluding eletrilly ondutive nikel is@dithioleneA nnosheetsF 103, 104 me uthors synthesised phototive omplex nnosheet uilt y dipyrrin units nd zin@ssA ions through n irGwter interfil retionF 15 he is@dipyrrintoAzin@ssA omplex t s network9s linker nd lso presents strong sorption in the visile nd nerEinfrred regionF he photoeletri onversion pity of this phototive lyer ws demonstrted y deorting trnsprent ny 2 working node nd its implementtion in threeEeletrode eletrohemil ellF enodi urrent response ws mesured when the ny 2 eletrode ws irrdiE ted with SHH nm light nd no response ws oserved using light t λ `RHH nm or RQ 2 State of the art λ b STH nmF ith this study they demonstrted the (rst photofuntionl ottomE up nnosheet sed on is@dipyrrintoAzin@ssA omplexF imultneouslyD kd et al. reported on eletrohromi ottomEup nnosheetF 113 he eletrohromism onsists on the mteril9s olour or opity hnge while pplying n externl voltE geF sn this workD metl omplexes nnosheets omprising threeEfold symmetri terpyridine lignds nd go@ssA nd pe@ssA ionsF king dvntge of the fst nd roE ust redox tivity of the is@terpyridineAmetl omplex unitsD quik nd reversile eletrohromi properties of multiElyer nnosheets were demonstrted when they ted s tive lyers on devieF fothD pe@ssA nd go@ssA omplex nnosheet were pled on either side of pir of trnsprent indium tin oxide @syA eletrodes nd n externl voltge of C P ws ppliedF fy thisD peEsed nnosheet ws oxiE dized nd goEsed nnosheet ws redued nd visul hnge in oth nnosheet9s olour hppenedF henD y pplying n externl voltge of C I redution nd reEoxidtion of oxidized peEnnosheet nd redued goEsed oneD respetivelyD took pleF fy the lst redox retionD the originl olours of oth omplex nnosheets were reoveredF his study suggests the potentil pplition in eletrohemil devies suh s olour displys nd eletri pperF RR 2.7 Main applications edditionl dvntges re o'ered y the possiility of wide tiloring of their propertiesD either thnks y the network9s dimensionlityD or y the hemil properE ties inluded from the uilding loksF heoretil works indited tht the ndgp of Ph gyp9s n e signi(ntly tuned y the rystlline sizeD nd is muh nrrower thn their Ih polymer ounterprtF 119 he di'erent ville syntheti routes nd the ontrol of their thermodynmis ndGor kinetis re essentil for optimizing the qulity nd size of singleErystlline dominsD s we lredy disussed in the previous setionsF eprt from their semiE onduting ehviour or metlli ondutivityD importnt fetures regrding minly ovlent nd metl orgni networks hve een highlightedF heir high hemiE l nd therml stility nd their extrordinry morphologil nd ompositionl tunility hve mde these mterils the fous of the ttention in pplitions s sensingD 32, 76, 120123 tlysisD 33, 112, 124126 nd energy storge ndGor onverE sionD 76,127130 mong othersF ltrthin Ph mterils hve een widely used s prt of sensing devies for the detetion of vrious spei( hemil or iologil speies @e.g. gs moleulesD toxi ionsD hemil moleules nd iomoleulesAF hese systems need of high sensitivityD seletivity nd stility in given environment s well s fst detetionF he reE sponsiveness towrd inoming guest moleulesD resulting in hnges in their physil nd hemil propertiesF pirst seletively sensing of nitro explosives @e.g. trinitroE phenol moleulesA sed on metl orgni mteril ws reported y xgrkr et al. 123 hey reported tht the eletrostti intertions formed etween the strong idi proton of the trinitrophenil moleule nd the spei( si sites loted in the poresD yield to n eletron nd energy trnsfer to the wypF his produe strong quenhing of the network )uoreseneF es it hs een lredy mentioned in the ourse of this hpterD ovlent nd metl orgni frmeworks present superior potentil in sorptionD gs storge nd speilly in tlysis thn morphous porous mterilsF he (rst exmple of deE signD synthesisD nd pplition of n imineElinked gyp mteril for tlysis ws reported y hing et al. 33 es in other solid tlysts the imineElinked gyp designed y the uthors showed the min hrteristis tht good tlyst mteril must presentY high stility to therml tretmentsD wter nd most of orgni solventsD nd the inorportion of tlyti tive sites in its strutureF reviouslyD it ws demonstrted tht the nitrogen toms whih re prt of the imineEonds re willE ing to oordinte with vriety of metl ionsF eordinglyD spei( rrngement of lignds ws expeted wherey elipsed nitrogen toms of djent lyers were disposed ∼QFU Å fr wyF henD the struture ws funtionlized y plldiumE omplex @d@yeA 2 A whih n tkes prt tlysing the uzuki!wiyur oupling RS 2 State of the art retionD n importnt retion for the formtion of g!g ondsF he exellent tE lyti tivity of imineEsed dEfuntinlized gyp ws demonstrted y the rod sope of the retnts nd the exellent yields @WT!WV7A of the retion produtsD together with the high stility nd esy reylility of the tlystF wuh e'ort hs een employed lso on the pplitions of highlyEporous mterils in eletrohemistryD minly foused on len energy pplitionsD inluding hydroE gen prodution nd storgeD fuel ellsD lithiumEsed tteries nd solr ellsF he metl ions present on the struture of these mterils n t s n tive redox sites for eletrohemil proessesF hen these mterils re employed for lithium tteries purposesD they tke re of the lithiumEion immoiliztion nd store inside of their permnent poresF vi storge ours through reversile onversion retions in whih the metl entrer of the originl wyp struture is exhnge y viEionsF pon deElithition the lithium formted wyp omes k to the originl stteF his proess is wht llows the longEterm ylility of the strutureF rvnn et al. 
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Imine bond formation via Shiff base condensation reaction

Shiff's bases O aldehyde + N-R 2 amine N R 2 + H 2 O imine H 2 R = aryl R 1 = H / aryl / alkyl R 2 = aryl / alkyl N R 2 cat. H R R H R H
F F F F F F F F F F F F F F F F F 67 3.2.2 Raman spectroscopy F F F F F F F F F F F F F 67 3.2.3 Electron microscopies F F F F F F F F F F F F 70 RU 3 Experimental Methods

Ultra-high vacuum (UHV) techniques

ltrhigh vuum tehnology is t the hert of modern surfe siene methodoloE giesF st provides frmework for high sensitivity nd resolution hrteriztions of ultrElen smplesF urfe siene tehniques reD to lrge extent nd t lest s regrds the present workD lrgely estlishedF hey re implemented in lortory filities nd t synhrotron souresF e n lssify surfe siene experimentl tehniques into three min fmilies with di'erent sope nd very omplementry pilitiesX mirosopiesD spetroE sopies nd interfereneEsed tehniquesF wirosopy tehniques provide informtion on the lttie strutureD morphologyD nd topogrphy of surfes nd smll ojets deposited on themF sn some ses they give dditionl lol spetrosopi informtionF ixtremely high sptil nd sometimes energy resolution n e otined with these tehniquesD yet the interE prettion of the dt n e omplited y the onomitnt expression of severl e'ets or y the intertion of the mirosopi proe with the smpleF petrosopy tehniques give informtion out the eletroniD virtionlD or mgneti properties of the smpleD in some ses with hemil sensitivityF hey nD for instneD help to eluidte the onforml dsorption of moleules on surfeF he informtion is generlly verged t mrosopi sleD whih omE plites the nlysisD nd often somewht ondutive smples re requiredF ynE hrotron rdition is sometimes employed to hieve high energy resolution nlysisF snterfereneEsed tehniques exploit the ondultory ehviour of eletrons or photons to hrterise the lol or longErnge struture nd hemil ompositions of smpleF e disregrd this lss of tehniques in the followingD sine we hve only mrginlly used them in the ourse of our workF e omintion of di'erent tehniques mong the forementioned fmilies will give us omplementry informtion llowing omprehensive nlysis of the smples we hve prepredF 3.1.1 Experimental set-ups e lrge prt of our work hs een performed in ultrElen onditionsD using wellE de(ned metl surfes nd deposition of moleules ontrolled t level well elow one moleulr lyerF hree di'erent r setEups hve een employedF RV

Ultra-high vacuum (UHV) techniques

Load-lock

Growth and analysis chamber STM chamber

Analysis chamber PLD chamber rt of the experiments tht mke up this thesis hve een done in the multiE purpose r system loted t xéel snstitute @qrenoleAF st is omposed y four r hmers onneted etween them y tunnel lso held under ultr high vuum onditions @pigure QFIAF his system is equipped with roomEtemperture ymiron snning tunneling mirosope @EwAD whih is isolted in one of the four hmers nd works in se pressure in the low IH -11 mr rngeF he min hmer where othD growth nd nlysis n e performedD is equipped with metl etr dul eletro em nd moleulr uentx twoEell evportorsD n er + ion sputtering gunD for surfe preprtionF st lso hs iqEQH iletron hevies reE )etion highEenergy eletron di'rtion @riihA system whih provides struturl surfe informtionD qudrupole mss spetrometer tht nlyses the omposition of the residul gses in vuumD n qurtz mirolne mesuring deposition rtes nd vrile temperture smple mnipultor with working temperture rnge from IHH to IHHH uF he se pressure of this hmer is S×IH -10 mrF he nlysis nd the vh @pulsed lser depositionA hmers hve een used spordiE lly during this workD minly for storgeD surfe preprtion nd nlysis purposesF wo QEweek mesurement mpigns hve lso een done t the isxe group RW 3 Experimental Methods of the wterils iene snstitute of wdrid @sgwwEgsgAD in lose ollortion with hrF grlos ánhezEánhez nd rofF tosé Ángel wrtínEqgo he r system used during these experiments @pigure QFPADpresents homeEmde moleE ulr evportor whih ws employed for depositing the desired moleules onto n tomillyElen smple held on heting stge @PUQEVUQ uAF he min hrterizE tion tehniques employed in this hmer were vrileEtemperture plowEryostt w from sqwe urfe ieneD for snning the surfe smplesD nd lowE energy eletronEdi'rtion @viihA ient ymiron systemD for heking surfe lenliness efore the moleulr depositsF gomplementry hrteriztion with Ery photoemission spetrosopy @A nd xerEedge Ery sorption (ne struture @xiepA tehniques ws performed in the frmework of ollortionF hese mesurements were rried out in the r system loted t evyseEemline of illetr synhrotron fility @riesteD stlyA y rofF wrtínEqgo nd supported y hrF vu plorenoD hrF elerto erdini nd hrF elno gossroF SH 3.1 Ultra-high vacuum (UHV) techniques 3.1.2 Substrate preparation por our experimentsD we hve used opper single rystl sustrte @purhsed t vAD with @IIIA orienttion nd WWFWWWW7 purityF hen smple is introdued for the (rst time into r systemD it is (rst degssed y moderte nneling during few hours @tullyD until the pressure of the systems gets down to the low IH -8 mr rngeAF Surface cleaning efter this degssing stepD the surfe of the smple is prepred iming t the lowest possile mount of ontminnts on the surfe nd the lrgest possile tomillyE high )t terresF he sputtering step onsists in the omrdment of the surfe sustrte y elerted er + ionsF henD n nneling proess is needed to let the surfe toms reorgnize in its most stle reonstrutionF he elertion voltgeD temperture nd time prmeters employed for the surfe preprtion must e djusted to eh r hmer nd sustrteD so no universl reipes existF sn order to optimize the lening protoolD di'rtion tehniques @riih nd viihA together with w mesurements re usully employedF hrp di'rtion ptterns free of prsiti phses re sought forF henD w imges showing ≥ IHH nmEwide terresD with no or few surfe pollution is the (nl riterion to deide whether the surfe qulity is eptle for further experimentsF he preprtion reipes of gu@IIIA single rystl employed in the r system t xéel snstitute onsists inX IF urfe omrdment with er + with HFV ke ion energy for QH min with n ion urrent of typilly PQ meF PF enneling up to TPH uETUH u for IH minF he monitoring of the surfe temperture ws done with ueller infrEred pyE rometerD with emissivity set to HFIF por the preprtion of the opper sustrte is essentil to do not overome the mximum temperture of TUH u sine sulphur tomsD whih typilly re hosted in the ulkD would otherwise migrte to the surE feF hese sored dEtoms n e esily reognized in w y the presene of drkEholes9 deorting the surfeF he surfe lening proess desried ove will e neessry every time eE fore ny @orgniGinorgni mterilA depositF wore thn one omined sputterE ingGnneling yle is required if the single rystl hs not een used for whileD even if it hs een stored under vuumF SI 3 Experimental Methods Organic molecules deposition hree moleulr evportors hve een used during our experimentsF e ommerE il uentx twoEell evportor designed espeilly for mterils with mximum sulimtion temperture of WPQ u t xéel snstitute nd ouple of homeEmde evpE ortors sed on tntlum envelopes t sgwwEgsg nd t the evyse emlineF he evportors employed in most experiments re shown in pigure QFQF he uentx evportor hs two ellEpokets where low therml pity ruiles @i.e. mde y qurtzA re inserted @pigure QFQAF wo di'erent orgni moleules n e loded in the r hmer simultneouslyD nd e deposited seletively thnks to spei( power supply whih ontrols the heting of the poketsF por simultneous moleulr evportionD two power supplies re neededF sndution heting is done y tungsten oils whih enlose the qurtz ruilesF sn our sysE temD the heting temperture is regulted y ontroller in the power supply whih tunes the urrent pplied to the tungsten oilsF iven though the two ells of the evportor hve independent tungsten oilsD oth ruiles re ooled down using wter during opertionD so tht the unusued ell is not heted y the neighoring oilsF he homeEmde evportorD shown in pigure QFQD is mde of tntlum envelope where the powder to deposit is lodedF st is spotEwelded to two stinless steel rods (xed to feedthroughF elso uEtype thermoouple is spotEwelded to the tntlum envelope to mesure the evportion tempertureF he envelope is heted SP 3.1 Ultra-high vacuum (UHV) techniques y irulting urrent through it @typilly from S to IQ eAF tust like ny new element introdued for the (rst time in the r hmersD the evportor nd the moleulr powder need to e degssed prior to useF he moleulr evportor instlled t xéel snstitute is nturlly ked out fter every opening of the hmer to the irF his keEout onsists on the externl heting of the evportor through heting tpes while the pumps re workingF ith this proedureD most pollution dsored on the elements instlled in the hmer nd in the wlls re desored nd pumped out of the systemF edditionllyD the evportor is equipped y internl heting heds @enlosing the tungsten oilsA whih llow to mke lol ke outF his proess should e pplied severl hours @or overnightA nd it is followed y the degssing of the moleulr powderF he ltter onsists in progressively heting the powder llowing the irorne speies nd residul hemE il tres from hemil synthesis retion nd puri(tion to e removed efore the evportion of the orgni moleulesF his step is ruil sine the lenest moleulr deposit is neessryF he evportion protool is slightly di'erent whether the evportion temperE ture is known or notF sf the evportion temperture is knownD euse of previous moleulr lirtion on the system or euse the moleule is wellEknownD the powE der is gently heted up respeting lwys the mximum upper pressure limit in the hmer of IH -7 mrF yne the powder rehes its evportion tempertureD the degssing lsts until the pressure of the hmer downs to S×IH -9 mrF es from this miniml pressure vlueD the moleules re deently len nd (rst ttempts for their deposition on the desired sustrte n e mdeF hen new orgni moleules re hndledD this proess is not s strightforwrd sine the evportion temperE ture is not knownD nd even more ritillyD their degrdtion temperture either @it my e lose to the evportion tempertureAF sn this seD the pressure monitorE ing is essentil sine it n help us to detet when the moleules strt evportingF roweverD the most useful nd e0ient wy toX iA (nd the evportion temperture of the moleule nd iiA degss the moleulr powderD is to follow the deposition rte y using qurtz mirolne loted in fe of the evportor outletF his onE (gurtion is shown in pigure QFRF e rte of I ÅGmin ws su0ient nd onvenient in our experimentsF et sgwwEgsgD the evportor degssing is done exlusively y externl hetE ing tpes when the evportor is introdued in the hmerD nd the protool for degssing the moleulr powder is the sme s explined eforeF sn ftD the on(gE urtion shown in pigure QFR is the one used during the two mesurement mpigns t sgwwF
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Quartz microbalance

Molecular evaporator

Figure 3.4: Picture of the conguration adopted at ICMM-CISC for controlling the evaporation rate. The molecular evaporator is installed in front of the quartz microbalance at a distance of 10-12 cm. he next step is the deposition of the moleules onto the desired surfeD in our seD on gu@IIIA single rystl freshly nd tomilly lenedF sn pigure QFSD the deposition on(gurtions employed t xéel snstitute nd t sgwwEgsg lortory re shownF sn oth ses the evportion rte ws lirted y mens of wD wheres t evyse emlineD this ws hieved y qurtz mirolne sine no ess to w system ws possileF huring the deposition proessD the distne etween the evportor9s hed nd the sustrte is ruilD sine the )ux density dereses with the squre of the distne from the soureF e lrge evportorE sustrte distne ws in ft one of the di0ulties found during the experiments done t xéel snstitute sine the working distne of our setEup ws out of the reomE mended vlues of VEIP mF o overome this issueD the temperture evportion or the exposition time n e inresedD rising in oth ses the moleulr dose whih rrives t the surfeF huring this thesis we hve deposited the PDQDTDUDIHDIIEhexhydroxyEtriphenylene moleule on gu@IIIAF st evportes t SRH u nd the verge pressure during the deposition ws ∼P×IH -9 mrF wore detils out its strutureD puri(tion proE ess nd its interest s moleulr uilding loks for polymer synthesis is given in hpter RF SR 

Scanning tunneling microscopy (STM)

nning tunneling mirosopy is one of the prtil pplitions of quntum meE hnisF snvented y qF finnig nd rF öhrer while working for sfw reserh loE rtory in ürih @witzerlndA in IWVPD 132,133 this instrument revolutionized surfe sieneF en elementry introdution to this tehnique is given in the followingD nd further informtion n e found in dedited ooks nd reviewsF 134,135 Working principle he working priniple of the snning tunneling mirosopy tehnique is sed on the quntum tunneling e'etF prom lssil point of viewD the tunneling e'et ould e ompred with throwing ll ginst wll expeting nonEzero proE ility to (nd the ll eyond the wllF his proility is of ourse zero in lssil worldD nd the only wy the ll n e found on the other prt of the wll is to give it su0ient kineti energy to ross the @grvittionlA potentil energy rrier repE resented y the height of the wllF sn quntum worldD the wll is now potentil rrier nd the ll n eletronF prom the sme priniple s in the lssil theoryD we ould think tht the eletron n not pss over the potentil rrier if its energy is lower thn the potentil energy or the rrierF roweverD owing to the wve nture of the eletronD there is nonEzero proility tht the eletron psses through the potentil rrier to the other sideD y tunneling e'etF e pitoril representtion of it is shown in pigure QFTF SS Figure 3.6: The dierence between classical theory and quantum theory, illustrating tunneling through a potential barrier. Taken from reference 134.

he eletron tunneling proility n e lulted for instne in the se of oneEdimensionl potentil rrier using the timeEindependent wve funtions s solution of the timeEindependent hrödinger eqution for the eletronF e more dvned tretmentD relying on frdeen9s tunnel urrent formlismD is often used to desrie the tunnel juntionF 136 st sttes tht the urrent tunneling etween two ondutors seprted y thin insultor n e desried y onsidering the overlp of the tip nd smple wve funtionsF his urrent depends exponentilly on the tipEsmple distneD dX

I t ∝ exp(-2κd), with κ = 2mφ 2 @QFIFIA
with m the eletron free mssD nd φ the work funtion of the tip nd smple @for simpliity the work funtions of the tip nd of the smple re ssumed to e equlAF sn ftD is this strong @exponentilA dependene of the urrent tunneling with the tipEsurfe distneD tht mkes w so sensitive nd extremely interesting for high @lterl nd heightA spil resolutionD in the order of tenths of n ngstromF ST
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Experimental set-up prom the experimentl point of view the proe tipD whih is often mde of or of srGt lloyD sns the metlli surfe seprted y some ngstromsF es it is shown in pigure QFUD the tip is tthed to piezodrive stgeD whih onsists of three difE ferent piezoeletri trnsduers @one for eh diretionD xD y nd zAF pon pplying voltgeD the trnsduers expnd or retrtD llowing the smooth movement of the tip on the surfeF sn these onditions the tip nd smple wve funtions overlpD nd y pplying is voltge tunneling urrent is genertedD s it is dedued from eqution QFIFIF his urrent is onverted to voltge y the urrent mpli(erD whih is ompred with the referene vlueF he di'erene is used to drive the z piezoeletriX if the tunneling urrent is lrger thn the vlue of refereneD voltge pplied to this piezo tends to withdrw the tip from the smple surfeD nd vice versaF he tip sns the surfe in the xy plneD so twoEdimensionl plot with equilirium z vlues is performed nd stored in the omputerF ith this desription it my seem tht n w imge only represents the surE fe topogrphyF xeverthelessD the mesured topogrphy my sometimes e only @or prtlyA pprentF he overlp of the tip nd surfe wve funtions is indeed diretly relted to the density of sttes of the tipEsmple systemF his mens tht the w imges re onvolution of othD the surfe topogrphy nd the lol density of sttes @vhyA of the systemD mking the w imge interprettion y SU 3 Experimental Methods no mens strightforwrdF he w mesurements presented in this thesis hve een rried out in two di'erent setEupX ! e ommeril roomEtemperture wX ymiron rEw ID with n eleE trohemilly ethed tungsten tips t xéel snstituteF ! e ommeril low temperture wX plowEryostt w from sqwe urE fe ieneF he imges were quired t temperture of UW uD with n eletrohemilly ethed tungsten tip t sgwwEgsgF he mesurements were performed in onstnt urrent mode nd the is ws lwys pplied to the smple @i.e. for positive isD the tunneling urrent )owed from the tip to the smpleAF he imges were represented nd (ltered with the qwyddion softwreF 3.1.4 X-ray photoelectron spectroscopy (XPS) Ery photoemission spetrosopy @A is n eletroni spetrosopy sed on the photoeletri e'et @disovered y rF rertz in IVVUA nd it onsists in nlysing the energy of the emitted photeletronsD whose kineti energy is diretly mesurleF st is surfe sensitive tehniqueD sine it proes smple depth etween SEPH ÅF ome si working priniples re detiled in this setion nd further informtion n e found in speilized ooksF 138,139 Working principle his tehnique employs photons s inident irrdition nd depending on their energyD vlene nds or oreElevel sttes n e proedF por the former regime lower inident energy is requiredD so photons in the Eis region n e employed! this is the domin of ultrviolet photoemission spetrosopy @AF sn order to gin ess to the smple9s oreElevels more energeti inident rdition is requiredD nd Ery photons re employedD giving the nme to the tehnique @AF he digrm shown in pigure QFV illustrtes the photoeletri e'et proessF hurE ing the smple irrdition with photon em @hνAD frtion of inident photons is soredF hen the inident rdition is higher thn the ioniztion thresholdD eletrons from the tomi oreElevels n e promoted into the vuum @overoming the mteril9s work funtionD ΦAD with spei( kineti energy @i K AF ine the inding energy @i B A of these eletrons depends on the hemil element nd the oreElevel whih it omes fromD nd the hemil environment whih surrounds the tomD it is onsidered s footprint of the ejeted eletronsF oD the di'erene etween the energy of the inident rditionD the mteril9s work funtion nd the inding energy of the deteted eletron is its kineti energyX

E K = hν -Φ -E B @QFIFPA
en experiment onsists in ounting the numer of deteted photoeletrons s funtion of their kineti energyF he experiments re done t di'erent energy regions depending on the element nd the oreElevel we wnt to proeF por more e0ient exittion proessD monohromti nd intense Ery rdition is desirleD so highEresolution mesurements re ommonly quired in synhrotron filiE tiesF he photon )ux is indeed orders of mgnitude higher t synhrotron filities thn it is with lEsle Ery souresF elsoD synhrotron rdition presents gret level of polriztion @linerD elliptil or irulrAD high ollimtion @i.e. smll nguE lr divergene of the emA nd wide tunnility in energy y monohromtiztion @round some meAF st is noteworthy tht onsiderle ttention hs een tken to try to understnd SW 3 Experimental Methods the origin of ore eletron inding energy shifts @or hemil shiftsA in photoemission spetrosopyF sn generl termsD this origin is a priori quite simpleX the moleulr hrge redistriution of the systemF roweverD it is extly wht mkes its underE stnding nd study omplitedF he photoeletron9s inding energy is sed on the element9s (nl stte on(gurtionD whih onsists on the oreEhole reted y the photoeletri e'et nd the surrounding eletrons in their initil oritlsF st exists mny (nl stte e'ets whih re onneted to these hemil shiftsD whih in turnD hve diret onsequenes on the resolution @sine it 'ets to eletroni lifetimesAF ome detils will e given hereD sed on the exhustive study done in referene IQVF emong the most ommon e'ets re the hrge redistriutions indued y eletronegtivity di'erenes etween elementsD spin orit splitting of eletroni levels whih produes the multiplet splitting of the peksD nd multiE eletron exittions during the photoemission proessD whih n produe shkeEup or shkeEo' e'ets nd soD dditionl peksF enother e'et hs strongD sometimes prominent in)ueneX the relxtion e'etF st onsists in the rerrngement of the eletrons round the uEhole whih is just retedF his e'et must not rry lrge sptil hnges in the moleulr oritlD ut its in)uene on the inding energy n e importntF edditionllyD in the se of the sustrteD permi level eletrons n ompenste the holeEore just retedD whih is known s the sreening e'etF Experimental set-up he Ery photoemission spetrosopy @A experiments were performed t the evyse emlineD t ilettr synhrotron @riesteEstlyA 141 y rofF wrtínEqgo with the support of the lol reserhersF hree di'erent phses hve een nlysed y in situ X multilyer phse of the rr moleules on gu@IIIA sustrteD suEmonolyer phse of moleules just fter eing deposited t room temperture nd suEmonolyer deposit fter n nneling t SQH uF he spetr were reorded t the g IsD y Is nd gu Qp oreElevel regions for ll phses nd the phoE ton energies used for the highEresolution spetr were TSH e for y Is region nd RHH e for g Is oneF esolute energy lirtion ws otined y simultneE ous quisition of the drin urrent of the lst refousing mirror @eu otedAF fy this proessD the mesured spetr were normlizedD t (rst instnesD for ny fst )ututions of the synhrotron emF ell spetr hve een nlysed y lestE squres (ts to otin more detils out the hemil sttes t eh phseF e hve used oigt funtions with (xed full width hlf mximum vlues for the vorentzin omponents of HFP e for g Is nd HFQ e for y Is oreElevelsD respetivelyF he re(ned vlues of the full width hlf mximum for the qussin omponent of the oigt funtions used were in the rnge of HFSEIFP eF e hirleyEtype kground hs een onsidered nd removed nd ll spetr hve een lirted with respet to TH 3.1 Ultra-high vacuum (UHV) techniques the gu Qp refereneEpek loted t USFI eF elsoD the spetrl intensities of suE monolyer deposits @efore nd fter nnelingA hve een normlized with respet to the intensity of the gu Qp pekF por (tting the dtD we used ode written for sgor @developed y prneso frunoD evyse emlineD vortorio egD gxE sywAF 3.1.5 Near edge X-ray absorption ne structure (NEXAFS) hen performed with soft Erys nd with spei( detetion shemes ner edge E ry sorption (ne struture is surfe sensitive tehnique whih is onsidered n innerEshell spetrosopy sine inident Ery rdition interts primry with deepE ore eletrons rther thn vlene onesF win hrteristis will e summrized here on the sis on some reviews nd ooksF 142,143 Working principle hen smple is irrdited with Ery @hν energyA photonsD di'erent proess n tke pleX IF sf hν b ioniztion potentilD photoeletrons n e emittedD nd for instne n experiment n e performedF PF sf hν ≤ ioniztion potentilD sorption my ourF QF sf hν ioniztion potentilD then no sorption is possileF sn xiep experimentD during n sorption proess @se P listed oveAD oreElevel eletrons re promoted into the unoupied or ville sttes ove the permi level @pigure QFWAF sn this exited stteD oreEhole is retedD whih n e (lled y deEexittion of other oreElevel eletronF his deEexittion proess n e ompnied y photon relese @)uoresene emissionA or y the ejetion of third eletron from the oreElevel @euger proessAF he photoemission rossEsetion for elements with `WH is muh higher for euger proess thn for )uoreseneF king dvntge of thisD the xiep tehnique monitors the kineti energy of the euger eletrons whih re ejeted from the smpleF xiep is n elementEspei( tehniqueD nd informs on the unoupied eleE troni sttes of the proed elementF hen the inident photon energy rehes the TI 3 Experimental Methods
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Non-radiative process (Auger)

Radiative process (Fluorescence) Figure 3.9: Schematic representation of the steps involved in the absorption process during a NEXAFS experiment. On the left, the target atom, in its ground state, is irradiated with X-ray photons, and one core level electron is excited to an unoccupied state (middle diagram). The atom can be de-excited through a radiative process (uorescence) or through a non-radiative process (ejection of an Auger electron). In NEXAFS, the kinetic energy of the latter electrons are monitored. sorption edge of the elementD spei( trnsition etween oreElevel nd unE oupied stte ours whih is pprent in the xiep spetr s pekF here re three di'erent modes of reording xiepD depending on the kineti energy @i K A of the euger eletronsX euger yieldF ynly euger eletrons of ertin i K re monitored @there is risk of loss of informtionAF rtil yieldF ell eletrons eyond ertin i K re monitored @the kground level is higher due to inelsti proessesD ut less informtion is lostAF otl yieldF ell the eletronsD whtever their i K D re monitored @quite omE plex spetrD sine lot of informtion is reordedAF xiep spetr of orgni ompounds re omposed y two di'erent regionsX iA the π * regionD whih ppers t lower photon energy @i ph A vlues nd omprises informtion on the trnsitions of oreElevel eletrons to π hrter oritlsD iiA the σ * regionD whih ppers t higher photon energies nd inludes informtion on the trnsitions of oreElevel eletrons to σ hrter oritlsF emrkle oservtions n e done from xiep hemil shift of spei( uEshell region sine the eletroni trnsitions re sensitive to eletroni hrge trnsfers @from the surfe TP 3.1 Ultra-high vacuum (UHV) techniques to the moleulr speies or vice versaAD hrge reorgniztion or reEhyridiztion of the moleule upon sorption on metl surfes or simply to moleuleEsustrte intertionsF woreoverD due to the strong diretionlity of the moleulr oritlsD the geometry of the system @i.e. ngulr orienttion of sored speies on the surfeA n e nlysed y using di'erent polriztions of the Ery emF he resonne genE erted y the intertion orresponding to the eletri (eld orresponding to the inident rdition ndD for instneD the orienttion of given moleulr oritl vries like the dot produt of the two vetoril quntitiesF es it is shown in pigE ure QFIH @upper pnelA perpendiulr polrized light @or p9 polrizedA is expeted to present mximum resonne with moleulr oritls whih re perpendiulr to the surfeF sn this seD mximum vlue of the dot produtD hene pek in the spetrD is otined for eletroni trnsitions involving π outEofEplne oritlsF sn this on(gurtionD no ontriution of inEplne oritls will pper in the spetrD sine it orresponds to zero vlue for the dot produtF gonverselyD proing the smple with prllel polrized light @or s9 polrizedA will present mximum resoE nne with inEplne or prllel moleulr oritlsD yielding mximum sorption response wheres perpendiulr moleulr oritls will not e proedF
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TQ 3 Experimental Methods

Experimental set-up imilrly to the experimentsD xiep mesurements were performed t the evyse emline t ilettr synhrotron in riesteF 141 he nlysis ws done in only two out of three smples @in multilyer nd in suEmonolyer smples efore nnelingA due to em interruption whih prevented the nlysis of the third smpleF olriztionEdependene xiep mesurements were performed t y nd g uEshell ioniztion thresholds in prtil eletron yield y mens of full perture detetor @hnneltronA in front of the smple with n eletrostti highE pssE(lter set to EPHH in order to rejet seondry eletronsF xiep spetr were quired in trnsverse eletri @or sEpolriztionA nd trnsverse mgneti @or qusi pEpolriztionA polriztion y rotting the smple round the photon em xis while keeping the grzing ngle (xed to T o F 3.1.6 Density functional theoretical calculations hensity funtionl theoretil @hpA lultions hve een used for the lst dedes for quntum mehnil simultion of the strutureD eletroniD nd mgneti propE ertiesF rereD the si onepts underlying of this theory re summrizedD sed on the referene IRSF Fundamental basis por the ground stte energy lultion of olletion of tomsD the timeEdependentD nonEreltivistiD fornEyppenheimer pproximted hrödinger eqution @ ĤΨ = EΨA is solvedF Ĥ is the rmiltonin opertorD Ψ orresponds to the wve funE tion of the desried system nd i orresponds to its ssoited ground stte totl energyF he rmiltonin opertor onsists of sum of opertors whih orrespond to the kineti nd the potentil energies of the system nd n e expressed s followsX

Ĥ = T + V = -2 2m ˆ 2 + Vext + Ve-e @QFIFQA
where the T is the kineti energy of the systemD the Vext orresponds to the externl potentil nd the eletronsEnulei intertions in solidD nd Ve-e orresponds to the eletronEeletron intertionF he diret resolution of the hrödinger eqution implies the determintion of the Qx dimensionl wvefuntions of the systemF his tsk hs high omputE tionl ost requiring )exile desription of the wvefuntion9s sptil vritionF his is ll the more ritil s omplex systemsD suh s moleules on surfes re onsideredF TR 3.1 Ultra-high vacuum (UHV) techniques e solution to limit the omputtionl ost is to exploit the ft tht ll terms of the hrödinger eqution re funtionls of the hrge density @ρA of the systemD so tht the energy funtionl n e de(ned s followsX

E[ρ] = T [ρ] + V ext [ρ] + V e-e [ρ]
@QFIFRA he externl potentil enompsses ionEeletron intertions nd n e omE puted within the fornEyppenheimer pproximtionF roweverD the kineti energy nd eEeE intertion potentil terms re unknown nd estimting them requires pproximtionsF sn this respetD uohn nd hm proposed the introdution of (titious system of x nonEinterting eletrons in order to desrie the kineti enE ergyF xowD insted of uilding the system with wvefuntions they propose to do it in terms of oneEeletron oritls @φ i AF elsoD the eEe potentil energy term ws proE posed to e lulted in terms of lssil goulom intertionD or rrtree energyF xeverthelessD these ssumptions rry some errors whih must e inluded in the totl energy lultionD under the form of the exhngeEorreltion funtionl term @i xc AF essuming these pproximtions nd the orretion term in eqution QFIFRD the totl energy funtionl is now de(ned sX

E[ρ] = T s [ρ] + V ext [ρ] + V H [ρ] + E xc [ρ] @QFIFSA whereD E xc [ρ] = (T [ρ] + T s [ρ]) + (V e-e [ρ] -V H [ρ]).
yne of the mjor di0ulties is to lulte the exhngeEorreltion termF eddiE tionl pproximtions re neessry for this purposeF yne of these pproximtions is the lol density pproximtion @vheA whih ssumes homogeneous eletron gs where the eletron density depends on the position ρ@rAF xowD the exhnge orrelE tion term is funtion of only the lol vlue of the densityF roweverD this method is only relevnt for very homogeneous systems nd in generlD underestimtes the intertomi distnes nd overestimtes the inding energiesF sn this senseD the generlised grdient pproximtion @qqeA gives more urte inding energy vlues sine it desries the exhnges orreltion term in terms of lol vlue of the density nd its vrition @or grdientA with the positionF his pproximtion is more suitle for inhomogeneous systems nd populrized density funtionl theory lultions in ondensed mtter physis nd hemistryF Theoretical methods and structure modelling glultions shown in hpter R hve een performed in the frmework of density funtionl theory y hrF tosé sgnio wrtínezD from isxe group of sgwwE TS 3 Experimental Methods gsg @wdridEpinAF sn (rst stepD we hve rried out preliminry hp nlE ysis of the rr moleules in di'erent dehydrogention steps of its terminting yr groupsX iA pristine @no yr group dehydrogentedAD iiA with three lterntE ing dehydrogented terminting yr groupsD nd iiiA with ll the yr moleulr groups dehydrogentedD in order to otin resonle strting point geometriesF e hve otined optimized moleulr strutures using the qesexHW ode 146 within the fQvGEp level of theory implemented in periodi oundry onE ditionsF 147149 yn the sis of the preliminry optimized moleulr strutures we hve onE struted the di'erent interfil models desried in this studyX dilute phses of the rr moleule on the gu@IIIA surfe in its three dehydrogention stepsD in di'erE ent suprmoleulr orgniztions nd in the se of defet strutures involving gu dtomsF e hve fully optimized lrge ttery of ll these strting points @studyE ing ll the nonEequivlent onEsurfe lotions nd orienttionsA with the exE w iiy plneEwve hp odeF 150 e hve rried out simultneous full lttieGell nd struture optimiztions for the di'erent interfil on(gurtionsF he lultions ount for n empiril e0ient vd ET orretion @hpChP method 151 A to inlude dispersion fores @vn der lsAF e hve used the qqeE fi funtionl to ount for the exhngeEorreltion @i exc A e'etsF 152 ltrsoft pseudopotentils hve een used to model the ionEeletron intertion within the rD gD y nd gu tomsF 153,154 he frillouin zones hve een smpled y mens of optiml wonkhorstEk gridsF 155 he oneEeletron wveEfuntions re expnded in sis of plneEwves with n energy utEo' of RSH e for the kineti energyD whih hs een djusted to hieve su0ient ury to gurntee full onvergene in totl energy nd eletroni densityF ell the tomi relxtions were rried out within onjugte grdient minimiztion sheme until the mximum fore ting on ny toms ws elow HFHS e Å -1 F gellEshpeGsize relxtions hve een rried out with two di'erent lgorithmsX dmped dynmis nd fgsElike relxtionF 156158 hese di'erent pprohesD tested for di'erent interfil on(gurtionsD provide very similr results for ellEshpe nd lttie prmetersD s well s similr frequenE ies for the internl virtions nd for the ell osilltionsF he gu@IIIA surfe ws modelled in repeted sl geometryX @iA sl of four physil gu@IIIA lyers with minimum distne of out PH Å of vuum etween neighouring ells long the xis perpendiulr to the surfeY s well s @iiA full periodi oundry onditions representing n in(nite gu@IIIA surfeF por the full geometry optimiztions only the two ottom gu physil lyers were kept (xedF TT 3.2 Polymer nanosheet characterization 3.2 Polymer nanosheet characterization he hrteriztion tehniques employed for the nlysis of the morphologyD struE ture nd ond formtion of the polymer nnosheet re summrized in this setionF he ssoited results nd the synthesis protool re detiled in hpter SF 3.2.1 Optical microscopy and ultra violet-visible spectroscopy ltr violetEvisile @EisA spetrosopy is widely used for struture resolution of orgni ompoundsD in omintion with other tehniques suh us infrred speE trosopy or mgneti nuler resonneF st studies the sorption of eletromgneti rdition etween IWH nm to RHH nm @ regionA nd etween RHH nm to VHH nm @is regionAF hoton sorption promotes eletrons from n oupied moleulr oritl @σ or π hrterA to n unoupied moleulr oritl of greter potentil energy @σ * or π * hrterAD hene the tehnique llows to proe the formtion of spei( onds involving these oritlsF st ommonly provides informtion out πEeletron systemsD onjugted unsturtionsD romti ompounds nd onjugted nonEonding eletron systemsF Evisile spetr were olleted using n Eis petrophotometer vm WHH @erkinilmerA pprtusF Eis spetr on synE thesised monomers in powder s well s on thin polymer nnosheets deposited on qurtz sustrtes were quired to follow the progression of the retionF ell these experiments were performed t piwyE lortory y hrF prédéri gheriouxF yptil mirosopy is the tehnique we hve used t (rst instne just fter the deposition of the polymer nnosheets onto di'erent sustrtesF st llowed us to identify t glne the produts formtionD their shpeD distriution nd more imE portntlyD it provided wy to identify di'erent regions of interest for susequent nlysis y other mens of hrteriztionF yptil imges hve een quired in eiss mirosope equipped with digitl mer exiom IHS olor devieD tungsten hlogen light soureD nd mgni(tions of PFS×D IH× nd IHH×F eddiE tionl optil imges were tken during mn experiments with the help of the ghh mer oupled to the mirosope tht is used to perform the mn onfol mesurementsF 3.2.2 Raman spectroscopy mn spetrosopy is nonEdestrutive tehnique whih llows to extrt informE tion out the moleulr virtionsD whose nture nd existene is determined y the symmetry of the moleuleF sn this thesis onfol mn spetrosopy hs een TU 3 Experimental Methods used to on(rm the formtion of new onds upon polymeriztion retion rried out t liquidGliquid interfeF Working principle mn spetrosopy is sed on the inelsti sttering of light y mtter upon the exhnge of energy etween the inident photons ndD for instneD the virtionl energy levels of moleuleF he interest of studying the virtionl energy levels is tht they re unique for eh moleule nd redily suseptile to struturl hnges when these moleules re prt of polymer nd rystlsF elsoD detiled informtion out hemil struture nd solid rystllinity n e otinedF 159161 mn spetrosopy experiments re nowdys performed with @reltivelyA inE tense monohromti photon soures @lsersAF wost prt of the light sttering from the smple is elsti @yleighAF e smll portion of sttered light presents di'erent wvelength @higherD tokesD or lowerD ntiEtokesA thn the inident rdiE tion @inelsti stteringAD nd this is the informtion tht is relevnt in mn spetrosopyF sn se of tokes mn stteringD n eletron tht is exited from the ground level interts with virtionl level nd looses energy in this proessD resulting in sttered light hving lower energy thn the inident oneF sn ontrstD during ntiEtokes mn sttering n eletron trnsmitted interts with virE tionl mode from whih it reeives energyD eventully yielding sttered light with more energy thn the inident oneF foth ses re shown in pigure QFIIF 
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sn the sme (gure is lso depited the possile working modes of mnF hen the energy of inident rdition oinides with the energy di'erene etween tul eletroni levels in the systemD the mn sttering is resonnt nd more e0ientD wheres if the energy does no orrespond the di'erene etween two energy levelsD the mn sttering is nonEresonntF yne of the prinipl prsiti signl in mn spetrosopy is the )uoreseneF his phenomen ours when the exittion light presents higher energy thn one of the eletroni sttesD eing prtilly sored nd reEemittedF he min di'erE ene with respet to the mn sttering proess is tht the )uoresene works vi nonErditive proessF he most onvenient nd oftenEused method of )uoresene removl is photolehing9D tht isD exposure of the smple to the lser em until the )uoresene deys @during few minutes or for extreme sesD during severl hoursAF e mn spetrum fetures numer of peksD whose energy nd ndwidth re nlysedF ih pek orresponds to spei( moleulr ond virtionD inluding individul onds suh s gEgD gagD gaxD gErD etD nd groups of onds suhD for instneD involved in the enzene ring rething modeD polymer hin virtions or lttie modesF Experimental set-up mn spetrosopy ws performed with SQP nm xdXeq lser using onfoE l sig spetrometer t room temperture under mient onditions t xéel snstituteF elsoD TQQ nm wvelength lser ws tested to mke sure tht no spei( resonne of some virtion mode of the polymer nnosheet would enhne their signlF e onfol mn onsists of mn spetrometer oupled to miroE sope with smple illumintion system nd light olletion optisD nd gghF his omintion llows the high mgni(tion visuliztion of the smple nd the E mn nlysis t wellEhosen lotionsF he onfol sig equipment tht we hve used for our mn experiments is lso equipped with mehnil stgeF he smple is pled on it nd y the preise movement of piezoeletri elementsD it is possile to move it in D nd diretionsF his llows to fous the lser em nd to perform highEpreision mn quisitions over the smpleF his mirosope is lso equipped with di'erent mgni(tion ojetives IH×D SH× nd IHH×D whih llow to get sptil resolution in the order of HFSEI µmF ttered light from the smple is olleted y lrge numeril perture ojetive whih is guided y (er to the spetrometer whih further will e dispersed y the grtingF sn our setup there re THH linesGmm grting with resolution of Q m -1 nd IVHH linesGmm TW 3 Experimental Methods grting with resolution of HFS m -1 F 3.2.3 Electron microscopies he eletron mirosopes employ n elerted eletron em s soure of ilE lumintionF he wvelength of n eletron em elerted into vuum with voltges of hundreds of kilovolts is hundred times smller thn the wvelength of lightEoptil mirosopeF his hrteristi gives higher resolving powerF e rief summry of the min hrteristis of snning eletron mirosopy @iwA nd trnsmission eletron mirosopy @iwA will e given in this setionD employing the speilised ook of the referene ITPF Transmission electron microscopy (TEM) rnsmission eletron mirosopy typilly works with n eletron em elerted etween SH to QHH kF he shrinking of the wve funtion t these voltges llows the eletrons to penetrte into solid through few mironsF roweverD to resolve the struture in the trnsmission geometryD the smple needs to e thinned down to the nnometer sle or lessF sn the se of rystlline solidD the eletrons n di'rt with the tomi plnes of the mteril generting n eletron di'rtion pttern y olleting the trnsmitted eletronsF sn the eletron olumnD em ollimtion is performed with eletromgneti lensesF es lredy mentioned the sptil resolution in iw is orders of mgnitude etter thn in lightEoptil mirosopyF he iw imges nd seletedEre eletron di'rtion @eihA pttern shown in this thesis were mesured using gwQHH iw mirosope equipped with vf 6 thermioni emitter operted t IHH kF hese mesurements were perfomed y hrF wrtien hixEriyq t xéel snstituteF Scanning electron microscopy (SEM) nning eletron mirosopes llow imging thiker solids on their sustrtesD y olleting eletrons emitted y the smple during irrditionF he inident eleE trons promote the emission of @seondryA eletrons from the smpleF golleting these seondry eletrons while the smple is snned y n inident eletron em produes the iw imgeF he typil iw sptil resolution is etween I to IH nmF he iw imges performed on polymer suspended nnosheets were reorded y using hul fem iwGpsf pis relios xnol THHi system nd they were olE leted t the piwyE lortoryF sn order to minimize the hrge e'etsD low UH 3.2 Polymer nanosheet characterization voltge of P k nd low urrent of RQ pe were usedF he seondry eletrons were deteted y the vh @hrough he vensA detetor nd the snning speed optimized to reh ompromise etween the redution of hrge e'ets nd the preserving of good signlEtoEnoise rtioF UI 4 Stepwise oxidation, reorganisation, and bonding strength of a hexahydroxy-triphenylene on a copper surface

In this chapter an exhaustive microscopic and spectroscopic analysis on hexahydroxy-triphenylene molecules absorbed on Cu(111) is presented. A controlled stepwise oxidation (i.e. a dehydrogenation of the hydroxyl groups) of the molecule is achieved by thermal treatment, increasing its chemical reactivity. Density functional theoretical calculations shed light on the intermolecular and molecule-substrate interactions, conrming a strong acceptor character of the molecule in its fully dehydrogenated form. The chemical transformations of the molecules, concomitant to changes in the interaction with the substrate, are found to strongly inuence their self-assembly. Some of our observations suggest that the dehydrogenated molecules coexist with close-by clusters of adatoms from the surface. riphenylene derivtivesD nd in prtiulr the PDQDTDUDIHDII E hexhydroxytriphE enylene @rrA moleuleD hve een ttrting ttention for ove PH yers s possile uilding loks for moleulr @optoAeletronisF xoteworthyD the rr moleule is wellEestlished uildingElok of soElled metl theoltesD in whih metl ions re oordinted y the pirs of oxygen toms of the dihydroE gented rr moleuleF 120 u@ssAEhexhydroxytriphenylene sedEomplexes disE ply very strong nd rod nerEs sorptionD with sorption oe0ients of QPHHH!URHHH dm 3 mol -1 m -1 D thnks to the rutheniumEtoElignd hrge trnsferF 171 edditionllyD the possiility of reversile interonversion etween theolte @or orthoEhydroxylAD semiquinone nd quinone forms of the hydroxytriphenylene lignd llows tune the sorption energy of the u omplex over wide rngeF gompounds with high sorption in the ner s region of the spetrum re of onsiderle inE terest for optil dt storgeD where reding nd writing re performed with the help of lser diodesD or for photodynmi therpyD tking dvntge of the reltive trnspreny of living tissue to xs rditionF ixtended porous rystlsD sed on theolte lignds nd highly onjugted moleules suh s hexhydroxytriphenyleneD in omintion with trnsition metls @e.g. peD goD xiD guD iD AD hve reeived lot of interestF 120, 172 hese mterils hve demonstrted high hemil nd therml stility nd porosityF en importnt onsequene of the ltter is the proton ondutivity tht these mterils shownF hnks to their permnent poresD the protons my eome the min hrge rriers nd dominte the diret urrentF he most fmous proton ondutive polymer is the x(onD whih presents proton ondutivity of HFHUH m -1 t IHH7 of reltive US 4 Stepwise oxidation of HHTP molecules on Cu(111) humidityF 173 peErr networks hve shown ultr high proton ondutivity of SFH × IH -2 m -1 t WV7 of reltive humidityD whih is omprle with severl of the highest performing metlEorgni frmeworksF yne of the mjor properties of twoE dimensionl theolte systemsD nd reson why rr lignds hve not esed to e studied in reent yersD is their inherent eletril ondutivityF ingleErystl opper theoltes hs shown n eletril ondutivity of PFH × IH -1 m -1 t room tempertureD whih is more thn I order of mgnitude higher thn reported vlues for other iodineEloded metlEorgni frmeworksF 120 iletril ondutivity of extended porous rystls depends not only on the inE herent rystl nd eletroni strutureD ut lso on defetsD rystl morphologyD nd the pking nd orienttion of rystl lyersF sn this ontextD new synthesis pprohes hve emerged for the ontrol of rystl morphology of guEtheolte (lmsF pry oting nd lyerEyElyer deposition of thin (lmsD re for instne e0ient lredy t room temperture nd n e implemented onto vriety of sustrtesF 121,174 hey hve demonstrted to e good strtegies for room temperE ture thin (lm growthD ompnied y the verstility of wide vriety of possile sustrtes @e.g glssD )exile polyronte foilsD spphireD qurtz or iGiy 2 AF e texturtion of the (lmsD with lying prllel plnes with respet to the surfeD nd good onnexions etween lignds nd gu@ssA entres provide e0ient pthwys for hrge rriers nd thusD led to high eletril ondutivityF woreoverD the perpendiulrEtoEtheEsurfe orienttion of the pore hnnels mkes them idelly essile nd llows for strong nd fst responsesF his is lerly dvntgeous for sensing pplitionsF righ sensitivity hs een exhiited y guEtheolte thin (lms @< IHHnmA towrds the )mmleD explosive nd toxi mmoni gsF hey t s pEtype sensorD where holes dominte the hrge trnsportF hen the mmoni omes in ontt with the networkD the reomintion etween holes nd doped eleE tron from nlytes dereses the rrier onentrtion nd inreses the resistne of the sensorF edditionl syntheti strtegiesD sed on ontrolled onEsurfe growth of highly oriented nd eletrotive thin (lms hs reently een reportedF 114 he vporEssisted onversion method proposed y whringer et al.D llows the growth of polyrystlline thin (lmsD in whih the rystlline grins orient fvourly for hrge rrier trnsport etween eletrodes in photovolti deviesF en dditionl nd importnt pplition of highly ondutive nd high spei( surfe re metlEorgni systems is energy storge or onversionF por energy storE ge purposesD the use of metlEorgni frmeworks in eletrohemil pitorsD lso lled superpitorsD hs een extensively developed in reent yersD due to their high power density nd long yle lifeF 127 fsed on fst nd reversile surfe redox retions developed y trnsition metls nd ondutive ligndsD metlEthelote sed mterils hve gretly ontriuted in this (eldF righly oriented nnowires of ondutive guEtheoltes exhiit spei( pitne of PHP p g -1 t speE UT 4.1 State of the art: hydroxy-triphenylene ligand i( urrent of HFS e g -1 D 128 whih is eyond previously reported vlues for other metlEorgni frmeworksEsed superpitorsF sn more reent worksD hyrid mE terils sed on xiEtheoltes showed superior spei( pitne of IVUU p g -1 t spei( urrent of IFH e g -1 F 175 he high essiility of tivted sites of metlE theolte nnoporus strutures llows e0ient mss trnsportD whih is of gret importne in the eletrotlysis oxygen redution retionF 76 he mss trnsport n e lso improved in omintion with ommeril ron lkD thusD demonE strting the verstility of these mterils s sustitutive of the expensive nd low undne pltinum group mterils ommonly used s thodesF sn prllel to the development of metlEorgni frmeworksD ovlentEorgni frmeworksD where orgni lignds ret to form strong ovlent ondsD hs tE trted signi(nt interestF ine the syntheti route proposed y gôté et al. 9 etween rr nd enzene oroni id @fhfeA moleulesD new tegory of tunle porousD rystlline nd ovlent orgni frmeworks with high therml stE ility hs emergedF his strtegy involves oneEstep ondenstion retions of disE rete moleules known to produe six! nd (ve!memered rings tht n suited for the synthesis of extended networksF he elipsed rrngement of the lyersD in whih toms of djent sheets lie diretly over eh otherD nd the formtion of Ih hexgon mesopores with PU Å of dimeter ws proven for the (rst timeF 9 roweverD ovlent orgni networks re usully synthesised s insolule nd unproE essle powdersF his motivted the serh of new rystllizing methodsD suh s the simple solvotherml synthesis diretly on singleElyer grphene surfes supE ported in turn onto more proessle sustrtes @e.g. polyrystlline gu foilsD iy 2 or ig surfesAF 10 rnsprent thin (lms of ovlently linked rr nd fhhe moleules forming lttie with vertil lignment were otined with suh methodF he photoluminisene exhiited y the thin (lms suggests tht they re good nE didtes for orgni photovoltisF he therml frgility of some uilding loksD thoughD lls for lterntive methods le to produe longErnge ordered singleE lyer twoEdimensionl ovlent orgni frmeworksF porEssisted onversion enE led the onEsurfe ondenstion retion etween fhfe nd rr under very mildEonditionsF 93 his method llows preise ontrol of the (lm thiknessD preE serving smooth nd homogeneous oting on lrge smple res nd on di'erent sustrtesF he prospet for the use of ordered nd extended mterils s semionduting nnostrutures in eletroni devies enourged the development of surfe ovlent orgni frmeworksF ize nd growth ontrolD nd the ft tht onEsurfe mterils re menle to (ne srutiny with nerE(eld mirosopiesD re the min strengths of this pprohF fsed on the oronteEhemistry lredy explored previously in solutionD wneveld et al. demonstrted nerEomplete monolyer nnoporous UU 4 Stepwise oxidation of HHTP molecules on Cu(111) struture grown on the eg@IIIA surfeF 53 trong therml stilityD up to USH uD ws demonstrtedD inditing the presene of strongD ovlent linkgeF e more exE hustive mirosopi nd spetrosopi study ws rried out y gortger et al.
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in the sme systemF 90 pirst polymeriztion steps nlysis reveled strong inE rese in the eletron density of sttes on the orgni omponents @i.e. rr nd fhfe moleulesAD when they re prt of the polymer strutureD s well s their tivtion in some extentD fter the loss of oxygen ndGor hydrogen tomsF woreE overD the ovlent onding etween moleules ws on(rmedF rllel studies of suprmoleulr networks formed y rr moleules on eg@IIIA surfes followed this workF 176, 177 hey ttempted n lterntive strtegy in the formtion of stle moleulr networksD thnks to the ontrolled oxidtion of the rr omponents y severl therml tretmentsF hese tretments inresed their hemil retivityD promoting othD intermoleulr nd moleuleEsustrte intertionsF enother exiting potentil pplition of rr moleules is their use in metlE moleule or moleuleEmoleule heterojuntionsD where they ould tD for exmpleD s strong eletron eptorsD eoming lterntives to more estlished moleules suh s perylenetetrroxyli dinhydrideD 63 tetrynoquinodimethneD 42 or zine derivtivesF 30 hey hene my e used to filitte hrge injetion from metlli eletrode into moleulr devie vi interfe eletrostti dipolesD or to help sptil seprtion of hrge rriers of opposite sign when omined with donor moleules ! two funtions opening the door to orgni (eld e'et trnsistorsD light emitting diodesD or photovoltisF por ll these pplitionsD detils out moleulr orienttion with respet to the surfeD out the nture of moleuleEmetl nd moleuleEmoleule intertionD re invluleF hen moleule is evported onto metlli surfeD its morphology n su'er some modi(tionsD whih will derive in eletril hnges tooF efter the moleulrEsurfe intertionD the inherent surfe dipole is ltered s result of the reEdistriution of hrges in the surfeD whih is ompnied y reElignment of moleulr eletroni levelsF edditionl ontriutions my ome from the se of moleules whih present inherent dipoles or strong eletron donorGeptor eE hviourF 41 hese detils give rtionle to ontrol nd hopefully improve the perE formne of future deviesD in terms of eletri ondution through the moleulr or theolte lyer nd of hrge rrier injetion t interfesF o this respetD whether the rr moleule is dehydrogented @oxidizedA nd to whih extent is key informtionF sndeedD the intertion with individul metl toms in theolte struturesD hene their degree of orderD requires tht the lohol funtions re fully oxidizedY 120 the intertion with metlli eletrodeD hene the existeneGstrength of n interfe eletril dipoleD is potentilly dependent on the degree of oxidtionD whih should lso in)uene the moleulr selfEssemly t the interfe y uthorizE UV 4.2 Chemical structure of HHTP molecules and its chemical synthesis ing the formtion of hydrogen ondsF 42,176,178 he rr moleule hs een widely used s prt of ovlent nd metl orgni networks synthesized either vi in soluE tion or on surfe pprohesF roweverD exhustive mirosopi nd spetrosopi nlysis on the selfEorgnised network formed y rr moleules or in ominE tion with other orgni loks on metlli surfesD hve een done exlusively on eg@IIIA 53,176,177,179 nd eu@IIIA 180 sustrteF rereD we explore the intertion of the rr moleule with opper @ typil eleE trode mteril nd metl of hoie in theolte systemsAD in wellEde(ned system ! gu@IIIA surfeD under ultrhigh vuumF sing synhrotron Ery photoeletron spetrosopy @AD nerEedge Ery sorption (ne struture @xiepAD snning tunneling mirosopy @wAD nd density funtionl theory @hpA lultionsD we re le to resolve the hemilD struturlD nd eletroni trnsformtions of the moleule s the temperture is inresedD nd the onomitnt modi(tion of their onEsurfe orgniztionF e (nd tht the moleules ly )t on the surfeD nd tht eyond the interfe lyer the suessive moleulr lyers re lso lying )tF e (nd stepwise oxidtion of the lohol funtions @dehydrogentionA promoted y n inresing stilistion from the metl surfeD whih forms strong onds with the ron toms of the moleule nd trnsfers s muh s IFW eletrons to eh moleule @the moleule is hene strong eptorAF his oxidtion opens new possiE ilities for mximising the numer of hydrogen ondsD whih drives di'erent forms of moleulr orgniztionsF e lso (nd indition tht opper dtoms tend to e oordinted y the oxygen toms of the dehydrogented moleulesF 4.2 Chemical structure of HHTP molecules and its chemical synthesis he PDQDTDUDIHDIIEhexhydroxyEtriphenylene moleule is n orgni ompound formed y IV ron toms @grey llsAD T oxygen toms @red llsA nd IP hydrogen toms @white llsA with the struture shown in pigure RFIAF he g toms rrnge forming four entrlly fused enzeneElike ringsD with six hydroxyl hemil groups t the PD QD TD UD IH nd II positionsF sts moleulr size is I nmD tking into ount the theE oretil distnes vlues for gagD gEy nd yEr onds @IFR ÅD IFRQ ÅD nd HFWV ÅD respetivelyAF he PDQDTDUDIHDIIEhexhydroxytriphenylene @rrA moleules were purhsed from gsEeuropeD @WS7 purityAF henD few puri(tion steps @wshing with orgni solventsA were rried out until su0ient moleulr purity level of the desired produtF UW 4 Stepwise oxidation of HHTP molecules on Cu(111) 1 nm 0.9 nm sn ultrEhigh vuum systemD rr moleules were deposited on n tomilly len gu@IIIA surfe held t room tempertureF foth multilyer nd suE monolyer deposit were ddressed y nd xiepF righEresolution in situ ws used to hrterize the hemil stte of the moleules nd get hints on the retion mehnismF he g Is nd y Is oreE level spetr for multilyer nd suEmonolyer moleulr deposit re displyed in pigures RFP nd RFPD respetivelyF he dt were nlysed using lestEsqures (ts to the experimentl spetr with oigt funtions desriing the di'erent omponents orresponding to hemilly inequivlent sttesF he detil of the (ts used to nlyse the dt re given in le RFI nd le RFPF he multilyer phse fetures three omponents for the g Is spetrum loted t inding energies of PVSFV eD PVRFR eD nd PVRFI e @pigure RFPAF hese vlues re those expeted for g toms ond to y tomsD inluding the two possile onnexions through gay or gEyr @violet omponent lelled s gEyA nd sp 2 g from the triphenylene skeleton @lue nd ornge omponents lelled s g ring nd g ring ErD respetivelyAF 181183 es disussed y ylivieri et al.D 184 diserning ontriution from fully nd prE tilly sturted sp 2 g toms in the ltter omponent is not lwys strightforwrdD nd indeed here the g ring nd g ring Er omponents re too rod nd lose in inding energy to e pprent t (rst sight in the experimentl dtF he IXIXI re rtio for the res of the gEyD g ring D nd g ring Er omponents nevertheless grees well with our ssignment for n intt rr moleuleF urning to the spetr of the suEmonolyer depositD we now lerly oE serve the three omponentsD with PVSFU e @gEyAD PVRFU e @g ring AD nd PVRFP e @g ring ErA inding energies @pigure RFPAF hese vlues mth those found for roE mti orgni oxygenEontining moleules in ontt with metlli surfes suh s gu@IIIA nd eg@IIIAF 75, 91 he slightly di'erenes notie in these inding energy vlues with respet the ones found for multilyer phseD n e explined y hrge redistriution within the moleuleD s it hs een lredy reported in n nlogue system @hydroxyynoeze on eu@IIHAAF 184 he re rtio of the three omponents is here gin IXIXID onsistent with the ft tht one third of the g toms re linked to y tomsD nd tht the other two thirds re either fully sturted g toms or g toms ond to r tomsF he hemil trnsformtions ppering when ontting rr moleules with the gu surfe t eome more evident when nlysing the y Is oreElevel spetr shown in pigure RFPF he multilyer phse displys two y Is peks loE ted t inding energies of SQQFI e nd SQHFT eF hese vlues re very lose to those otined in relted systemD tetrhydroxyEenzene moleules on gu@IIIAD VP 4.3 HHTP molecules at room temperature on copper where the hydroxyl groups were trnsformed into ketone ones upon nneling of the surfe up RRH u" with the ketone group orresponding to the highest inding energy pekF 179,181,185 sn the multilyer phseD there re two tegories of rr moleulesY the ones whih re in ontt with the opper surfe @referred in pigE ure RFP to s ontt lyerA nd the ones tht pile up on those ones @referred to s multiAF he diret ontt of the moleules with the sustrte mke them undergo to spontneous dehydrogentionD leding s in tetrhydroxyEenzene exmpleD the trnsformtion of these groups into ketone onesF his explins why in our systemD the pek loted t SQHFT e orresponds to ketone groups @gayA nd the third pek loted t SQPFS e re)ets the presene of intt hydroxyl groups in the onE tt lyer @gEyrAF pinllyD it only remins to ssign the pek t SQQFI e to the intt hydroxyl groups of the moleulr lyers ove the ontt one @g multi EyrAF he IXP re rtio of the gay versus g multi EyrCgEyr omponents indites tht most hydroxyl groups remin intt @fully hydrogentedAF wo min di'erenes re oserved ompred to the y Is ore level spetrum of the suEmonolyer deposit @efore therml tretmentAX no g multi Eyr omponent is oservedD nd the rtio of the two remining omponents is out IXIF he indE ing energy di'erene of HFT e etween the g multi Eyr nd gEyr omponents is smll ut signi(ntD nd it suggests hrge redistriution in the system due to the ontt with the gu@IIIA surfeD just like we disussed previously in the se of the g Is ore level spetrF he IXI rtio shows tht lmost hlf of hydroxyl groups of the moleules whih onstitute the ontt lyer hve een trnsformed into ketone groups upon dehydrogentionF 4.3.2 Near-edge X-ray absorption ne structure purther insights out the presene of ertin hemil funtionl groups nd the nture of the ron onds n e otined vi n nlysis of eletroni trnsiE tions etween oupied nd unoupied moleulr oritlsF uh trnsitions hve hrteristi signtures in xiep spetrD whih we disuss nowF pigure RFQ shows two g Is spetrD quired for the multilyer deposit with polriztion of the eletri (eld prllel @sEpolriztionA nd perpendiulr @pEpolriztionA to the surfeF ih pek orresponds to spei( eletroni trnsitionD nd the omE prison of our dt with mesurements done with simpler ompounds with ron skeleton or hemil groups orresponding to those of the rr moleule @enzene nd phenolA llows to ssign themF 186188 he peks t PVRFW e nd PVVFW e @pEpolriztionA re lso found in enzeneD where they hve een sried to trnsitions from the g Is level to the (rstD seE ondD nd third exited π * sttesD s it is shown in pigure RFRF st depits digrm of eletroni sttes found for enzene moleule @on the leftA nd the one tht one ould qulittively expet for rr moleules @on the rightAF ypil eletroni trnsitions of enzene re expeted to e found in the rrD sine prts of its struture resemles to itF he full digrm inludes the more likely eletroni trnE sitions of enzene @etween g Is ground stte nd (rstD seond nd third exited sttes E π * 1,2 nd π * 3 A nd the splitting of the eletroni sttes when more rD gay nd gEyr groups re present in the strutureF ingle dots etween eletroni levE els in pigure RFR denote the possile existene of more intermedite eletroni levelsF pour other peksD whih re not found for enzeneD re oserved in pEpolriztion t PVSFR eD PVTFU eD PVUFQ eD nd PWIFQ e in pigure RFQF he rr moleule tully hs three types of hemilly inequivlent g toms @those of the entrl ringsD those t the peripherl rings ering r tomsD nd those t the peripherl rings ering yr groupsAD nd onsequently it does not feture unique g Is level @onsistent with the nlysis of the dtA or unique set of exited π * sttes @see pigure RFRAF e possile ssignment of the four oveEmentioned peks ould hene invoke trnsitions from one of the g Is levels to one or the other set of exited π wesurements with sEpolrized light @pigure RFQA revel rod peksD whose enE ergy @PVWFQ e nd PWSEQHQ eA is hrteristi of eletroni trnsitions to σ * exited sttesD i.e. moleulr oritls with strong plnr hrterD for instneD ssoiE ted to the ron skeleton for instneF sn deedD the pek t PVWFQ e orresponds to σ gEr ond of ron skeleton trnsitionD whih energy n vry depending on the strething of the ondF 189 he smll pek ppering t PVQFS e is reminisent ontriution of the moleulr ontt lyerD s ourred lso in experimentsD whih origin will e disussed elowF st is noteworthy tht we oserve seprtely the eletroni trnsitions involving π * nd σ * sttes with di'erent light polriztionsF his indites tht the moleules ly )t on the surfe nd grow lyer y lyer in the multilyer depositF 30,190 uh n orienttion ould e promoted y π * Eπ * stking or r onds etween the di'erent lyersF e will ome k to it during the y Is xiep spetr nlysisF e now turn to the g Is xiep spetr quired with pEpolriztion for the suEmonolyer depositF hree min oservtions n e mdeX iA ll peks re now roderD iiA the peks t PVRFW e nd PVVFW e @those lso found in enzeneA hve now lower intensityD iiiA nd n dditionl pek is found t PVQFU e @pigure RFQAF ell the three onsidertions re relted to the reEhyridiztion tht the moleules experiene one they re in ontt with the metlli sustrteF 30 his ontriuE tion 'etsD in (rst instneD the width nd intensity of the peks orresponding to the πEtrnsitionsF elsoD the pek loted t PVQFU e presumly origintes from n internl hrge reEdistriution @lredy oserved in experimentsAD sine it is reminisent of the one oserved in pEenzoquinone @two ketone groups in para position on sp 2 hexgonl ron ringAD whih ws ssigned s trnsition to VS 4 Stepwise oxidation of HHTP molecules on Cu(111) lowEenergy moleulr gagEgay hyrid π * oritlF 186 his points towrds @t lestA prtil dehydrogention of the hydroxyl groups of the rr moleule upon ontt with the gu@IIIA surfeD onsistent with the nlysisF pinllyD for sEpolrized lightD the xiep spetr re strkly di'erentD on(rming tht the moleules ly )t on the surfe lso in the suEmonolyer phseF he y Is xiep spetr quired with pEpolriztion ring omplementry informtion @see pigure RFSAF por the multilyer smpleD we oserve three min peks t SQP eD SQSFH eD nd SQVFV eF sn minophenol moleulesD the sme peks hve een ssigned to eletroni trnsitions toD respetivelyD π * hyrid oritls etween y nd g tomsD σ * hyrid oritls etween y nd r tomsD nd σ * hyrid oritls etween y nd g tomsF he seond pek is thus ler indition tht the yE r onds in the multilyer phse re not plnrF e strightforwrd interprettion would e the presene of rEond rossElinks etween the di'erent lyers of )tElying rr moleulesF his isD in senseD reminisent of the orgniztion reveled in threeEdimensionl rystls mde of rr moleulesF 169,178,191 he g Is ore level spetr versus temperture mpF es it is shown in pigure RFUD two min omponents re oserved lredy t room tempertureF et higher inding energy vlues @PVSFV eAD less intense nd nrrower pek is ttriuted to the ron toms tht re tthed to oxygen ones @gEyAD wheres the intense omponent t lower inding energies @PVR eA is relted to the ron skeleton of the rr moleules @g ring AF et round SWH uD the gEy omponent strts to dispper while the g ring omponent is deteted even t the highest tested tempertureF his indites tht t suh tempertures the triphenylene skeleton remins intt nd no new ovlent links re indued y the therml tretmentF VU 4.4.2 XPS on thermally-induced sub-monolayer phase he tempertureEdependent nlysis reveled profound hnges of the g Is nd y Is ore levels spetr ove SHH uF husD we ddress in detils smples otined fter therml tretment t SQH u in order to resolve the hemil trnsE formtion of the moleuleD nd to understnd its e'et on the moleuleEmoleule nd moleuleEsurfe intertionsF he min e'et of nneling t SQH u the suEmonolyer moleulr deposit is shift of the entire spetrum to lower inding energiesF he gEyD g ring D nd g ring Er omponents re shifted y HFP eD HFQ e nd HFQ e respetively @pigure RFVAF hifts of omprle mgnitude hve een reported for quinonezine systems nd were sried to hrge dontion from the opper sustrteD thus inresing the eletron hrge popultion round g tomsF 30 he shifts re less strong thn those oserved longside the llmnn oupling retionD where the forE mtion of strong nd highlyEpolrised gEgu onds in the intermedite retion step yields g Is ontriution entred t round PVQ eF 75 he detil of the (ts used to nlyse the dt re given in le RFQ nd le RFRF yverllD the presene of three peks on the g Is ore level spetr revels three kinds of hemillyEinequivlent g toms in the moleulesD nd the oserved shift etween the orresponding inding energies efore nd fter nneling suggests hrge trnsfer from the sustrte to the moleule fter therml nneling tretE mentF es we will now seeD this e'et is ompnied y hemil trnsformtion of the moleuleF VV 4.4 Thermally-induced dehydrogenation of the hydroxyl groups efter the therml nnelingD the y Is ore level spetrum lso hngesF e single omponent is oserved t inding energy of SQHFR eF his is n evidene tht ll hydroxyl groups hve een dehydrogentedF his suggests signi(nt tlyti E tivity of the gu@IIIA surfe t SQH uF he orresponding produt in the gs phse would hve sextuErdil formD or lterntively hexquinone form @produt f in heme RFIA " without onsidering the e'et of the surfeF monolyer smple @efore therml nnelingAD shown in pigure RFVD does not feture omponent etween the gEyr nd gay omponentsF his is t vrine with the nlysis mde y qiovnelli et al. on muh relted systemD dehydrogented rr moleules on eg@IIIAF 179 sn our seD suh n intermedite omponent is not needed to produe good (t to the experimentl dtF his does not exlude tht suh omponent existsD nd sine it ws sried to r onds etween the moleulesD we tully do expet it in priniple @see disussion elowAF iqully good (ts n tully e produed y introduing one or severl @we expet di'erent kinds of r ondsD see disussion elowA intermedite omponents with low weightF st seems tht neverthelessD if these omponents existD they hve reltively low weightF he di'erene with the se of eg@IIIA sustrte might relte with strength of the r onds etween the gay nd rEy groupsD whih is possily more limited in our se @gu@IIIA sustrteAF he owlEshpe of the moleules on gu@IIIA @we will ome k to the morphologil nlysis of the moleules lterA imposes tht the gay nd rEy groups do not ly in the sme plneD whih is not optiml for strong r ondsF Chemical pathway of thermally-induced dehydrogenation yn the sis of nd xiepD we n onlude tht the rr moleules re not stle on the gu@IIIA surfeF et room tempertureD hlf of the hydroxyl groups hve lost their hydrogen tomsF efter therml nneling t SQH uD ll six hydroxyl groups hve lost their hydrogen elements @see heme IAF nlike wht is reported y qiovnelli et al. where only prtil thermllyEindued dehydrogention @of only four of the six hydroxyl groupsA ompnied y strong hydrogen onds etween dehydrogented nd stillEhydrogented hydroxyl groups is oserved when rr moleules re deposited on eg@IIIAF 179 smging of the suprmoleulr selfEssemly 
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sn wD the moleules pper s threefoldEsymmetry ojetsD equilterl tringles with sideElength of out IFH nm @pigure RFWA mthing the expeted dimension of )tElying moleule @heme RFIA on gu@IIIAF fefore therml nnelingD the suEmoleulr deposit forms domins of sizes of the order of few tens of nmD s it is shown in pigure RFIHF he moleulr domins re delimited y dshed lines nd they re wellEoriented long [1 1 0] nd [0 1 1] surfe diretionsF hi'erent kinds of domins re foundF en exmple of the (rst kind is shown in pigure RFWF he moleulr lttie is tringulrD nd within the preision of our w mesurementsD its unit ell seems to oinide with @S×SA unit ells of the gu@IIIA surfe @the rystllogrphi orienttion of the sustrte hs een deterE mined vi eletron di'rtionAD orresponding to lttie onstnt of IFI ± HFI nmF he moleules re oriented with their mirror plne ligning denseEpked row of the sustrte @[1 1 2] diretionD see pigure RFWAF in pigure RFWF he lttie is here lso tringulrD nd seems to e ommensurte to the sustrte lttie tooD one more with @S×SA oinideneF sn this unit ellD the moleules re orgnized di'erentlyD thoughF he lttie onstnt is the sme s the other phseD nturllyF he mirror plne of the moleules ligns to [0 1 1] direE tion of the sustrte @pigure RFWdAF foth domins present wellEde(ned orienttion long the three highEsymmetry fmily 1 0 1 diretions with respet to the gu@IIIA lttie s it is shown in pigure RFIHF yur w imges do not llow to diretly determine the inding site of the moleules on the sustrteF his informtion is nevertheless ruil to understnd the reltive importne of intermoleulr nd moleuleEsustrte intertionsD whih in turn is relted to the hemil form of the moleules @fully hydrogented or notAF e remind tht the joint nd xiep nlysis indites tht efore therml nnelingD the rr moleule is prtilly dehydrogentedF eording to hpD WP 4.5 Eect of dehydrogenation on the assembly of HHTP on Cu(111) when it is fr from other moleulesD suh moleule on gu@IIIA hs lowestEenergy inding on(gurtion with the g toms of the entrl ring sitting lmost extly top the hollow sites of the gu@IIIA surfe @pigure RFIIAF sn this se the moleule hs owl shpeD with height of QFIR ÅF he moleulr rrngements disussed ove re very similr to two lol enE ergy minim in the on(gurtion lndspe tht we ddressed with hpF hese minimumEenergy on(gurtions onsist of the sme oinidene ltties s those dedued from the w oservtionsF yne of these on(gurtions @S×S with moleE ulr orienttion long [1 1 2] diretionA fetures moleulr inding on the sustrte with only two g toms in the entrl ring sitting top hollow sites of the sustrte WQ 4 Stepwise oxidation of HHTP molecules on Cu(111) @pigure RFWAF his inding on(gurtion is not the one found for the @qusiA isoE lted moleule @pigure RFIIAD ut it indeed hs lower energy @iFeF the proximity of neighour moleules modi(es the hierrhy of the inding energy on(gurtionsAF por the other on(gurtion @S×S with moleulr orienttion long [0 1 1] diretionAD the moleulr onding resemles the se of frEpprt moleulesD with ll g toms of the entrl ring top gu@IIIA hollow sites @pigure RFWdAF gompred to the se of frEpprt moleules @pigure RFIIAD the moleules re rottedD whih my e seen s onsequene of their mutul intertionF he shortest interEmoleulr rEy onds re QFIU ÅD whih is typil of rEondsF 5 he two on(gurtions orrespond to similr inding energies @RFPI vs RFHW eGmoleuleAD nd in oth sesD the moleule hs owl shpeF yverll the moleulr system is in wek hemisorption regime following the xewnsEenderson modelF 61 sn these minimumEenergy on(gurtionsD ll g onds hve the sme length in the entrl ringD suggesting no lternting gEg nd gag ondsF his orresponds to the struture of r moleule @heme RFIAF yur hp lultion (nd strong hrge trnsfers mounting IFP eletrons per moleule from the gu toms to the g toms @see pigure RFIPAF his hrge trnsfer is distriuted unevenly ross the moleulesD with y toms in the dehydrogented yr groups hving eh n exess of HFIUEHFIV eletronsD nd the six g toms ond to the entrl g ring hving eh n exess of HFISEHFPT eletronsF por oth moleulr on(gurtions @pigure RFIP nd AD importnt depletion hrge res @in redA re found on the opper surfeD just elow the moleuleD onE (rming the diretion of the hrge trnsfer indited previously @from the surfe to the moleuleAF elsoD ll entrl g toms nd ll y toms re eptor eletrons @res in lueA oming from either the surfe or from inside the moleule itselfD inditing strong hrge redistriution linked to the prtil dehydrogention of the moleuleF his (nding on(rms the oxidized hrter of the dehydrogented moleuleD whih ts s good eletron eptorD nd the loss of romtiity in the entrl ring sine due to n homogeneous distriution of hrge over the six g tomsF efter nneling to SQH u @pigure RFIQA or depositing t this temperture @pigE ure RFIHAD di'erent kind of suprEmoleulr network is oservedF he domins re lrger thn in the se of moleules deposited t room temperture without nnelingD ut they omprise lrge numer of struturl defetsD tht we will disE uss lterF por nowD we fous on the ordered prts of the lttieF sn these prtsD the moleule9s mirror xis ligns the [1 1 2] rystllogrphi diretion of the suE strteD nd hins of moleules with single orienttion formF he prllel hins of moleules hve lternting moleulr orienttion nd unh in sets of two loser hinsF et lest to very good pproximtionD the moleulr lttie oinides with @W×VA unit ells of the gu@IIIA sustrte @pigure RFIQAF st resemles the soElled zip phse reported y gortger et al. for rr moleules on eg@IIIAF 90 eording to the nd xiep nlysisD the hydroxyl groups of the moleules re now expeted to e fully dehydrogentedF e (nd tht the distne etween r toms @whih re onded to g toms of the triphenylene skeletonA nd y toms @whih re onded to g in the ketone group formA is etween IFUS nd QFH ÅD whih is in rnge expeted for r onds in suh systemX rwin et al. reported PFVT ÅY with nthrquinon moleulesF 192 yne should keep in mind tht the system fetures ertin degree of struturl onstrint imposed y the onding to the sustrteD whih is su0iently strong to led to ommensurte moleulr lttieF sn the present seD the r onds involve two r toms nd one y tomD nd therey should involve ll the r toms of the moleulesF his mximized numer of r onds preE WS 4 Stepwise oxidation of HHTP molecules on Cu(111) sumly is the reson why the moleulr density is higher thn in the previously disussed moleulr lttiesF he moleulr rrngement oserved with w is here lso very similr to minE imum energyEon(gurtion found with hp for the sme oinidene lttieF his on(gurtion omprises three di'erent kinds of moleulr inding on(gurtions @pigure RFIQAD one of whih orresponding to the lowestEenergy inding on(guE rtion in the se of frEpprt moleules @ll of the g toms of the entrl ring fll top in hollow sitesD nd y toms ly over the top sites of the opper lttieD mximizing the ontt with itAF xowD the moleules hve dome shpe @pigure RFIQA ! nd not owl shpe s in the se of prtillyEdehydrogented moleulesF sn the four g ringsD the g ond length lterntes from IFQV Å to IFRS ÅD s expeted for enzene ringsF his form orresponds to the topEright struture shown in heme RFID where the y toms WT 4.5 Eect of dehydrogenation on the assembly of HHTP on Cu( 111) would e rdils if the moleule were in the gs phseF his is oviously not the se in the presene of gu@IIIAD ut the hp lultions do predit short guEy distnes @onsistent with the dome shpeD pigure RFIQA nd strong eletron trnsE fers from gu to y tomsF sn totlD IFW eletrons re trnsferred from the sustrte to the dehydrogented moleuleF his hrge trnsfer is espeilly strongD eyond the vlues otined with moleules suh s perylenetetrroxyli dinhydrideD tetrynoquinodimethneD nd zine derivtives tht re knowledgedly strong eletron eptorsF 30,42,63 ingulr hrge distriution n e oserved in pigure RFIRF hepletion hrge res re found t spei( ples on the opper surfe @elow the oxygen toms re linked to itA wheres hrge umultion ours on g nd y tomsF gompred to the prtilly dehydrogented moleulesD the six g toms ond to the entrl g ring hve less exess eletrons @HFIIEHFIUAD while ll y toms now hve n exess of HFITEHFIV eletronsF es pointed out previously with the gEg distnes of the entrl ringD the romtiity seems to e reovered sine nowD lternte hrge umuE ltion res re displyed in this prt of the moleulesF elsoD importnt hrge umultion is lerly found t the y toms tht re linked to the opper surfeD when the hrge lossGgin t lower g plne is drwn @pigure RFIRAF 4.5.1 Defects in the lattice of dehydrogenated molecules he moleulr phse we just desried ontins signi(nt density of defetsF hese defets our whenever long moleulr hinD moleulr stking fult WU 4 Stepwise oxidation of HHTP molecules on Cu(111) @i.e. moleule rotted y IVH o with respet to the others long the hinA is foundF yverllD the defet n e desried s trimer of moleules ll of them pointing in the sme diretion @delimited y green tringle pigure RFIQAD with the distne eE tween the moleules9 enter of round PFR ± HFI nmF et the enter of this trimerD n ojet is systemilly foundD whose @pprentA height is intermedite etween tht of the pristine gu@IIIA surfe nd tht of the moleule @pigure RFIQAD nd whose lterl size is signi(ntly smller thn tht of moleuleF greful inspetion t the edges of the moleulr domins revels even smller ojets with similr heightF his is highlighted in inset imges of pigure RFIHD whih orrespond to zooms t the islnd edgesD where white rrows point to wht we ssign to gu dtomsF he size of these ojets overll seems inomptile with moleulr originD suggesting tht they ould e individul toms or smll lusters of tomsF pigure RFIS shows the orresponding pprent heigh pro(les for @presumlyA gu dtoms found either the order of the moleulr islnds or inside trimers of rr moleules oriented in the sme diretionD reted fter nnelingF he pprent heigh vlues found for oth speies re HFPS ÅD suggesting tht the smll frgments reted inside of the trimers nd the lterlly smller fetures t the moleulr islnds9 edges re of the sme nture @individul or lustered gu dtomsAF he gu@IIIA surfe is tully known to e in equilirium with individul gu dtomsD speilly so when the temperture is inresed ove room temperture like in our experimentsF 193 hese dtoms were reported to e involved in the WV 4.5 Eect of dehydrogenation on the assembly of HHTP on Cu(111) formtion of metlEorgni systemsD vi linkge with oxygenD 30,71,181,185,194 nitroE genD 91,92,195 or sulphur tomsF 196 he smllest of the ojets we (nd t the edges of the moleulr islnds hve size omptile @keeping in mind the onvolution with the shpe of the snning w tipA with the lterl extension of moleule imged on surfeD @see inset of pigure RFISA we note tht some of these ojets re loted t the orners of the moleulesD in the immedite viinity of the dehydrogented yr groups @y tomsD heneA whih re expeted to redily oordinte with gu toms @forming guEyEg ondsAF erguments supporting this view re found in hp lultions performed with trimers of dehydrogented moleulesD with nd without fewEtom gu luster trpped in the region delimited y the moleulr trimerF pigure RFIT shows most relevnt trimer on(gurtions with their orresponding sorption energy vlues per moleuleF es previously notedD the dehydrogented rr moleules whih onform trimer struture re oriented in the sme diretionF e trimer struture without smll frgment in its entre is more stle if ll g toms of the entrl ring ly t top hollow sitesD giving n sorption energy of RFPT e @pigure RFITAF his grees with wht ws pointed out in previous setionD WW 4 Stepwise oxidation of HHTP molecules on Cu(111) sine in this on(gurtion the y toms tht re linked to the surfe do so through top opper sitesF he inlusion of three gu toms t the enter of the trimer @repreE sented y green lls in pigure RFITA leds to stiliztion of the moleule @with respet to the sitution without the gu lusterAD s witnessed y inding energy lrger y out SH meF hether the stiliztion is diretD vi tendeny to ondE ing etween y or r toms to gu dtomsD or indiretD vi the sustrteD remins n open questionF he gu dtoms inding more fvourly on the hollow site of the sustrteF o on(rm our nlysisD we lso onsidered nother stle inding on(gurtion for the three dehydrogented rr moleulesD where only hlf the g toms in the entrl ring ly on hollow sites of the gu sustrte @pigure RFITAF sn this se tooD the inlusion of the gu luster in the enter of the moleulr trimer leds to n inresed inding energy for the moleuleD this time y WH me @pigE ure RFITdAF pinllyD if insted of three gu tomsD we onsider six gu tomsD we lso (nd tht the moleulr inding energy is inresedD y PHH meF xowD some of the gu toms re very lose to y tomsD suggesting tht guEyEg onds ould formF 4.6 Conclusions sn this hpter the hemil strutureD morphology nd intertion of rr moleules dsored on gu@IIIA t room temperture nd fter nneling t SQH u hve een studied y mens of D xiepD w nd hp lultionsF fy highEresolution nlysisD two inequivlent oxygen toms with IXI re rE tio hve een identi(ed upon deposition t room tempertureD inditing the prtil dehydrogention of the moleules tlyzed y the sustrteF he inding energy vlues shifs oserved in g Is nd y Is regions for multilyer nd suEmonolyer phsesD indite hrgeEredistriution within the moleulr struture due to the hemil trnsformtionF fy inEsitu xiep mesurementsD these onlusions hve een on(rmedD sine importnt hnges on the spetr @roder nd less intense peks nd the presene of new pek t low photon energyA hve een oserved s result of reEhyridiztion nd hemil trnsformtion upon depositionF eddiE tionllyD the oservtion of signtures for eletroni trnsitions involving π * nd σ * sttes with di'erent light polriztionD we dedue tht the moleules ly prllel to the surfe in the three studied phsesF sn order to on(rm the stepwise oxidtion of the triphenylene derivtive on gu@IIIAD omplementry mirosopi nlysis ws rried out on the suprmoleE ulr selfEssemly formed upon sorption t room tempertureF he most imporE tnt e'et on the moleulr orgniztion due to the prtil dehydrogention of the IHH 4.6 Conclusions moleule is the formtion of tringulr domins homogeneously distriuted on the surfeF wo possile orienttions of the moleules within these domins hve een oserved @long (1 1 2) nd (0 1 1) diretionsA with unit ell tht oinides with @S×SA unit ells of the gu@IIIA surfeF hp lultions of this phse reveled the owl shpe of the moleules with n importnt intertion with the sustrteD minly through the rons of the entrl ringF he @t lestA prtil loss of moleE ulr romtiity is on(rmed y the homogeneous gEg ond length in the entrl ring derived t this stepF elsoD the formtion of rEond etween djent moleules is plusileD with n verge distne of QFIU ÅF e hrge trnsfer of IFP eletrons per moleule from the sustrte to the moleules hs een lulted nd hrge distriution mps over the system on(rmsX iA the eletron donor hrter of the sustrte iiA the eletron eptor ehviour of the moleule nd iiiA the hrge reEdistriution tht ws suggested y the spetrosopi nlysisF edditionl spetrosopi hrteriztions hve een rried out on the resultE ing phse upon nneling t SQH uF he enhned tlyti e'et of the surfe y the temperture is on(rmed fter the nlysis of the y Is regionD sine only one pek reported t similr vlues in the literture for of ketone groups is foundD inditing the full dehydrogention of the moleulesF his drmti hemiE l trnsformtion is gin followed y lrge inding energy shift towrds lower vlues for g Is nd yIs peksD suggesting n importnt hrge trnsfer from the sustrte to the moleuleF fy w nlysisD di'erent kind of suprEmoleulr netE work is oservedD tht omplies @y forming dditionl ondsA with the the hemil trnsformtion of the moleuleF xowD prllel hins of moleules hve lternting moleulr orienttion nd unh in set of two loser hinsF he moleulr lttie oinides with @W×VA unit ells of the gu@IIIA sustrteF rere lsoD the moleuE lr intertion with the sustrte nd etween the moleules ws studied y hp lultionsF he moleules present dome shpe with diret linking etween the oxygen toms nd the opper surfeD nd seem to reover romtiity over ll four ron ringsF sn this sense the moleules resemle the @hypothetilA se of fully dehydrogented rr moleules in the gs phse with six y toms s rdilsF rEondD with length etween IFU nd QFH ÅD seem to ply more importne in the ohesion of the suprEmoleulr ssemly in this seF wost importntly is tht in this phse strong hrge trnsfer of IFW eletrons per moleule from the sustrte to the moleule oursFhis is higher thn the vlues otined with moleules tht re knowledgedly strong eptor speiesF 30,42,63 ithin this phseD n importnt mount of defets hs een oserved with wD whih re onstituted y three rr moleules oriented in the sme diretion with n unknown speies t their entreF he hrteristi height nd size of these oE jets suggests tht they ould onsist of few gu dtoms relesed from the surfeD IHI 4 Stepwise oxidation of HHTP molecules on Cu(111) nd trpped in etween moleulesF he hrteristi height nd size of these oE jets suggests tht they ould onsist of few gu dtoms relesed from the surfeD nd trpped in etween moleulesF hp further suggests the possile formtion of guEyEg onds etween the gu lusters nd the dehydrogented moleulesF IHP 5 Synthesis of polymeric arene(ruthenium) nano-sheets via imine chemistry at a liquid/liquid interface

In this chapter we show the results derived from a polymeric synthesis carried out at a liquid/liquid interface. The presented strategy is based on a Schi condensations scheme which involves a commercial diamine precursor and an organometallic complex ended by trialdehyde groups, specically designed for this purpose. Spectroscopic characterization techniques have been employed to demonstrate the formation of the new (C=N) bonds, and a combination of microscopic and diraction techniques have proven the formation of ultrathin organometallic polymeric sheets, that can be suspended across the holes of membranes. 
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IHQ 5 Synthesis of polymeric arene(ruthenium) nano-sheets 5.1 State of the art olymeriztion retions o'er vrious pths to the formtion of extended ultrEthin or even twoEdimensionl @PhA mterils under mild nd lowEost onditionsF 11 fenE e(ting from the undne of wide vriety of uilding loksD these new kinds of mterils re expeted to host gret diversity of physil nd hemil propertiesF sn ontrstD the synthesis of inorgni Ph mterils like grpheneD oron nitrideD or trnsition metl dihlogenidesD is more demndingD requiring e.g. @ultrA high vE uum nd high tempertures found in moleulr em epitxy or hemilGphysil vpour deposition retorsF 197,198 yrgnometlli polymeri sheets stnd out owing to superior eletroni onE dution down to the Ph limitF 106 yrgni πEonjugted two dimensionl mterils n e prepred y fvourle omintion etween metl ions nd helting πE onjugted lingndsD forming frmework tht n host hyrid oritlsD strting from the d oritls of the trnsition metl enters nd the frontier oritls of the onjugted ron unitsF rung et al. hve shown the formtionD vi n interfil retionD of highly rystlline thin (lm of novel opper oordintion polymerD gu@frA @fraenzenehexthiolAD with plnr Ph lttieF st presents high eleE tril ondutivity @ISVH m -1 t room tempertureAD nd thisD together with its good trnsmittne in the visile regionD highlights its potentil to serve s trnsE prent eletrodeF hese orgnometlli nnosheets hve een lso in the spotlight of the sienti( ommunity in the lst yers s potentil prtil reliztions of quntum phses deriving from the spinEorit intertion or mgnetism ssoited with the metl entersF 199201 he (rst experimentl exmple of two dimensionl orgnometlli polymer synthesised y interfil retion whih ould exhiit topoE logilly nonEtrivil eletroni sttes ws the xi@frA omplexF 103,202 st dopts kgomé lttieD showing )t nd ove two hir nds in its lulted nd strutureF he presene of the metlli enters in the polymerD indue spinEorit oupling e'etsD whih lift the degenery t the the hir point lose to the permi levelF mll nd gps etween these three kgomé nds were predited sed on (rstEpriniple lultionsF edditionllyD lultions predit tht in the sene of ygD the nd gps vnishF iletroni edge sttesD t the order of rystlline grinD were predited to e roust ginst @resonleA introdution of disorderD proteted y the topology of the eletroni nd strutureF wost orgnometlli polymeri sheets re otined vi retions where eh metlE li enter is t the enter of oordintion omplexD eing either linkers 75,103,118,196,201 or retiultion nodesF 106,185,203 sn these systemsD eletroni delolistion involves oth π nd d oritls nd sine the metlEoordintion onds re reversileD the preprtion of longErnge ordered networks eome fesileF e reent exmple IHR 5.1 State of the art of metlEorgni frmeworks with topologillyEproteted eletroni properties ws proposed y uumr et al.F 203 e ontrolled synthesis of high qulity honeyom metlEorgni frmework on epitxil grphene llowed to eletronilly deouple the orgni linkers from the metlli sustrteF fy mens of snning tunneling spetrosopyD the uthors limed the formtion of stle goEdyinonthrene network with signi(nt inEplne hyridiztion etween the go toms nd the orE gni loksD on(rming the formtion of n extended eletron systemF elterntive routes to polymers feturing eletroni delolistion re hemil retions forming ovlent onds tht extend π onjugtion throughout the polymerF 9, 75, 95 qrill et al.

demonstrted tht y using prede(ned onnetions points in the orgni units whih will tke prt in the polymeri retionD preise ontrol on the lttie symmetry nd motif of the (nl produt n e ddressedF 39 sn this workD the new ovlent onds formed etween porphyrin moleules ensured the stility of the (nl network s well s olletive hrge trnsportF roweverD the strength of the ovlent onds is often kineti hinderne to the heling of defets tht stohstilly form during synthesisF es possile workround to this issueD selfEorreting retions hve een used reentlyD in prtiulr dynmi imine hemistryF 110 his pproh llowed to synthesize fullyEorgni 111 nd metlorgni 112 Ph polymersF sn the former seD illustrted y hi et al.D twoEdimensionl ovlent orgni frmework ws syntheE sised from simple romti trimine nd dildehyde moleules t the irGwter inE terfeF petrosopi hrteriztion of the resulting monolyerD demonstrtes the imineEond formtion during the hi' se ondenstion retionF he irGwter synthesis pproh relesed smoothD oherentD lrge nd freeEstnding polyimine monolyerD representing step towrds onjugted polymers for eletroni or optoE eletroni pplitionsF he work of hudeen et al.D tht re most relevnt to oursD gve demonstrtion tht metlli enters n e introdued in the polymer without involving them in the polymeriztion retionF sn tht seD the orgni uilding loks tht re involved in the retion orrespond to go@ssAEporphyrin derivtives nd terephthlldehydeF eprting the two prolems @polymeriztion nd funtionliztionA is oviously desirle for verstile design orgnometlli polyE mers t willF e propose new synthesis sheme lso sed on dynmi imine hemistryD t liquidGliquid interfeD llowing verstile trnsfer of the polymeri sheets to virE tully ny kind of support vi vngmuirEflodgett or vngmuirEhefer methods @or derivtivesAF 100,103,106,111,204 he hosen retion is hi'Ese ondenstionD etween dimine @pEphenylenedimineD monomer PA ting s linker nd triE ldehyde @uη 6 @hexmethylEenzeneAEiphenylEldehydeD monomer IA ting s retiultion nodeD whih provides new illustrtion of retiultion proess tht does not involve the metlli entersF vike with the other known dynmi imine hemistry polymeriztion sheme lile to yield orgnometlli systemsD with the IHS 5 Synthesis of polymeric arene(ruthenium) nano-sheets metlli enter hosted y porphirynD 112 here the hosting y sulfurElinked rene 205 @lel QA yields Css oxidtion numerF sn this hpter we show Evisile nd mn spetrosopy nlysis done to hrterize the formtion of the imine ondsF ogether with optilD snning nd trnsmission eletron mirosopies @iwD iwA nd seletedEre eletron di'rE tion @eihAD this llows us to demonstrte the formtion of ultrthin @`PH nmA orgnometlli polymeri sheets tht n e trnsfered to virtully ny kind of suE strteD e.g. the oxidized surfe of silion wfersD i 3 x 4 iw gridsD qurtz pltesF 5.2 Starting materials ell moleulr produts employed for the synthesis of the polymeri uEimine nnosheet were synthesised nd supplied y prédéri ghérioux t piwyE lortoryD in fesnçon @pexgiAF ell retions were rried out under nitrogenD y using stndrd hlenk tehE niquesF olvents were degssed prior to useF he dinuler dihloro omplexes u@g 6 we 6 Agl 2 2 D with lel @eA in heme SFI nd u 2 @g 6 we 6 A 2 @pEEg 6 r 4 EfrA 3 glD with lel @fA in the sme shemeD were synthesised y previously desried methE odsF 206210 5.2.1 Chemical synthesis of the Ru trialdehyde monomer he uEtrildehyde monomerD with hemil formul of u 2 @g 6 we 6 A 2 @pEg 6 r 4 E g 6 r 4 EgryA 3 glD ompound I in heme SFID is dinuler ruthenium @ssA omplex with ypirmidl tringulr shpeF ih u entre oordintes to one methylE enzene @rwfA lignd nd three sulphur tom ridgesF hese three toms re themselves linked eh to iphenylldehyde @ihEldehydeAD giving the tringulr geometry of this monomerF sts hemil synthesis is shown in heme SFIF he trisromodinuler omplex @gAD u 2 @g 6 we 6 A 2 @pEEg 6 r 4 EfrA 3 gl @HFI mmolA nd pinol ester derivtives @gryEg 6 r 5 Ef@yAA 2 Y HFQQ mmolAD were dissolved in tetrhydrofurnF henD n queous solution of gs 2 gy 3 @I mvAD nd d@h 3 A 4 tE lyst @HFHI mmolD II mgA ws ddedF he resulting mixture ws re)uxed in ethnol for RV hoursF efter ooling to PWQ uD the red solution ws (ltered through gelite nd the solvent ws removed under redued pressureF he oil otined ws puri(ed y olumn hromtogrphy @sili gelD dihloromethneGethnol IHXIY rf lose to HFVAF u 2 @g 6 we 6 A 2 @pEEg 6 r 4 Eg 6 r 4 EgryA he u 2 @g 6 we 6 A 2 @pEEg 6 r 4 Eg 6 r 4 EgryA 3 gl ompound ws hrterize y nuE ler mgneti resonne tehniqueD showing the following hemil shiftsX 1 r xw @QHH wrzD ghgl 3 D PI o gAX δ a IFSV @sD QTrD gr 3 EerAD UFVI @dD 3 t H,H a VFP rzD TrD gr!erAD UFVP @dD 3 t H,H a VFP rzD TrD gr !erAD UFWT @dD 3 t H,H a VFP rzD TrD gr !erAD UFWV @dD 3 t H,H a VFP rzD TrD gr !erAD IHFHP @sD QrD EgryAF 13 g xw @SH wrzD ghgl 3 D PI o gAX δ a IS @gr 3 EerAD WS @uEgEerAD IPU @gEerAD IQH @gEerAD IQS @gEerAD IRH @gEerAD PHI @gEerAD IQSFRV @gayAF 5.2.2 Chemical synthesis of the Ru-imine-compound as molecular reference o hrterise the formtion of the imine ondsD we will ompre the spetrosopy of the polymer @ompound Q of pigure SFIA with tht of referene @simplerA omE pound @lel R in heme SFPAD sine it presents the min hemil groups expeted in the polymerF st is otined y reting monomer I with niline s it is shown in heme SFPF he trisromodinuler omplex u 2 @g 6 we 6 A 2 @pEEg 6 r 4 Eg 6 r 4 EgryA 3 glD omE pound I @HFI mmolA nd REynoniline @xr 2 Eg 6 r 4 EgxY IHH mmolAD were disE solved in ethnolF he resulting mixture ws re)uxed overnightF efter ooling to PWQ uD the red solution ws (ltered through gelite nd the solvent ws reE moved under redued pressureF he oil otined ws wshed with diethylether @Q×SH mlAF he otined red powder ws puri(ed y olumn hromtogrphy @silE i gelD dihloromethneGethnol IHXIY rf lose to HFVAF he u 2 @g 6 we 6 A 2 @pEE g 6 r 4 Eg 6 r 4 EgraxEg 6 r 4 EgxA 3 gl ompound ws isolted fter evportion of the solventD s redEornge powderF IHU 5 Synthesis of polymeric arene(ruthenium) nano-sheets 1 4

Scheme 5.2: Synthesis protocol of the Ru-imine-compound, label 4.

he u 2 @g 6 we 6 A 2 @pEEg 6 r 4 Eg 6 r 4 EgraxEg 6 r 4 EgxA 3 gl ompound ws hrE terize y nuler mgneti resonne tehniqueD showing the following hemil shiftsX 1 r xw @QHH wrzD hwyEd 6 D PI o gAX δ a IFSV @sD QTrD gr 3 EerAD UFVI @dD 3 t H,H a VFP rzD TrD gr !erAD UFVP @dD 3 t H,H a VFP rzD TrD gr !erAD UFWHEVFHH @mD IVrD gr !erAD VFHT @sD QrD EgraxEAD VFIV @dD 3 t H,H aVFP rzD TrD gr !erAF 5.2.3 p-phenylenediamine he pEphenylenedimine moleuleD monomer P in the hemil retion sheme of pigure SFID is the seond omponent employed in the imineEpolymeriztion retionF sts struture is shown in pigure SFI nd it ws purhsed in igmeldrih nd used s reeivedF st presents melting point of RIIERIT u nd vpor pressure of IFHV mmrg @RUQ uAF 5.3 Synthesis at liquid/liquid interface he polymeriztion of monomers I nd P is expeted to extend vi the formtion of imine @gaxA ondsD y hi'Ese ondenstion etween the ldhehyde nd mine groupsD s it is detiled in the hemil retion heme of pigure SFIF o perform the polymeriztion retion we dissolved monomers I nd P in mixE ture of hloroformGethyl ette @top orgni phseA nd in wter @ottom queous phseAD respetively @pigure SFIAF qiven its lower densityD the queous phse ws the (rst introdued in the ekerF he orgni phse ws then refully introdued on top with the help of pipette long the wlls of the ekerD voiding s muh s possile to distur the interfe etween the two phsesF fefore introduing the two phsesD the host sustrte for the polymer ws pled t the ottom of the ekerF efter overnight retionD solid ornge sheet forming t the liquidGliquid IHV interfe is oservedF henD the queous phse ws drined gin with the help of pipette until the interfe touhed the surfe of the sustrteF e onsider tht the oservtion of menisus t the surfe of the sustrte mrks the moment when the polymer omes in ontt with the sustrteF e then drin ompletely the queous phse nd (nlly remove the sustrte from the ottom of the ekerF his pproh n e viewed s vrint of the vngmuirEhefer method @pigE ure SFPAF

Polymerization reaction

Drainage of the aquose phase

Variant Langmuir-Schaefer deposition method reursor quntities nd volumes employed for the synthesis of imineEnnosheets re summrized in le SFIF hi'erent onentrtions were used depending on the investigted host sustrteF e thinner imineEpolymer ws synthesised when deposited on iw grids sustrtesD whih re in deed the smples on whih we will fous our disussion long this hpterF 

Evidence for polymerization via UV-Vis spectroscopy

Evisile spetr were olleted using n Eis petrophotometer vm WHH @erkinilmerA pprtusF e series of Evisile sorption spetr were mesured s funtion of retion time @HD ID QD SD PP hoursA fter monomers I nd P hve een introdued in their respetive phsesF es shown in pigure SFQD lredy fter I h of retionD two rod nds re oservedD one entered in the rnge @eyond the explored rngeA nd the other entered t RVH nmF es it ws lredy reportedD these two nds orrespond to πGπB eletroni trnsitions of hexmethylEenzene lignd nd metlElignd hrge trnsferD respetivelyF 205,211 roweverD the sorption vlue of the ltterD is redEshifted with the ones found in the iliogrphyF yur theory is tht the presene of n extended network y result of the retion of monomers I nd P my lter the metlElignd hrge trnsfer proessD produing its redEshift vlueF woreoverD the intensity of these nds grow with the retion timeD on(rming tht the polymeriztion retion develops suessfullyF 

Suspended nano-sheets

es summrized in le SFID di'erent preursor quntities were used for the syntheE sis of the imineEpolymerD depending the host sustrteF e thik (lm ws prepred nd deposited on QHHnm iy 2 Gi sustrte wheres thinner (lm ws trgeted for the se of the suspended polymer on the i 3 x 4 iw gridsF sn the ltter se we plnned rossEhrteriztion with vrious tehniques performed on the very sme region of the suspended polymerF e plnned trnsmission eletron mirosopy experimentsD for whih the thinnest possile (lms re preferredF e lso plned mn spetrosopy experimentsF por these onesD severl IHH nm wide lser em ws usedF his em 4sensing4 the surrounding iw memrne @whose holes re SHH nm in dimeterAF rene the memrne yields spurious kground signlF his led us to ddress no tooEthin (lms lile to produe mn signl ove this kgroundF 5.5.1 Validation of Langmuir-Schaefer deposition method yne the suess of the retion ws on(rmed y Eis spetrosopyD the next step ws to trnsfer the smples from the interfe to the desired sustrtesF e used vrint of the vngmuir hefer methodD whih is desried in setion SFQF por this purposeD (rst look onto the smples ws tken y mens of optil miE roopyF yptil mirosopy informs out the shpeD quntity nd distriution of the III 5 Synthesis of polymeric arene(ruthenium) nano-sheets (nl produts generted y the retion nd the residuls from the strting reE tntsF smportntly s wellD this tehnique is indispensle to lolise surfe fetures @produtsD residulsA tht will e nlysed fterwrds with other hrteriztion tehniquesF yptil imges hve een quired in eiss mirosope equipped with digitl mer xiom IHS olor devieD tungsten hlogen light soureD nd mgni(tions of PFS×D IH× nd IHH×F edditionl optil imges were tken during mn experiments with the help of the ghh mer oupled to the mirosope tht is used to perform the mn onfol mesurementsF es it is oserved in pigure SFR nd D severl types of fetures were found on the surfeX )kes with di'erent degree of density nd solid ojets with needle shpe minlyF he needles re found ross the surfe nd they exhiit hrteristi length of the order of UH µmF he )kes hve vrile sizes fromD QH to ISH µmF hey do not hve wellEde(ne optil ontrstD suggesting tht they re not homoE geneous in thiknessD density or ompositionF imilr oservtions re mde when the polymer ws deposited on iw gridsD s oserved in pigure SFR nd dF glose inE spetion shows tht this sheet n over the SHH nmEdimeter holes of the iw gridF e etter sptil resolution is otined with snning nd trnsmission eletron mirosopies s it is shown in pigure SFSF e lrge sle iw imge @pigure SFSA IIP 5.5 Suspended nano-sheets shows the spet of freshly prepred smpleD where it is possile to (nd ovE ered @pointed out y white irles nd rrowsA nd unovered holes y the polymer nnosheet fter the deposition y vngmuir hefer methodF sn pigure SFSD the overed re with thiker polymer nnosheet orresponds to the finter holesF fy mens of iw nlysisD the verge polymer thikness is determined to e `PH nmF imilr oservtions were done y iw on the sme smples s those studied with mn spetrosopyF pigure SFSD is entered in zone where it is possile to (nd oth the suspended polymer@drker holesA nd unovered memrne holesF he ltter were tully initilly overed with the polymerD ut the use of too high lser power during mn spetrosopy mesurements urnt the polymerF he em ws lso foused onto needleD whih ws lso urnt together with the susE pended polymer roundGelow itD on the memrneF efter the irrdition y the intense lser em @HFQ mGµm 2 AD smll )ke remins t the side of the memrne hole nd rystlline nnoprtiles were oserved @pigure SFSdAF hese prtiles re IIQ 5 Synthesis of polymeric arene(ruthenium) nano-sheets presumly produt of the therml degrdtion of the polymerD sine we do not oserve them without lser irrdition or fter irrdition with less intense lser emF e re not le to tell if the nnoprtiles re emedded in the )keD or simply loted on top or elow itF he polymer hene forms sensitive sheet tht is selfEsupportedD t lest t the SHH nm sle investigted hereF he eih pttern mesured on suspended sheet onsists of ring with uniform intensity @pigure SFSeAF his shows tht t the sle of the eletron em @few hundred nnometresAD the sheet is omposed of rndomly inEplne oriented grins @strong disorder on the system within the eletron em sizeAF he rdil sttered intensity distriution extrted from the eih pttern @pigure SFSfA exhiits pek entered t II nm -1 D orresponding to rel spe distne of HFIIR nmF his distne is preisely the one tht we mesured for ley ron iw gridD nd n hene e sried to the gEg onds we expet in the polymerF 5.5.2 Imine bond formation in the polymer nano-sheet mn spetrosopy ws used to serh for signtures of the ond9s formtion folE lowing the polymeristion retionF e expet to detet lowEenergy virtion modes relted to the polymeri frmeworkD s well s modes relted to the imine groupD tht should di'er from those of the ldehyde groups in the preursorF owders of ompounds ID PD nd R were nlysedD in order to hve referene spetr efore the retionF sn the se of monomer PD we oserve strong kE ground with SQP nm wvelengthD whih we srie to )uoreseeneF he mn IIR 5.5 Suspended nano-sheets spetr of this ompound is lerer with TQQ nm wvelength for whih )uoresE ene is suppressed @pigure SFTAF he oserved virtionl modes re summrized in le SFPD together with their ssignmentD nd the experimentl nd lulted virtionl modes for dimine in solution found in the iliogrphyF e (nd very good greement etween the mn shifts of the di'erent nds we mesure for powder of monomer P nd those reported previously for the omE pound in solutionF 212 e (nd devitions mount t most few I m -1 F he lser wvelength used in referene PIP is unknownD hene we nnot exlude tht some of the virtion modes re dispersiveF he lultions provide good qulittive ount of the oservtionsD nd llow to ssign the di'erent ndsF he nds t QUT m -1 D RUH m -1 D TRV m -1 D VRR m -1 D IIUU m -1 D nd ITIR m -1 D ll orreE spond to virtions involving gEg ondsF he nd t IPTU m -1 nd the shoulder t ITQP m -1 involve x tomsF he ltter shoulder is ler ut evidene of the presene of the mine funtionF sts seneD e.g. in the (nl polymerD is thus in priniple proof tht ll mine onds hve een trnsformedF nfortuntelyD its intensity is in generl too low to mke de(nitive sttements sed on this rgument onlyF e will rther trk the presene or sene of the nd t IPTU m -1 for this purposeF mn spetr of monomer I nd ompound R were mesured with SQP nm lser IIS 5 Synthesis of polymeric arene(ruthenium) nano-sheets wvelengthF sn n extended rnge of wvenumers @IHHEWHH m 1 D IHHHEIUSH m 1 D PTSHEQQHH m 1 AD the two mn spetr shre mny similr or identil ndsD nd lso show few importnt di'erenes tht will help us to unmiguously on(rm the formtion of the imine ond @pigure SFUAF fnds t RQV m 1 nd TTT m 1 @skeletl virtion relted to the presene of g≡x groupsAD nd IPHP m 1 @gEg onds of the romti ringsA re only found for ompound RD while nds t UIH m 1 @whih unknown originAD IIUID IIWQ m 1 @gEg onds of the romti ringsA nd ∼ PWHH m 1 @gEr strething mode of ldehyde groupsA re sent for this ompoundF sn the following we will trk the preseneGsene of the doulet t IIUID IIWQ m 1 D whih is trnsformed into single pek in ompound R presumly due to the replement of the roxyli id funtion grfted on the romti rings y the imine groupsF Raman spectra acquired on monomer 1 and compound 4 in powder from 200-900 cm -1 , from 1000-1750 cm -1 and from 2650-3300 cm -1 , taken at laser power of 1.7 mW/µm 2 and 300 s of acquisition time.

henD the polymer suspended on i 3 x 4 iw grids were nlysed on the interE medite rnge of mn shift @from IHHH to IVHH m -1 AD for whih the quisition onditions were more fvourle nd simple for ompound QF he lser spot size ws ∼ I µm nd the fol point of the optil setup ws djusted to mximise the signl from the polymerF he signl ws olleted through SH× ojetive with numeril perture of HFUSF por the mn spetrD the power ws vried etween HFHP nd PFH mGµm 2 D in order to test the degrdtion of the smples under the lser spot nd optimise ounting timesF he e'et of n exessive lser power n e seen in pigure SFW @insetAD where needle nd its surroundings re ompletely urnt fter the mn experimentF he quisition time ws vried to inrese the signlEtoEnoise rtioD nd to llow the detetion of the wek signl orresponding to some virtion modesY typilly QHH s re needed to mesure 4good4 spetrum for powder smples nd IHHH s for suspended smpleF hen IVHH linesGmm grting e now fous on the lol virtionl nlysis of suspended sheetF he kE ground level is rther high whtever the inident light power ompred to the se of the spetr quired on the powders of monomers I nd of ompound R @pigure SFVAD presumly euse of the mesurement on(gurtionX we expet nonEnegligile ontriution from the mteril of the iw memrne tht is illuminted y the tils of the lser em @foused on few IHH nm spotAF le SFQ lists the di'erent nds oserved in pigure SFV for the monomer I nd othD ompounds Q @polymerA nd RD nd tenttive ssignment of these ndsF 160,161 por the polymer @ompound QAD we oserve numer of nds ove kground levelD hese nds orrespond to the gEg virtions expeted from the diphenyl rnhes

t IHPR m -1 D IHVI m -1 D IPHH m -1 D IPWH m -1 D ISWH m -1 nd ITHV m -1 F IIU
@IHIS m -1 D IHVH m -1 D IPHR m -1 D IPVS m -1 D ISVU m -1 nd ITHS m -1 AD 205 nd
to the gax virtion of imine onds @ISVT m -1 AF 111 gonverselyD the hrteristi nd orresponding to the gay virtion @ldehydeD ITWH m -1 A is not detetedD nd no ler doule nd is oserved slightly elow IPHH m -1 D unlike in the speE tr of monomer IF sn deedD the vlue of IPHH m -1 is loser to the single pek in ompound R @IPHP m -1 AF xote lso tht the omprison etween mn spetr for monomer I nd ompound R revels the signture of the imine onds @gaxA t ITUW m -1 F he orresponding nd hs low intensityD nd given the rther imporE tnt kground level in the mn spetr mesured for the suspended polymeri sheetD it is not surprising tht this hrteristi nd ould not e deteted unmE iguouslyF st is importnt to keep in mind tht the spetrum mesured from the ompound R will not neessrily e the sme s tht of the (nl polymerF sndeedD sine the polyE mer is not simply @rtherA smll isolted moleuleD dditionl virtionl modes ould existD some other modes ould eome silentD nd existing modes ould hve slightly di'erent energy or ndwidthF mn spetrosopy hene overll supports the lim tht indeed selfEsupporting polymeri sheet hs een otinedF es it ws shown in pigure SFRdD the polymeri sheet is ompnied with needles distriuted t rndomF mn spetr reorded on needle is shown in pigure SFWF es explined eforeD the presene of the doulet round IPHH m -1 nd the smll nd loser to IUHH m -1 rther thn to ITSH m -1 D revels tht the needles orE IIV Raman spectra acquired on a needle, at the location marked with a blue spot in the optical micrograph (inset). Measurement settings: laser power of 0.13 mW/µm 2 and 100 s acquisition time.

Conclusions

e new synthesis sheme sed on dynmi imine hemistry t liquidGliquid interE fe hs een proposedF he hosen retion is hi' se ondenstion etween pEphenylenedimineD whih ts s linkerD nd trildehyde @uη 6 @hexmethylE enzeneAEiphenylEldehydeD whih ts s retiultion nodeF e report the forE mtion of ultrthin orgnometlli polymeri sheets y mens of optilD snE ning nd trnsmission eletron mirosopies @iwD iwA nd seletedEre eletron di'rtion @eihAF he synthesis strtegy leds to retiultion proess whih does not invole the metlli enters nd where the polymeriztion nd funtionliztion stges re performed in single stepF he sheets re redily trnsferred to vrious kinds of sustrtes vi vngmuirE hefer method nd n e selfEsuspended on top of memrnesF he formtion of the imine onds hs een demonstrted y Eis nd mn spetrosopyF st is expeted tht this ovlent ond llows the extension of the πEonjugtion over the whole systemD yielding polymeri nnosheet tht ould serve s )exile eletroni ondutorD or thermoeletri mterilD where the presene of highEtomiEnumer metlli enters is ruilF IIW sn this thesisD we hve ttempted the synthesis nd the hrteriztion of orgnoE metlli moleulr rhitetures vi interfe hemistryF wo systems hve een studiedX iA moleulr selfEssemlies of triphenylene derivtivesD hexhydroxylE triphE enylene @rrA moleules whih re importnt onstituents in moleulr eletroni systemsD tht were deposited t the vuumGsolid interfeD on gu@IIIA nd iiA polyE meri orgnometlli nnosheets t liquidGliquid interfeF hese systems present desirle fetures in the prospet of lowEdimensionlity orgnoEmetlli mterilsF es we will explin elowD selfEssemly networks of rr moleules exhiit inE teresting eletronEeptor properties nd the polymeriztion of rene@rutheniumA polymeri nnosheetsD orgnoEmetlli in ntureD hs een demonstrted vi dyE nmi imine hemistry nd they ould e suspended ross the holes of memrnesF he nlysis of the literture @hpter PA ws foused on the development of moleulr systemsD with the (nl gol to hieve ultrthin sheetsD with or withE out internl ovlent ondsD tht ould serve in future moleulr eletroni deviesF qiven the two reserh diretions we hve investigted during the hh thesis worksD we hve reviewed to synthesis strtegies nd properties of two lsses of systemsD one prepred t the interfe etween two )uidsD nd the other t wellEde(ned surE feD under ultrhigh vuumF he next hpter presented the tools nd methods tht we used in three lortoE ries nd t synhrotron fultyF st is proly interesting to note tht t the time our work strtedD moleulr systems hd not een studied in the reserh group s elonged toD t lest not with the surfe siene proes ville in the groupF he hh works held them strong explortive spetD not only regrding the sienti( questions tht we ddressedD ut lso regrding instrumenttionF es it hs een presented in hpter RD the stepwise oxidtion of the rr moleule on gu@IIIA spontneously ours t room temperture upon its sorpE tion on the surfe nd thenD y n dditionl therml tretmentF fy this proeE dureD the dehydrogention @oxidtion of the lohol funtionsA strongly lters the hemil retivity with other moleules nd the sustrteD nd the moleulr struE tureGmorphologyD ompred to the prent moleuleF hese e'ets re nlysed with high resolution D xiepD nd wF hile in muh relted systemD rr IPI 6 Conclusions and perspectives moleules on eg@IIIA surfeD selfEssemled moleulr ltties form with prtilly dehydrogented moleulesD in the se of gu@IIIA sustrte tht we studiedD full dehydrogention oursF eording to hp lultionsD we (nd tht from prtilly dehydrogented to fully dehydrogented moleuleD qulittive morphoE logil modi(tion oursD from owl shpe efore nnelingD when the moleule is prtilly dehydrogentedD to dome shpe fter the therml tretmentD when the moleule is ompletely oxidizedF xot only the shpe is 'eted y the hemil trnsformtionF he intertion with the sustrte is drmtilly 'etedD orreE sponding to wek hemisorption regime through the g toms of the entrl ringD fter depositionD nd minly through the y tomsD upon the full dehydrogentionF woreoverD these two di'erent sorption on(gurtions rry distint hrge trnsfer vlues @lwys from the sustrte to the moleuleAF hen the moleule is tthed to the surfe through the g toms @prtilly dehydrogentedAD the hrge trnsfer is lower @IFP eletrons per moleuleA thn in the se of the linking to the surfe through the oxygen toms @full dehydrogention with IFW eletrons per moleuleAF his is onsistent with the higher eletronegtivity of the y tomsD with respet to the gD enhning the eletronEeptor hrter of the moleuleF snterestinglyD onding vi the y toms seems to restore the romtiity of the ron skeleton of the moleulesF ithin the dehydrogented systemD we (nd possile signs of the fomtion of orgnoEmetlli struturesF hey notiely involve trimers of moleules ll of them pointing in the sme diretion presumly enlosing smll luster of opper toms in the entreF he eluidtion of the nture of the luster hve een suggested y w nlysis @through omprison of the pprent height with similr ojets uE multed in the order of the moleulr networksA nd hp lultionsF he ltter indite tht the presene of gu lusters enhnes the inding of the moleules on the surfeD nd tht guEyEg onds my form depending on the nture of the lusE terF ell these oservtions turn to e ruil for further investigtions sed on the omintion of the rr lignd with other orgni moleules or other metlli enE tresD with the prospet of hopefully longErnge ordered systems with high eletron trnsfer from the opper surfeF sn this regrdD preliminry experiments foused on the nlysis of hexromoEmethylEenzene @rfwfA moleule on gu@IIIA s potentil moleulr ndidte hve een rried out y mens of wF ith this prior nlysisD the moleulr deromintion strts upon deposition t room temperE ture nd it ould e ontrolled y further therml tretmentsF ith this stepwise moleulr tivtionD the retion etween rfwf nd rr lignds is expeted on gu@IIIAD leding to Ph networkF ghpter S ws devoted to nother lss of system sed on polymeri nnosheets grown t liquidGliquid interfeF e new synthesis retion hs een presented IPP sed on dynmi imine hemistryF fy mens of this strtegyD selfEorretion proE esses n tke ple during the retion proessD in priniple llowing the syntheE sis of defetEfree nd long rnge ordered twoEdimensionl networks @even though we eventully did not mnge to otin evidenes of good orderAF xew imine @gaxA onds hve een formed etween dimine nd rene@rutheniumAEyphenylE trildehyde monomers @through hi'Ese ondenstion retionAF sn our workD inluding ruthenium entres in the monomer ws motivted y the prospet of interesting quntum phses properties tht my derived from the spinEorit interE tion or mgnetism ssoited with the inlusion of metlli entres in the polymer struture @this longEstnding gol ws tully the sope of the ntionl projet inE volving snstitut xéelD snstitut piwyED nd sgwAF he literture is full of exmples where the metlli elements onstitute the linkges of the networkD ut few works gve demonstrtion tht they n e introdued in the polymer without involving them in the polymeriztion retionF rereD we ttempt this synthesis t liquidGliquid interfeD whih is on(gurtion known to fvour the development of smoothD lrge re polymersF Eis nd mn spetrosopy on(rmed the formtion of the imine onds in the strutureD suggesting the extension of the πE onjugtion over the whole systemF ogether with iw nd iw n ultrthin @P H nmA orgnometlli polymeri nnoEsheet ws oserved nd eih nlysis on suspended smple reveled struturl disorder t lest t the sle of the eletron emF puture investigtions ould e oriented to improve the rystllinity of the polymeri nnosheets y systemti study of the syntheti onditions @temperE tureD onentrtion type of preursorsA nd y ddition of hemil sustnes tht ould help the monomers to etter order t the interfeD s it hs een reently reported y png et al. 213 his would open the wy to (ner struturl investigE tionsD for instne with snning proe tehniques or eletron mirosopyF sn order to filitte the hrteriztion proess of the imine ond formtionD e'orts should lso e foused on the development of suspending memrne yielding low kE ground level in the spetrosopy mesurementsD whih we elieve would e optiml in the se of lrger holes nd silionEsed memrnesF his will jointly require to ontrol the trnsfer proess so tht extended suspension of the rther frgile polymer nnosheets is e'etive without disrupting themF pinllyD thnks to these improvements on the polymer qulityD eletroni trnsport mesurements on the nnoEsheets deposited on iy 2 Gi sustrtes n e envisgedF IPQ Bibliography 
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 21 Figure2.1: Complexation of a linear ligand with two bridgehead phosphorus atoms with a metal precursor leading to the formation of the rst example of square coordination complex. Reproduced and adapted from reference 16.

-BFigure 2 . 2 :Figure 2 . 3 :

 2223 Figure 2.2: Typical linkages that have been used for the synthesis of the COFs. Taken from reference 8.

IS2Figure 2

 2 Figure 2.4: Example of a hemiquinone molecule which can act as a molecular rectier. Energy versus distance diagram of the device built with this molecule. A and C are the HOMO of acceptor and donor parts, respectively, whereas B and D correspond to LUMO. a) Diagram at V=0 and b) Diagram at V>0. Reproduced and adapted from reference 37.

  Figure 2.6: Scheme of the energy levels of a metallic surface and an organic active layer: a) when they are far away from each other, b) in contact, assuming vacuum level alignment and c) in contact after the formation of a surface dipole. V L = vacuum limit, EA = electron anity, IP= ionization potential, Φ m = work function of the clean metal surface, E F = Fermi level of the metal, Φ e B = electron injection barrier, Φ h B = hole injection barrier, ∆ = interface dipole. Taken from reference 41.

Figure 2

 2 Figure 2.7: 2D polymerization processes under kinetic control. Red squares represent monomers, where blue and green triangles correspond to functional groups. Solid black lines represent covalent bonds formed during polymerization and dashed black lines are non-covalent interactions formed before polymerization. Adapted from reference 52.

Figure 2

 2 Figure 2.10: a) Two step activation mechanism of the Ullmann coupling using iodine and bromine substituted-porphyrins. Pristine molecules b), form linear chains c) after a rst activation step by thermal treatment. After further annealing, an extended two-dimensional network is formed. Taken from reference 80.
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 22 Figure2.11: On-surface Sonogashira coupling in vacuum on Au(111) and homocoupling products of iodobenzene and phenylacetylene reactants. Reproduced and adapted from reference 82. On-surface Heck coupling on Au(111) leading to cross-linking product as a unique reaction product. Adapted from reference 83.

Figure 2 .

 2 Figure 2.13: Generalized-solution catalysed formation of C=N bond (imine) from an aldehyde and an amine. b) On-surface dehydration reaction of coadsorbed dialdehyde and aliphatic amine on Au(111). c) Laterally ordered diimine structures formed on Au(111) surface at room temperature via Shi-base condensation. Adpated from reference 86.

Figure 2 .

 2 Figure2.14: Reaction of an amine with an aldehyde and with an anhydride leading to amide and imide products, respectively. Adapted from reference 88, 89.

Figure 2

 2 Figure 2.15: Representative STM images of products after deposition of brominated anthrathiophene (precursor) on Ni(111) and annealing at 470 K After desulfurization, elongeted linear features without lateral protrusions are found, which are identied as pentacene molecules. Adapted from reference 96.
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 2 Figure 2.16: a) Single and double tautomerization of N-heterocyclic end precursor (1,3,8,10-tetraazaperopyrene) deposited on Cu(111) leading to the dimerization. b) STM image of a polymeric chain formed on surface by the mentioned precursor and schematic model of the expected structure. Adapted from reference 97.

Figure 2

 2 Figure 2.17: a) Cartoon of two-dimensional lateral polymerization at air/liquid interface. Adapted from reference 98. b) Chemical structure of monomer used by Bauer et al. and representation of the expected two-dimensional organometallic network (metal ion red, C turquoise, N blue). Taken from reference 99.

  Figure 2.18: a) Cartoon and picture of two-dimensional lateral graphdiyne polymerization at liquid/liquid interface. Hexaethynylbenzene monomers (HEB) are dispersed in dichloromethane (CH 2 Cl 2 ) and the copper catalyst in the upper aqueous phase. b) Chemical structure of monomer used by Bauer et al. and representation of the expected two-dimensional organometallic network. Adapted from reference 107.

Figure 2 .

 2 Figure 2.19: a) Free energy prole illustrating kinetic (A -→ C) Vs thermodynamic (A -→ B) control of the product distribution. b) Two possible types or reversible reactions. Scheme 1 involves the formation of a new type of bond and Scheme 2 shows a direct exchange reaction. Adapted from reference 108.

Figure 2 .

 2 Figure 2.20: Imine bond formation via Schi base condensation reaction between an aldehyde and an amine molecule. Inside the box a general structure of Schi's bases is shown. Adapted from reference 109.

  Figure 2.21: a) Two-dimensional synthesis of polyimine network by using terephthalaldehyde (1) and 1,3,5-trihexyl-2,4,6-tris(4-aminophenyl)benzene (2) at air/water interface under ambient conditions. Taken from reference 111 b) Two-dimensional synthesis of polyimine network by using 5,10,15,20-tetrakis(4-aminophenyl)-21H,23Hporphyrin (1) or 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin-Co(II) (2) and 2,5dihydroxyterephthalaldehyde (3) at an airwater and waterchloroform interface, respectively. Taken from reference 112.

  Figure 2.22: a) Chemical structure of three-fold dipyrrin ligand and the bis(dipyrrinato)zinc(II) complex nanosheet. b) Typical anodic current response on irradiation of aSnO 2 modied electrode with a bis(dipyrrinato)zinc(II) complex nanosheet. c) Structure of the electrochromic device built by bis(terpyridine)Fe(II) and Co(II) complex nanosheets, and the operational process by applying external voltages. a), b) taken from reference 15 and c) taken from reference 113.
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Figure 3 .

 3 Figure3.1: Multi-purpose UHV system at Néel Institute. It encompasses four chambers (STM, analysis, growth and analysis and PLD chambers) connected by a tunnel also under UHV conditions. Samples are introduced via a load-lock system which is connected to the tunnel.

Figure 3

 3 Figure 3.2: UHV chamber at ICMM-CSIC, equipped with variable-temperature STM, LEED and mass spectrometer for quality vacuum control. It is also equipped with a homemade molecular evaporator.

Figure 3

 3 Figure 3.3: a) Commercial Kentax two-cell evaporator used at Néel Institute and b) home-made evaporator based on tantalum envelope spot-welded to two stainless steel rods used in ICMM-CSIC.

Figure 3

 3 Figure 3.5: Pictures of deposition conguration used at a) Néel Institute and b) ICMM-CSIC laboratory (where the molecular evaporator head is out of the image and the pair of arrows mark the virtual molecular ux direction).

Figure 3

 3 Figure 3.7: Schematic representation of the STM system, showing the measurement cycle working. Reproduced and adapted from reference 137.

Figure 3

 3 Figure 3.8: Schematic representation of the photoelectric eect. The photon irradiation of an atom in equilibrium with energy above the ionization potential can eject an electron from a core-level state. The dierence between the incident energy (hν) and the binding energy related to the photoelectron (E B ), and the materials' work function (φ) is represented by the kinetic energy (E K ) of the detected electron. Reproduced and adapted from reference 140.
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 3 Figure 3.10: Schematic representation of the benzene molecular orbitals, indicating their geometry (left part) and NEXAFS spectra obtained for benzene deposited on Ag(110) (right part), by using p-polarized light (upper panel) and s-polarized light (lower panel). Taken from reference 144.
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 3 Figure 3.11: Electronic level diagram which depicts the scattering processes involved in Raman spectroscopy. The green and red arrows correspond to the incident and scattered light, respectively. Figure reproduced and adapted from reference 159.
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Figure 4

 4 Figure 4.1: Schematic ball-and-stick representation of 2,3,6,7,10,11-hexahydroxy-triphenylene molecule employed during this thesis. The carbon, oxygen and hydrogen atoms correspond to the grey, red and white balls, respectively

Figure 4

 4 Figure 4.2: a) C 1s and b) O 1s core-level XPS spectra (full dots), after the subtraction of a Shirley background, for a multilayer and a sub-monolayer molecular deposit at room temperature, with a photon energy of 400 eV (C 1s) and 650 eV (O 1s). The spectra are t (solid red curve) with dierent components (pink, blue, orange, green, brown and yellow-shaded curves) described by Voigt functions. The models are shown in the lower panel, where the dierent kinds of C atoms have been marked with colours matching those used for the core-level components displayed in a and b of intact/pristine HHTP and partially dehydrogenated (THTQ) molecules.
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 43 Figure 4.3: C 1s K-edge NEXAFS spectra, acquired with a p-polarization (electric eld perpendicular to the surface) and s-polarization (electric eld parallel to the surface) for a) multilayer and b) sub-monolayer (before thermal annealing).
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 44 Figure 4.4: Diagram of electronic states of HHTP molecule. Reproduced and adapted from reference 186.
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 4 Figure 4.5: O 1s K-edge NEXAFS spectra acquired with a p-polarization (electric eld perpendicular to the surface) for the multilayer deposit and the sub-monolayer deposits, before and after thermal annealing.
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 45 Scheme 4.1: Dehydrogenation of sub-monolayer of HHTP molecules on Cu(111) deposited at room temperature. Partial dehydrogenation produces A. Two other molecular forms are displayed, one of which, trihydoxy-triphenylene-quinone (THTQ), featuring a molecular resonance. Full dehydrogenation of the hydroxyl groups leads to product B. Two other molecular forms are displayed, one of which is a triphenylene-hexaquinone structure (THQ).
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 4 Figure 4.9: a,b) STM images, taken at constant current I = 0.1 nA and bias V = -0.8 V, of a sub-monolayer deposit, for two dierent kinds of supra-molecular networks (low and high density) coexisting on the surface. A few molecules are overlaid on the STM image and the unit cell's vectors are indicated. The molecules's structure is overlaid on the STM image (black sticks: C-C bonds, red sticks: C-O bonds, blue sticks: O-H and C-H bonds). c,d) Corresponding molecular models shown in top-and side-views, whose geometry has been optimized via DFT calculations.
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 4 Figure 4.10: a) STM image of a sub-monolayer deposit on Cu(111) at room temperature, taken at constant current I = 0.1 nA, and V = -0.8 V (scale bar of 10 nm). b) STM image of a sub-monolayer deposit annealed at 530 K, taken at constant current I = 0.07 nA, with V = -0.8 V (scale bar of 2.5 nm). c) Close-view of a sub-monolayer of molecules deposited on Cu(111) held at 530 K. The STM image was taken at a constant current I = 0.1 nA, with V = +1.0 V (scale bar of 2 nm).
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 4 Figure 4.11: Preferential binding site of a HHTP molecule on Cu(111) with the central ring laying on TOP sites of copper substrate. The table summarizes the adsorption energy values (E ads ) for the three possible sites (HOLLOW, TOP and BRIDGE) of the substrate, normalized to the most stable one (TOP) and the calculated heights for a HHTP molecule at each position.
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 4 Figure 4.12: Isocontour of the charge distribution (top and side views) over an HHTP molecule partially dehydrogenated on Cu(111) for a) (5×5) conguration oriented along [1 1 2] direction and b) (5×5) conguration oriented along [0 1 1] direction. Blue and red colours represent accumulated and depletion charge areas, respectively. In both cases, an internal charge redistribution and a charge transfer from the substrate to the molecule take place.

Figure 4

 4 Figure 4.13: a,b) STM images, taken at constant current I = 0.07 nA and bias V = -0.8 V, of a sub-monolayer deposit after an annealing at 530 K. In a) ordered parts of the lattice are delimited by dashed lines. b) Shows the molecular trimers formed by three HHTP molecules with a trapped object at the hollow site at the center of the trimer. The structure of a few molecules is overlaid on the STM image (black sticks: C-C bonds, red sticks: C-O bonds, blue sticks: O-H and C-H bonds). c) Corresponding molecular models shown in top-and side-views, whose geometry has been optimized by DFT calculations.

  Figure 4.14: a) Isocontour of the charge distribution over fully dehydrogenated HHTP molecules on Cu(111) for (9×8) conguration, obtained after annealing at 530 K. Blue and red colours represent accumulated and depletion charge areas, respectively. In both cases, an internal charge redistribution and a charge transfer from the substrate to the molecule take place. b) Net charge loss and gain calculated in a plane comprising the lowest-laying C atoms of the molecule.
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 4 Figure 4.15: Apparent heigh proles of individual or clustered Cu adatoms and HHTP molecules after annealing. The red prole corresponds to a Cu adatom found in the border of the molecular island whereas the green prole corresponds to the Cu cluster created alongside the formation of triangular defects in the supramolecular lattice. Inset STM images and coloured dash lines show the place where the proles were taken.
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 4 Figure 4.16: Molecular models shown in top-views for trimers generated after annealing of the sample at 530 K, whose geometry has been optimized by DFT calculations. Each conguration is displayed with by its associated binding energy per molecule (E b /mol). The green balls represent Cu adatoms trapped in the centre of the trimer structure.
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  Scheme 5.1: Synthesis protocol of the Ru trialdehyde monomer, label 1. The compounds (A) and (B) were synthesised by previously described methods.206210
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 5 Figure 5.1: a) Photograph of the reaction beaker highlighting the liquid/liquid chloroformethyl acetate/water interface and involved phases. b) Reaction synthesis of Ru-imine polymer 3 from Ru-trialdehyde 1 and p-phenylenediamine 2 monomers.
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 52 Figure 5.2: Schematic depiction of the nano-sheet transfer onto a bare substrate
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 53 Figure 5.3: Time-dependent absorption spectra of polymerisation reaction on quartz substrate.
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 5 Figure 5.4: a) and b) Set of optical microscopy images taken on the polymer deposited on a Si sample covered with 300 nm SiO 2 . c) and d) Set of optical microscopy images taken on polymer deposited on a Si 3 N 4 TEM grid. Scale bar of 100 µm a), b) and c); scale bar of 10 µm d).
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 5 Figure 5.5: a) Large-scale and b) close-view SEM images of the polymer deposited on a TEM grid. White circles and arrows indicate the covered areas. Series of TEM images with increasing magnication, c) taken on the polymer suspended on a TEM-grid after irradiation by an intense laser spot. d) High-resolution TEM image. e) SAED pattern taken on the polymer suspended and f ) its intensity prole. Scale bar of 5 µm, a); Scale bar of 500 nm, b); Scale bar of 500 nm, c); Scale bar of 150 nm, d).
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 56 Figure 5.6: Raman spectra acquired on monomer 2 (diamine molecule) in powder, taken with a laser wavelenght of 633 nm laser, a power of 1.8 mW/µm 2 and 500 s acquisition time.

  Figure 5.7:

  Figure 5.8:Raman spectra acquired on monomer 1 (label `1') and compound 4 (label `4') in powder, taken with a laser wavelenght of 532 nm laser, a power of 1.7 mW/µm 2 and 300 s acquisition time. Raman spectrum of the polymer suspended on a Si 3 N 4 TEM grid (label `3'), taken with a laser wavelenght of 532 nm, a power of 0.17 mW/µm 2 and an acquisition time of 1000 s. Inset image shows the exact position where the Raman was taken (burgundy spot). Scale bar of 2 µm.
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  investigted the performne of fmily of trnsition metl gyp whih exhiited high reversile pity of STH me h g -1 for more thn TH yles t TH me g -1 F 131RT 3 Experimental MethodsMost relevant aspects of each experimental technique and theoretical methods used during the thesis will be addressed in this chapter. It is divided into two parts. Section 3.1 encompasses the ultra high vacuum methods and theoretical calculations associated to the study of absorbed molecules on copper surface that is described in chapter 4. Section 3.2 contains a brief summary of the experimental techniques employed in the study of the suspended polymer nanosheet synthesised at a liquid/liquid interface, which is detailed in chapter 5.

  1 State of the art: hydroxy-triphenylene ligand 4.1 State of the art: hydroxy-triphenylene ligand ine the synthesis for the (rst time of the triphenylene struture y the qermn hemist gF wnnih in IWHUD 163 severl hemil pproh hve een developed to funtionlise it during the eginning of the lst enturyF gonsidered s prt of the importnt moleulr orgni group mong polyyli hydroronsD the emergene of the triphenylene fmily strted with the synthesis of the methylEtriphenylene derivtives y pieser et al.164 nd fhmn et al.165 in IWQWD nd soon fter y the synthesis of the oxygenEsed derivtives y F F pson in IWRIF 166 he development of more urte hemil hrteriztion tehniques stimulted more exhustive nlysis of these omplex moleules in the following yersF pirst lultions of proton hemil shifts nd preliminry rystllogrphi dt re reE ported from lte IWUH9sF 167, 168 heir plnr on(gurtion nd eletronErih struE ture positioned triphenylene moleules s good ndidtes for onstruting orgni selfEssemled thin (lms nd extended networksD 169 while their (rst morphologil nlysis ws reported y e et al. y mens of snning tunneling mirosopyF170 
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 4 1: Rened t parameters used for the analysis of the XPS core level spectra for C 1s at 400 eV. The area ratios of all peaks are normalized with respect to Cring-H peak.
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		prw	HFTW	HFRU
		fi@eA	PVRFI	PVRFP
	gE ring Er	ere	IFH	IFH
		prw	HFTS	HFT
				VI
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 4 2: Rened t parameters used for the analysis of the XPS core level spectra for O 1s at a photon energy of 650 eV. The area ratios of all peaks are normalized with respect to C=O peak.

  1 Continuous temperature-dependent XPS study es initil pprohD ontinuous tempertureEdependent in situ study of the multiE lyer phse ws rried outF his gives us omprehensive overview of the system9s evolution with the temperture for othD g Is nd y Is ore level spetrF y Is ore level spetr versus temperture mp is shown in pigure RFTF e (rst ompoE nent is loted t inding energy of round SQPFS eD orresponding to the intt hydroxyl groups @gEyrA of the moleulesF he seond one is loted t inding enE ergy of SQHFS eD orresponding to dehydrogented hydroxyl groupsF he intensity of this pek is inresing t the expense of the other omponent while inresing the tempertureF et SWH uD the intensity of the pek strts deresing inditing the deomposition of the moleulesF st is noteworthy tht the exess of rr moleules tht ompose the multilyer phseD re grdully desored from the surfe leding to rr monolyer on gu@IIIA fter the nneling proessF
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	Figure 4.6: Map showing O 1s core-level spectra versus temperature starting from a multilayer
	of HHTP molecules deposited on Cu(111) at room temperature.
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  Stepwise oxidation of HHTP molecules onCu(111) 

	C 1s core-level					
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	280	282	284	286	288	290	292
			Binding Energy (eV)			
	Figure 4.7: Maps showing C 1s core-level spectra versus temperature starting from a multilayer
	of HHTP molecules deposited on Cu(111) at room temperature.	
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	Intensity (arb. units)	285.5eV a) C-O 285.7eV	284.0eV 284.4eV C1s C ring -H 284.7eV C ring 284.2eV sub-monolayer sub-monolayer (after annealing) b)	530.4eV C=O C-OH 530.8eV 532.3eV	O1s
		287 286 285 284 283 282	536	535	534	533	532	531	530	529	528
			Binding Energy (eV)			
	Figure 4.8: a) C 1s and b) O 1s core-level XPS spectra (full dots) after the subtraction
	of a Shirley background, for a sub-monolayer molecular deposit at room temperature and after
	annealing at 530 K. Measurements were carried out with a photon energy of 400 eV (C 1s) and
	650 eV (O 1s). The spectra are t (solid red curve) with dierent components (pink, blue, orange,
	green, brown and yellow-shaded curves) described by Voigt functions.	
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3: Rened t parameters used for the analysis of the XPS core level spectra for C 1s at a photon energy of 400 eV. The area ratios of all peaks are normalized with respect to C=O peak.
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 4 4: Rened t parameters used for the analysis of the XPS core level spectra for O 1s at a photon energy of 650 eV. The area ratios of all peaks are normalized with respect to C=O peak.
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