1 FORMATION OF ORGANIC ELECTRO-GRAFTED FILMS ON THE SURFACE OF ELECTRICALLY
CONDUCTIVE OR SEMI-CONDUCTIVE SURFACES The present Invention is related to the field of
organic surface coatings, said coatings 5 being in the form of organic films on the surface. More
specifically, it is related to the use of solutions suitably selected in order to allow the simple and
reproducible formation of organic films by electrochemmical grafting - or electro-grafting - on a surface or
a portion or porrggns of l&urf ce which is (arﬁ%:electrlcall conductive or semiconductive. There are

several technlqueshfwfﬁge pn% attsatieve %%[%%AF of fﬁW%rg%Hic WF fiIﬁV?EﬁCsEubgfrates,
each one relying-6f B EeeiC PRI DI easEdr HrabH<SoVmBlsEuie5SThe process of formation of a
coating by centrifugation or "spin coating"”, by immersion ("dip coating") or by vaporization ("spray
coating”) do not necessitate HakievaaleciesheingdepesiedAave daynaHirgiat affiaiynydth the
substrate of intgLesl el he RSHE RiRCRRS ISl enahies o abianadimen e suriace. the

cohesion of WhICEmO rima % o the cohesion ene Iim, which can be reinforced by a

post-treatment, for exa?ﬁlt SPERTSE iR S AOr i ggﬁ%{ﬁﬁ”c?\fgmt%dg‘fﬁ?ﬁ gynation of ojganieiiTSiple to

increase the stébﬁif&?t@Fﬂﬁ"é‘ 'ﬁﬂéﬁ‘f’é‘é@ MOfHESE PPBEE SR R SHERSE S Ferdfie mbRegifesohvhigaean
undergo self-asgernislyean dketrdaiffanedidieser rrolecudesiare known in the prior art as those giving rise

to self-assembled monolayges-ar SAMS1EAMENAin iHeao2E IDaeting desulirathinraamisdilms from
Langmuirsglodgeitt filmsg, g coll- %gé%ﬂ%{&%% ?Q&é&&- A%ﬂ?ﬁm'% !;%%S;)re '??5%% gafve%"mo

straightforward relations th IEwbetwgen self assemf which essentiall escrl es lateral interaction
between adjac8iFPRoALBEWhIER SFAMN &Y\ FEPd SfeacrizRa %é‘ewnd"%ﬁ'?‘é‘?ﬁd%ﬂ?érﬁf’éﬁ%f Pe fact that
the overall "cloSelpAeReEeIa) SIS HAY %ﬁ@%uhﬁy 16t tRecertderHm e drrastlembrithgeassittbliess such

close packed raonpdeipeis hifiviy algoizcens2stectiaimed. witheh dronor disuactiostadnagdecates, one end
of which has a sitong aflisiyntos e surtagaaenslares Rrughasae ebiaingdabhighdeosity of
moleculeson the, syface. SueBihEsE, Dpleckies Rave Imied e pe&%gm guRRA09, A5 SHch -

cannot be considered as self-assembling. Even though the underlying mec anism accounting for the
formation of a rhoncg’l'a%r is different in the two cases there seems to be a trend to designate as SAMs
ultra-thin layers - 30 podsiblyaFidifolayersastieavetabiral P disiegsny StrsnPuerrdrsPyithe surface,
at high densitysptdiandsiani¢h eviscirferaiiterue sBAabdsmuithronbysiateral intecactiongepom tonittle (if
any) improvemgnkohiae adbesiensafithe interfasss wbilsmonenablifundionalnelpculesagdded to a

dip or spegy fortmulaLAR GBI RN BRLSELPY. SIEENRERIn Hisiedace A gRoharing points.

Since the bondin of ald mono- or functlona molecules is important in this 35 strengthening, one
will have to conSitiat I8 raciIessUss Sipida %trﬁ'%ﬁ%“@a%%e’ﬁw’%w& &egy Fﬁﬁﬁf‘%@&ﬁémmg
molecules are ‘P(Pf@ﬁ?\ff?%%“ﬂ%\‘lé’%g%"ﬁéﬁﬁtgﬁlﬁﬁ?r FOHGRBNER) SXiBEL Fetec P ARG eti® ‘BifaHe's fr oxides
like silica or altssrnéspoycdanratogeraiecates:fofataphite: arthd tarroracikadblueebasete aitngll the
cases, the formatiasn @fhNielesen & sReGIIGRINSICeshemisaliNar adinmywhich manarde chemical
reaction, REwegn A.parkPl e ”APlﬁ‘%&H%R&?%Y&&T thSneze%ld'BP%%ﬁ%s'% @%&?aﬁﬁm% thiogs,for

example) and certaln ‘receptor” sites on the surface. One can obtain, in favorable cases, ultra-thin
layers (< 10 it SP o ISR AT SHABF ol BTpoen=1) of TSR 8o HEter SIEfdn of the
interface bondg‘%&\/é‘l‘ﬁeﬁﬁ‘ﬂférf‘?éf‘aﬁ@deﬂ)‘ﬁéﬁ thfer iﬁ%@%raﬂﬁcﬁ‘ﬂﬁ@sﬁ?@é&b%%%@%éﬂﬁfés are
actually very linsgtedioalBrvestiideahsitudiping. hecSiase sguetigddotiateriacerSit @ -Birwitesface
bonds, which eipsebalhamengsthe rirorgest i3 shemistie hutithasabonds arexeadihehydrolyzed
at room %“P"é@é%% '.IHOW&}L ErsThlﬁ’étgd%eaE'r’Egu ALY é&r&%‘%&9&%‘&%&9&9@&#&@0&% BukLeadily

desorbs at 60C_or in arg SO vent ropm femperature, or e se as soon as they are In contact with a

liquid medium ToPtATRiRg AIF St o rﬂ?e ﬁ‘%llsgr%m ok 1516y oAy s BHitfR St Udee™)
self-assembly BREPGT IG5 dNEERE RO HK INOTRRel etiitesatroptdiftgeisochokisteireedisb pfetals
andfor semicodiducting sirfacetarecue halientedinfbisfisevwe siamgtieesogvine misditds uface®arg being
obtained by sqiBRsSPeRific tRChiusHIRs SUGEIASERYIteHNG-RhBY RN YsHRLRE CRemisalaanerieposition,
as the sayg sudace AN HaUaN @9&8&9%‘%948%@&%9&%&&8@ 5%%@%&%@&%%8”

Nevertheless, w en favorable [cases can be considere these techniques of spray 15 and dip are

very versatile, AppHcSBIE Bt U’eessafﬁqéﬁor?’é'c@shaéfﬁd”f%lfﬂg}grgg%&félﬁ%d ﬁéWev%?oﬁqgry o not
promote any éTPé?ﬁ‘W@ B‘&ﬂ‘iﬂhﬁjrb‘@?ﬁﬁééﬁﬁfll?ﬁcé*n‘a st PRrEcapisrrREavesnrsre physical3bsorption),
and the thicknessoofridretfies. isthardl\treorasedldbddormatartic filan sidrem altnadiimplagerschemithie target (<
20 nanometergjefd@tRow@icHite:jechniguasef spinicoadagallewdndosm depasissty-whersthe
surface to be coated is primarily plane (see French patent 20 application FR2843757). The quality of
films On terms of homogeneity and conformality) obtained by the spray coating are related to the
wetting of the substrate by the sprayed liquid, since the deposit becomes essentially filmogenic only
when the droplets of liquid coalesce on the surface. Thus, for a given polymer, there are generally only
a few organic solvents able to give satisfactory results in terms of control of both the homogeneity and
the conformality of the coating. 25 Other techniques of formation of an organic coating on the surface

of a support, such as the plasma deposition described for example in the articles of Konuma M., "Film
denncitinn by nlacma technidiiec” (1002) <{nrinaar \/erlaad Rarlin and of Riederman H and Ocada VY



30 surface, the evolution of which eventually leads to film formation on said surface. Plasma
deposition usually does not require that the precursors have any particular chemical property;
photo-activation requires the use of photosensitive precursors, the structure of which is modified under
irradiation. These techniques usually lead to the formation of adherent films on the treated
35surface, although it is generally difficult - if merely gpssible - to distinguish if this adhesion is due to
a cross-linking of a film topologically closed around the object or to the actual formation of bonds at the
interface between the film and the surface, The electro-grafting of polymers is an alternative
technique based on the formation of a polymer layer on a surface in situ, i.e. from a bath of precursors
rather than fronseppreawade tBepabmeethidh ésertagieiaitbcedateteispotasize deteettically, and serves

as a polymerizagigroiifiatordieh Reevnkrs-tiiacanalymarizationiviadrenagationshais reactions (S.
Palacin and Al, "Molecule-o;metal; ands: Slerliograflngd.RONMEIS %WS&'}Q&’%%%&‘EB?&S@ trie

ChemPhysChem, 2004, 10, 1468). 5What Is interesting is that the reaction of the polarized surface
n

with the first maROMEr IS & St SR URSATRET BEHTUMcH T TS Kamessdosy trations.
polymerizafion Si6pe@tR et prgeemetof tinetings Some shgoTerEosrRsbessoR thas EParet proof or
footprint of the chenital botesahivhissxistsabibtivesrivdee #ilmantdrthersuraceaBicoordingetasthie reaction
mechanism, thesecansiol hpd pelymesdiim-onthesuifacadfdheredeng shagadransiaranghond

formation with e, LQ6SL MBPBOMETShon as el ARCITORRORLMDVlGH MOlRSHISS 8, Peatng. Al
electron-W|thdr%1W|rt"%0Turl]célorl}?l group, I|A<e acrg)l,%nltrlles, acrylates, vm%p ridines... are particularly
adapted to this process, Which proceeds VESSER alfiom ¢ B SBAgaitoR e darmens: PheFeosinsi
mechanisiP of SSITYegrRIAE WIS IR HEFeRGH AP GeeeiAb Ede AR s TSy e B dery b,
Macromolecule$hid 89%e8010838; @eBsrwauranes drdelingbolaled nalcofSustdcasbimadysissutf a9, 6(2),
159 and C. Burgait£inglor 3pprat b mBasNagd pafion Ok the said sTRSERMIROEha.olyamer layer

proceeds via anighig prepadationin.cathodia gd%gggmfting. This growth is stopped in particular by

protons, and it was even ﬁhown that the content of protons constitutes the major parameter which

controls the polymer formation i Sollion; & iRtdFaton SBRSITREEHin e Esiresr dyitRsis, in
particular 1Re sRAPEMAG ¥4 r4ctala RS SRasd o BREHRRS it ree Grddartumigiurdisy Hemesss (see in
particular the atieleion@. Bereiugniotierdlobitidotrbanahitith Gl stnpsti@O%pdi Fod3). mere  Water

traces, and mogegRaER bR e pEahe RS REHGIROMENIS LaaN Fihte SMIResadOleBS Rrejudicial to

the anionic gro e | s, InSely d e Asdescribed in
patent FRZSGO‘EMEP ﬁ{t’% hég%%\g%‘t}g Hgfﬁﬁ%ﬁ%ﬁ%ﬁﬁ ig%Ptgrll)e‘?e?h f(%é%ﬁq %??%1?3%% r%—ggt?‘aﬁg@#ilms -to

perform the eleCtro-gramng of Vitylic motorete in’a bathrcontaiRing at Ra% 565pr 6! WA, and
ideally appYoxifPRERiabDBARAEY boht tHalbi<tE sayiireanscabrgtrebantcontammiy) dhineds much
water as the elégtielyerasuppbn ifnctatedre. tithigeting xp éctedoststsl bgomesrinem ihedfadicthak two types
of polymerizatiassoatedoooampaiitinmi midoueinctitygradting (hshe aroudn efdbacbains stasing from an
niuaror on (Ne SHIARS =/ dhd sl AOIRIGEHUI 1, ARV AR IRelo (e RO O QUGG

from the d'meﬂsagagr}n% rtrggb %g%oea b%q{g{ca anion (eC. Bu ournal of Electroanalytical Chemistry,

reau, J | of El
1999, 479, 43) Fhis growth 12 carred SotinsolttgH, |Wd%ngé%%%%rﬁfﬁ%?l'é‘hﬂ‘g?e‘?ogﬂr&f"can give place to
films if thé%ocal concentr3HSh BRI SHH BBIoIAR PHGARENIS SRsilitin decealesial formPRivesHbld of
solubility in thea8Bheieimityecfetnsitmdesanfad dorBamrileishéregiene rakmotradhetBint eerdtian be
eliminated frompisstiaee By, ee3T1ieom Soghyethvagn od 50 lyentalitbehalrmerdibseases whendhe
electro grafting, i RRACIRILA 1 28300 8ol AL ARAVIRY, b UskAMIRRGt SYERYIIPIS 1, he final

surface, which onlI bears ‘the elec ro-graft?%lager_ . The competition between these two reactions of
. .. _simiar rznc;Fﬁ:k?ensirae ar. unslable F{hative of a3 ecurscir glecul 48 tqg V“}l{’(ﬁtﬁ]?f t@ﬁ
polymerlzatlon IS In general Kine |caIIy In 1avor O € reaction n solution, wni h a geneous
_ 30 surface, the evolution of which eventually leads to film formation on said surface. Plasma
deposition usuai%y' does not require that the precursors have any parficular chemical property;
photo-activation requires the use of photosensitive precursors, the structure of which is modified
under irradiation.
These techniques usually lead to the formation of adherent films on the tfreated
- 35  surface, athough it is generally difficult — if merely possible — to distinguish if this adhesion is due
o a cross-linking of a film topologically closed around the object or to the actual formation of
bends at the interface between the film and the surface.
The electro-grafiing of polymers is an alternative technigue based on the formation of

a polymer layer on a surface in sifu, i.e. from a bath of precursors rather than from a pre-made



4 reaction, compared to the surface reaction, which is heterogeneous. In the vicinity of surface, the
medium is impoverished in monomers especially because of the polymerization in solution, which
"chokes" the polymerization resulting from the grafting. It is thought that the protons added in the
reaction medium by water addition make it possible to limit this imbalance by "killing" the major 5
reaction, i.e. the polymerization in solution, for the begefit of the surface reaction, by maintaining the
local concentration in monomer in the vicinity of surface higher than in the total absence of water. This
mechanism, which states that more water is better", though rather counter-intuitive for an anion-driven
polymerization, makes it possible to account for all observations, including the very peculiar
voltammogramgaiptamékisutizes & ronéproticlarmdeds dfisddctrod geaftings 4 foklowesdm thistonode is
observed only farieRNEERHEIRNSER: NSiAREARCYEeadRgAdeWBKNEREsHor(8. fewadiouaands of ppm
in water, above-ghich the growil siartind femsyHasedisell s killed.aadnete isng elpckosgrafted film
formed on the 5%2%% ITrl(%ractlce, it is almost more difficult to maintain a solution with ‘a water content
given than to maintain’'it wi P‘n a very low water content, as it is the case for example when the
aforementiSned solution & PRbAFREE TS BEOHEAEEWRA FrdshIy piess et ofclipirgiaeemer Al
in all, if one cansthugrareytiogtchemisbhdrdnde-ois tendtatiiingddysemigendirion suipsyaias by
electro-grafting péscacoustranuraars sharing-en-050amceSoukienstharesamainstRediffigidly to
obtain, thanks tg,these reartions.sueh.0ims siaeing.from selifignshat weuldihe.aasuie Rigpare and

control, because thetgubjacient r%actlotr[]}al mrfechaf,tlsms ol merltzat|?n ofdtlge g?anlo_n t ,mhdo not
make it possiblgafg] c\)/voer’kaiﬁogmﬁ'iiéﬂso%or?tgfn?ﬁﬁ !arbelf?a{?y WEEPEIRTRGRtE e "o mﬁi'Woﬁ, on61y salts of
aryldiazoriiigm dR\WEBPEIF approach of solution to this problem. Thus, as described for example in
French patent applicatiorFER2803497 3;ithie" eledtroigralinpedripre eursery suchhds eingl diaztomiaim salts,
which carry a pgsiiyexehargeniscasisteutihankeitesa. wackianunigleaanaiieriesistinnal the
cation, to give %&Q&%@Iv\’é(@i?Qn%n%HP%%“Xn@P&%%ﬂx.25 on surface. Just as in the case of the
electro-grafting of polymers, the reaction of elefctgro;%[aftmg of ar%ldiatzopiugn Saltljtsd IS tehlectr,o}-initiated
and leads to the formation of ShamiCT Bonds BFIRTEPEEE ARG ARIE TS the &TER o g PSHING BF vinylic
monomer&2thefedHEeg &ttivg MAEHYRIELBhIL I sA 8 &s Bigeragiird DeltsliecHriRial R¥efon be
coupled to the éhalrgie, tregis kR X0 Sabili2eBineacreshi dallyabs drhesospBfie Sehetiause this latter species

is neutral electrically. Theelegsian SQrgradiingroharddiaceniumsios hissderedssisaighifassardly to a
surface/aryl bogdhich,isRahle; Huas SNawA.R RAEHRrIN FeRhHARNARRIGEHON:R2829046,

that anyldiazoniym alts lead Lo wery (yn otdanic Hims whier.are copductue ol cleclicity, apd which
aryl film is Obtained on the"ni

Bro X \? oh: the .
can thus grow 6n themselves: once eara INg or afirs 1al’'surface via

electrocled¥agd @ ERENRiSHRIHGHT tHe Mg AONEBSsIde R et dlifetiseneid Anracteplztidhein which
35 more polynvetsimas formerrdscmoies turrentiowsthioughithier dlectitolienf As Buresulipgugh films
are usually moee Biffteistidpticantreh #rpanicuias agyregards their thickness. It was observed (cf:

X. Zhang and J.P. Bell, Jadinal.of Applisd Eglymer, SAIRN5S A3 P85 JARIthatdnelestareduction

of a solution co tarl%r}g_an.aépéllgl%z%nlum salt an agvtg?yllc monogaaetirﬂs(‘:%ré ead t? the fo(grgr?;}won ofa

. . Q reju a aponic gr [ Gl yYmeri 0 splution an .
polymeric film Gt fhe saif rhonom.er on the s@rf’ace' ' vided that the Said po_?ymer IS INSO Uble in the
solvent u€8d foiffiscelsclfssyirt Bl B BEIRR hAVaMAGEs riratiaidit ressrRadissetth and
vinylic monoméirs eistelaifed firthidaptdten iberectheopdivmedviair beointainédehpieleatiorsgnthesis
without having 4o 1aaplydhehigh eathodic veltagessequitedytamohiere theneleatre-redugtianaaf the
vinylic monomey, dt-ig-suffigient-tgaliaimg feteductionaf ihe aidiazQuim:salta: Which-are used
then as initiators of a{a(ldlcal ¥y e polymeriz tl(gn. %han et al. .%p.cn.?zlndeed observe tt at by carrying

._ .. _unexpecteq resuli’comes tée\? d 1 oﬁ/pes ofén mell' tions_are In_competition It,. .
out polarization at constarnit po entlglﬂg%, of a agueous so Gtion containing an aryldiazonium

salt at a cShceRGRABEHBLIA BV BT SineFiERRASRTHE" THEPHe o BiBsRvERIE BRKALon of
any film on thecsurfeteitbfize sretino dergio ) hatchbuotath feriationofe golisdoirosordenithey
interpret this dadaiday shibrag@ UBng: 80 b RelyaeT Harstdadsnamte nanki|e.cenmversaly Hhayosarve that
by carrying out.pelayization ahGenstamRMeniabt- Le ¥/ SGE).9h a8 KQUR SAlLIgNLOMRINIng an

aryldiazonium sgit a3 caneentiaionof about o104 metid.and gf e, g achyiopifiie, and methy
methacrylate wﬁ’ﬂ concentrations of 0; f an(T 8é% MOL/L: réespec |veﬁy, ey observe the Tormation of a
whitish fil? on iiE'§uTF4E8 ¥4 Liffitar Stk CobipBrosififtn TEVRR NN tRTCREifI T8 eAfieF 30
minutes of elestittysiey sierkhitkingsytof filendgsobstihvitoe e eriinverendsy 'wisietirisosiindisantly
larger than whateandarachievedikyelant poghaitingabine me ke Rigitenanoiners.Baewiterpret this
result by indicafing thattheformad-caRaly MRl thesStiehual Whickis dentifigd byyariablg-angle
reflection absorpfien Irged Seeckiosropy, i eomRIsieh Insaluble RavalerAnd fas precipiated on
surface. 20Thdse rest %s are appealing tor ﬁ’we kiffe person who wishes 1o obtain polymeric films on
metallic substrates. However, the reaction of grafting or strong bond formation, which constituted one
of the outstanding characteristics of the reactions of electro-grafting, disappears under the operating
conditions selected by Zhang et al., who obtain the formation of the film by precipitation on the surface.
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The present invention reveals an operational mode in which it is possible to easily carry out an actual
electro-grafting of a polymer starting from precursors solutions which are easy to prepare and control,
in particular thanks to: (i) a protocol of application of the electrode potential which forces the reaction
of 30grafting; (H) the use of an electrolytic medium which is at least a good swellant of the
formed polymer, or even a good solvent of the said palymer. The objective of this invention is to
propose a process enabling the electro-grafting, 35 on all conducting or semiconducting substrates or
on any such portion of a composite surface, of organic films, and in particular polymeric, having a
thickness going from the nanometer to a few microns, and preferably from around 10 nanometers to 1
micron. 6 resStich rganid filths safadousedul eliitiek fortheknetom siatpropeities sofaas thaderlayers
or interface layexsdioh thefbsirgsabdusthendnate ialssiinesessany Rossiply-Rxisnetbarimeansdike dip
coating, spray cogiiag or.SRINLoalind A3 dshilbs aplent ERE0AR ((va geaduelnlarpepent of

adhesion of a functional 5 layer, for example organic, can be o talne than st%gmﬁ%ated organic

underlayer - anfP5 BAMELIH} %W@ﬁgd't%@ﬁkﬁlé PR 0 T Tt et Y s 4 T&W tens or of
a hundred Randhieletstehikeleplytieisasptrie ssietion optife Rearis ‘éff“@%/ﬁﬁﬁ%‘i? SraRe Ry ST ERRHowWN
polymers, so thaieascal rderdayetodbdmng mdinigkndiss ididdast thitdengtherstibreorétcally suficient to allow
for the interdigitatian ofdhrpehneratihadnstionaldayerintathe graftpdundeslaysrinigiviadliow the

10 formation of 4t Jegst o0 lag el polymeral.he, gtional laver witin b arafled undleriayer. In

short, it seems established that a better adhesion can be obtained with thln to uﬁga -thin underlayers

provided they af&'grafad LHEIMALE S SUSIRD LI &80 PIATRIENS RiIeTR EICTREME% described in the
prior art. A8 it is describetiatieperdhit PRIBS7TEMNVRACRIY e |%@§W@“&'@9@P%ﬂﬁfﬁ@%a 15
grafted polymefefitmsivnicioras éemctaisaidpdpethiy evasglpool PEE palddimteshylsddscane)BEMS...
etc), of macromglgculefewhighiare 8obRAYIRaSHEEHHADEe I ateins s NN, ineiekiek, of inagke:objects

which are not n}lr?o%ocmfelﬁ%'ﬁﬁ &%%Q%R‘ﬁén%ﬁﬁé%% M&&?Q% #89 F&%ﬁ%’é mpmry%ery%&) The

same V|nyI precursors as those described mgjatent 2 can be used |nt enpresenf% invention,

and one will us¥TF P I B8RS TRt R o P RABAR MY o P YR SRR, SY ' Mt SR 4 fiohal
precision, lg’elngﬂf?&é‘ﬁ@ftf&ﬁftﬁé’fﬁth%%@@ﬁéﬁtﬁ!ﬁﬂéﬂ monomer can be selected among all the types of
precursors already listedA ipaderit FFR 283784 2arry out chthigghresdnbmvantcimgeliesondhigdact that

when one appligga-iigiardepardgatisiestiadePairutialeiecoharrowdad dhaldhisipreteaalcontains
cathodic excur%%%céﬂy%t@&ﬁﬁ'%?r&é"%@ gRareniaher ihanmcen E@!ﬂ&W&ﬁQQHwM%@Q«&!%@dG

dipped in an electro(}/tlc bath comprising at Ieahst alglazqnlun?(;saat and at lea t0 pne manc rg??r then one
can obtain - aft& MRS S tha forMAtion ot SR AaRTRRY HEITRIdIC TR SRR S8 MEAGMET. A

first object®f thEREPRIGH i@‘d’ﬁ‘@tﬁBﬁPﬁ@iedPaTﬂf’fgﬂasﬁ"tii?‘i’j&rﬁ?ﬁfﬂi‘ﬁ”@ﬁfa*%yéYéﬁrﬁﬁ’éW‘éonductlve or
semiconductive surface biptélestronhedristid argfiazeolutiefpveomprsingthef Slfiotlowigrsigps: a)

preparation of FQluion:soptainngxahifast pRacH saem UppIsalbANkIHRITH RYReLhegrngadleast one
chain polymerizahfg finctignal grwmm @5?%396@1%@8![? ohsaigoraanic flm.d&y Kleqayzing said

solution in an electroly IS, cell uslﬁgr h Ucon cHng s mlcondu%lnpw?icgqgghgo be cogte% as working

electrode and é??eg)gt%r?ee REARfareIet r(C)t so as Onesouﬁw%a iy cation 0 5 !fé tone protocole

consistingof af'etetfiealysbisrid iforrest ?ﬁ@%aﬁ%@w*a@ﬁfﬁﬁgﬂ&%ﬂﬂﬁﬁ@%@&ﬁﬁ%@@@m@ast a
range of valuesfrhidhard:mesis cathotiicittiaethedéade tivihoopesk potantidtabalddidzoeiam. salts in

said solution, in@gEaie e eaativgrelsaidOsgaRkHithensaiths Widage gratting of aryldiazonium salts

does not require that a chemical reaction be coupled to the charge fransfer to stabilize the

chemically absorbed species, becausse this laiter species is neutral electrically. The electro-

30 grafting of aryldiazonium saits thus teads straightforwardly to a surfacefaryl bond which is stable.

it was shown, in particutar in French patent appiication FR2829048, that aryldiazonium salts lead

to very thin organic fiims which are conductive of electricity, and which can thus grow on

themselves: once the grafting of a first aryl fiim is obtained on the initial surface via electro-

cleavage + chemiserption, the film grows by electro-sustained reaction, i.e. & reaction in which

35  more polymer film is formed as more current flows through the elecirade. As a result, such films
are usually more difficult to control, in particular as regards their thickness.

it was observed (cf: X. Zhang and J.P. Bell, Journal of Applied Polymer Science, 73,

2265, 1999) that the electroreduction of a solution containing an aryldiazonium salt anc a vinylic

monomer can lead to the formation of a polymeric film of the said monomer on the surface



7 At least one protocol is advantageously applied in cyclic voltammetry scanning (CVS) mode. In a at
least one protocol, a variable working current is advantageously applied to the surface. 5According to
the present invention, the monomer is a compound bearing at least one chain polymerizable functional
group. The polymerizable group can contain a variety of polymerizable moieties such as double bonds,
cycles (polymerization by opening of the cycle), or fumctional groups. In a preferred embodiment, the
monomer is a vinylic monomer. In an other preferred embodiment, the monomer is a polymerizable
cyclic compound, such as lactones 10 The threshold under consideration in the present invention is
the reduction potential of the aryl diazonium in the solution. As is detailed in examples below,
an adherent filmprofipelyhhydecaetbyhmeathaenyiate (po bt canthepbtainaaspany ek ametric
an_?nti)ng ofa Zléaﬁ%%?gégaéﬂ{ﬁe?ﬁﬁ@%b Jfltwqii.%éumm u;\lur}m};ig @gae%gﬁ%g%%ﬁa@%?m artc, is
-nitobenzene iu raflugrobaorate -2 mol1/1 and. at2 m (solvent =
DMF/water), ovﬁa%g %o%@ﬁﬁéi Pgﬁcé)g_ %? %ﬁd%}' E §f?65¥:{ﬂ(. V= ‘ uatlt e A nal_%?giy ?gteej%%% 1%?@ ?é_\clls.
P-HEMA is a veRJFRGrEPYTRE Baishiser fiRipcerighRioal bR iRvisdreromectt otinichiaip@tance
spectroscopy (1S yefaeiinievietth cleitinsprivitsaiisthehisoyrp BMA Tzare pobttiatee tyatedsrddess of the
present inventignlyemaitsuths syvallendyy/civpiekan chalows fosianiceondussianaddistbrngsn piece of
e;/igleng? that tth}&efﬂﬁtﬂr hass! W@:@P%MEQ;&F %Bbﬁti&ngﬂﬁﬁ‘ﬁr%oaH@ﬁtﬂﬁ}%ﬁi%ﬂ o wgf f‘#ﬁf‘%ﬂ&a result
of bond formati | e underlyi etal. For this reason, we shall make use, o er
electro-graftinggtffa }[%,gﬂ Btté;llynr}?rgg ng%pa tmr?“é‘\‘/’éﬁﬁ%ﬁﬁﬁ“. %ngg\?vwr%\%%%so{ma “Grartin %H‘a%éﬁggkjgﬁfgd by the

0 a graftin
electro-reductioll BEFEEJICHSA (?(S‘ﬁlaé’ﬁ‘ﬁﬂ@’b@fﬂ’ﬁ'?ﬁ(ﬁ’ﬁarﬂ‘éwﬂ%ﬂ%éﬂ”ﬂ%g@é BB tid A AN reaction
and of a difzoratavinsaibathreiaretamidn gspraferaslybis |6empRBntretiohs2Bit ek tremyiresuilt of the
present inventipnidhatitihe samespracesiegan alsohe/mopied tamanamersstiabu seailyiindergo
anionic growth aipaeshexeluaively, sieb-aaioRomssstiat fRR URESFIOFRG-OBENAG RPI¥METiZation,
0. lactones syeh. oo GAaDIRIRCIANT SLARLIER 3116h ASIRGE oL gl elsaclls hese nenomers
have in common with vinylics that they undergo propagagﬁﬂon chain reaction, a ay thus be
|

described as "dAMRIBBRIALHTELE HURE FErs Hel e TRREther Rt EichHE PARPREBMMNE B more - if
not excludiely Affsiolentir rfichielagiols. the thicknges efrfiielbsestin g is davé dritianaigonhiditammetric
scanning polarigatitrarof aadb6lhstavhie sarsteel deupobyialacwaderBolotibe cenrtaingremnitieghenyl
e/i/aEzggium ;eérasfhwr@tyaé@xetm 1 mpﬂr{é;?@% I-tﬁgﬂ"/{ﬁ@mgﬁwé’é Qoécﬂlprslaé/ 1, @yeﬁragapﬁeatl@ks@nﬁ? l?f -0.2
to -2. t ingLr mV/s,.a film or polylactic aci with a thickness
of cose o 1.1 1o 4 B B R R e
even under sorff@&fidM" URETREESEL WECS strong adhesion through grafting could be obtained. This
type of fil#Pis of high inteTBegefegsmenmegaatnp I fasaskiisd exgrartatshe fitishes to obtalhapdyrarte may

consider that thigrpresentativentiariraliekesvihaHa etdhiat whenronreoappies mithierdependesitt electrode
potential protocehshimided Hratdhiseiaingeharpiaing: ScathedieRyGISiRns-hRnenilsmich are

higher than a celgnhisshald AR, SISElions, JRRSA AN EISSYOM Ralh.coprising aj east a

diazonium salt and at least one monomeric compound; i.e. a molecular type compound arYng at
least one chairl SRS PANE #ii&fonal group, then one can obtain - after rinsing - the formation of an
adherent%ﬁ)lymeric film based on 5the said monomer. The examples below illustrate the main
advantages brought abolibdyrthentizecnfithe«sprocess pbtitepiesent inventionis possible to easily

carry out an actual electro-grafting of a polymer starting from precursors solutions which are easy
o prepare and control, in particular thanks to:
{i) a protocol of application of the elecirode potential which forces the reaction of
30 grafting:
{ii} the use of an electrolytic medium which is at least a good swelant of the formed

polymer, or even a good solvent of the said poiymer.

The objective of this invention is to propose a process enabling the eleciro-grafting,

35  onall conducting or semiconducting substrates or on any such portion of a composite surface, of

organic films, and in particular polymeric, having a thickness going from the nanometer to a few
microns, and preferably from around 10 nanometers to 1 micron,



(1) the process can be applied to all electrically conductive and semiconductive surfaces such as 316L
stainless steel, cobalt chromium alloys, titanium surface, titanium nitride...; 10 (ii) the process allows
for the versatile production of homopolymer layers with on demand properties: hydrophilic layers with
HEMA (hydroxyethyl methacrylate) as the monomer, hydrophobic layers with BUMA (butyl
methacrylate) as the monomer...; (iii) the pgocess allows for the versatile production of
co-polymer layers with on demand properties: hydrophilic to hydrophobic layers with co-polymers of
varying ratio of BUMA 15and MPC (2-methacryloyloxyethyl phosphorylcholine) as the monomers... ;
(iv) the process allows for the versatile production of organic layers made of non vinylic polymers: PEG
(polyethleneglycol) or PD&i&h(ppokyid imatbysiioxane kiayets freim-mathaesydate telesheliermenomers of

PEG and PDMS. intertace layers ﬂ)tﬁb%ﬂ{&%}%ﬁ@#%i@%“i%%%%%%@ﬂ),%@&%‘%%ﬂoﬂiep QMER? Eilgemming

from ring 200p(?:‘(§1ui)n B e %jf_a[})’%garyfgrizatlon of.c§1clic monomers such as lactic acid, glycolic acid, E-

tingd. )
caprolactone...; Vi) 68 performs the actual grafting of the polymer layer on the

rocess per
surface, as is illustrated )f‘t?ifécf’égﬁdtﬁ‘a‘faéeﬁbﬁﬁqﬁﬁ’ [AYEPDIHSHERMSELE BIRET RS tHe fedienf!invention
is fully swoften tysuaiesrexauris tiganisoraebelphirpsslinkes and iorsbhdbbesarcthedstatace:and in
Electrochemicap@bcinapedanee Spaetroscapy (B4S) measiyramentsshay ihatdheoelgcirashemical
impedance of anhil.sfaasd kAN medivin dsveriille maddied by A0 3maealy JdEMA layer
obtained by eleglrpgr g‘g[mr?ér ah'?ge%“’é"{ﬁiéﬂ%%éo 'J%E%W;{%E‘JHWEOQ%QJQ .cé'llmsb o aelive, ang dnat the
polymer layer is permeatb e and does not constﬁute an inso bie barrier layer to water; (vii)
the process alldREEIIRE RrTmBYHTST (Hifg AARierpuRym dPrdie Sallsrc HERT RIS 36 (RétPYd Sdhesion
primers fothudprititaesfialerst sppealpern oreivirsro! fisidunsidustrareditiih thelbetem: pisyaBUMA layer
electro-grafted sva 31 6testaisiestssteciaouposyanhithsalimiaates detamnationioh adb pra-RiA layer

sprayed over it \a&k b8 GOURNEPHIGHARAEE suriace, as cAHIBMNEIIOGRES RigusdRnihadaunation of
grafted layers edse%gFgé%lllx t%grg}%(rjggd of the sought polymer. Contrary to the expectations, the
. ped

efectro-reduction of the diazonium and 35&%rowth on the nitrophenyienes on themselves does not

predominate over the inititiblf 8¢356RhE AR T REAMISAS oFah &SRB 1BRISP PRELIBREHOf the
figures: Fitfure grefipstratiraekiiine )binel deestolabtbadiyrsviepelity v RER o rinetbifishansd RS
demonstrating tf fifnmformalioiies vhiguse: 2icthickness (@sattiti poefdimaphiained sramhddtA and
4t-nitlrobenzenegh%@rwr&tﬁ;‘gaﬂum&b@a@%@ﬁ@sﬂk}%mm@c&aﬁ@?@s%;xﬁagi,t%é%a@gﬁxi?é%n@l_stainless
S o SR IS Sl gy e L
cathodic end pStETRTAITISNE: L6heBRPALLH & F-23hB19HT. edee 9 PR X< BY p8tAMA film on
316L as #flinctiBfret Wsiligl eepsipohaital IO dondentfemog itones mondmpr can FqererSe (C=0)/(
NO2) (IR) as adunctientief gatkotheemsopoipniiglis2N @ 2concentaton is 10-2 10mol/l. Figure 6:
(C=0)/( NO2) (IR) as a function of cathodic end potential. DNO2 concentration is 10-3 mo1/1.
The present invention relies on the fact that when one applies a time-dependent
electrode potential protocol, provided that this protocel contains cathodic excursions at potentials
25  which are higher than a certain threshold, with an electrode dipped In an eiectrolytic bath
comprising at least a diazonium salt and at least one monomer, then one can obtain - afier rinsing
- the formation of an adherent polymeric film of the said monomer,
A first object of the invention is a method for grafting an organic film onic an
electrically conductive or semiconductive surface by efectro-reduction of a solution, comprising the
30  following steps:
a) preparation of a solution containing at least one diazonium sait and one monomer bearing at
least one chain polymerizable functional group, that are precursors of said organic film,
b) electrolyzing said solution in an electrolysis celi using the conducting or semiconducting surface
to be coated as working electrode and at least one counterelectrode, so as to resuif, by
35 application of at ieast one protocole cansisting of an electrical polarization of the surface by
applying a variable potential over at least a range of values which are more cathodic that the
reduction or peak potential of all diazonium saits in said solution, in a grafted coating of said

organic fitm on said surface.



Figure 7: equivalent electrical circuit Figure 8: Comparison of impedance moduli of a bare TiN coupon
to that of a coupon coated with 15 a layer of HEMA/4-nitrophenyldiazonium tetrafluoroborate, and to
that of the same coated coupon after drying for 24h at 30C under reduced pressure. Abscissa:
Frequency (Hertz); Ordinate: module (Ohm.cm2) Figure 9: Comparison of phase angles of a bare TiN
coupon to that of a coupon coated with a layer of HEMN4-nitrophenyldiazonium tetrafluoroborate, and
to that of the same coated coupon 20after drying for 24h at 30C under reduced pressure. Abscissa:
Frequency (Hertz); Ordinate: phase angle (degree) Figure 10: corrected strain/stress response of the
coupon in the INSTRON machine; with and without a poly-BUMA electro-grafted underlayer. Abscissa:
true defromation; Ordinatat ke sleaiRisie ssathvRayha¢appitagnte tis Proaess; tbamenonsrs
eligible for the pgggent invention are preferably selected among the activated vinyl monomers and the
cyclic molecules cIeavabIF %ﬂucleorphrlr O%ga%arfll v%rn res ectlvetly fotgmulag, ‘(if% d in
which: - A, B, R1 and R2, identcal or dﬁrf%rent rep fesentar r%enensg 5 geﬁlf‘t I!i(y group a
nitrile group; a ed organic function among the functions hydroxyl, amlne. - NHx with x =1 or 2,
ammonium?thiol, carboxylswgidstatid thesiersaitenesteheamidesCEO NP indwEichoyetebs g imide,
imido-ester, acidraaligdel 4R inmdieh Xgrepreseatsambalagengaiom ehosefamongfuorine,
chlorine, bromingangigaing R araméqr&@bne@gn@%&r%@rw@ﬁ&%ﬁw Q;BE’.%W{HQ agids gnd their

salts, phosphor%c a%g]s and th Ir salts phcos bog%e pohne and i ets 10 me Q/%Oxes SLf|f0nIC ﬁCIdS and
their salts, sulfuric acrgs and thelr §3afts nltrle succmlml p?rr{h afimi eylso ana‘ie epoxy, Siloxane:

Si(OH)z in whicH95&q WWBMHB%P%H@H&BWM@%W@?@M%W@WS ﬁi&ﬁﬂﬁ?fne
carbonyl-ditmidazole, par&esiieste!sutghorepkigrastenitr S ersgnt ordforinisesdetiiytereati ofiny |,
aromatic and inipestictianialneneckengane, halogeno- 5 benzene, pyridine, pyrimidin, styrene or

halogeno-styrene and theig %%IM%Q&QMB@J%@F&N a,fungtinnaker QH&Q%M%@GJ%WCM'WS
and in partlcula{ re GERLE catl ns of.1 as.ns‘rrj0 ams'{mosrcer%%rnplfeél Hg)c r |{or§ge§£1d Qe'lc {'nolecular
structures substftuted and/or funcPona Jized star INng from th functional roups; ﬁ1
photochamicallf B4V & G Sape e HryshimfosarenplrsRites Hifffkn °r§§&é§0nrf?8%'oa%llrdes
alkoxyamitfes arfeMp partieilldsorent 20876 eteanretnpirdiepijgbridasyibxy (TGP ©); IBeWESSRONE and
its derivatives, dithinestersyditiocaanmiess Fitbipegdopnadesiyeleciroact weigyeupsiaindyiiparticular
conducting poIyrra&raaa%m&%é%%@ﬁ&@mgmpb@@?déoergvéﬂuogg%%w%ﬁmpwﬁewm
ethylene dloxothbﬁ h%rhe Ee OT) and analogues as well as ele rp cIe Qle‘l‘,g{ouep%f Illﬁe dlgzonlum

FOC 88,0 e’ en invepion rem H"ES
sulfonium phosp

oniu onium saﬁts as well'as mixtures g mono ers contarnln th
15aforementi Oﬁ@&c&:&ﬁr&lon Thas brings a piece 'of evidence that this film has Iittle crosslinking if any, and that

its achesion on the surface is a result of bond formation with the underlying metal. For this reason,
we shall make use of the term electro-grafting of the polymer hereafter, aventhough it now refers
to a grafting that is obtafned by the electro-reduction of a solution containing both a monomer that
can underge propagation chain reaction and of a diazonium salt, the latier being preferably at low
concentration.

25 it is a strong result of the preseni invention that the same process can also be
applied to monomers that usually undergo anionic growth almost exclusively, such as monomers
that can undergo ring opening polymerization, e.q. laciones such as e-caprolactone or iactides
such as lactic or giycolic acids. These monomers have in common with vinylics that they undergo
propagation chain reaction, and may thus be described as “chain polymerizabte” monomers but

30 unlike the vinylics, they are know to be more — if not exclusively — prone to anionic growth.

Nevertheless, It is observed than upon voltammetric scanning polarization of a 316L
stainfess steel coupon in a water solution containing 4-nitrophenyt diazonium tetrafluoroborate at
10 mol/l and L-di-lactide at 0.5 mol/l, over a potential range of — 0.2 V/ECS to - 2.8 V/ECS, ata
scanning rate of 100 mV/s, a film or polylactic acid (PLA), with a thickness of close to 1.1 um, is

35 formed on the surface of the coupen. The film withstands rinsing in water, even under sonication,
which indicates that a strong adhesion through grafting could be obtained. This type of film is of
high interest in the biomed as PLA is g biodegradable film.

Thus, one may consider that the present invention relies on the fact that when one

applies a time-dependent elecirode potential protocol, provided that this protocol contains



- the straight line of formula (1) represents an C3-C10 alkyl radical, - n, m and p, identical or
different, are whole numbers ranging between 0 and 20 inclusively, under the proviso that n, m and p

are not at the same time 0. Other cyclic molecules cleavable by nucleophilic attack may also
be used. For 20example, the monomer can be a cyclic compound containing an amine and/or an
amide, such as a lactame. In the notation abaye, R1 and R2 are groups which depend

implicitly on an index i not indicated, i lying between 0 and n. This expresses the fact that the R1 and
R2 groups can be in fact different one (C(R1)R2) from the other in the structure of the cyclic molecules
of formula (ll), 25i.e. the notation (C(R1)R2)n does not refer to the repetition of the same motif
(C(RINR2), but teetheisuscassionHit{RAIRD)ty pe gigupshahererBhancdfR2qaeitnealides tadhe list

above. AmRRathe necioRabaroiRSitheasly %t%%%H}MH@QIFQﬂaecftsi&fsfq{r(@lrﬂ@n@%@rQOVe being

able to complex calions one qap.in Barticular quale amides ethets, catbonyls, carbons and

carboxylate, phosp ines, phosphines OXIdeS ﬁ1oethers gdlsu?aﬁ“ es ureas ether-crow ns
aza-crowns, thig RIS, %ﬁ?ﬁr‘?&? "seif ?ng‘gpéﬁeaf?ﬂgatﬁarﬁrﬁﬂﬁ‘fg‘eﬁ%ﬂff&f’éﬁ%§ f%@ﬁfﬂﬂ@é and

terpyrldlne§ quibFiégiosptheiphenantroline compounds, naphthols, iso-naphthols, thioureas,
siderophores, antibiotics, ethyleaeglycobiand:@yciedextiisadvantageA Bronghtlsaciivatedemtnie
monomers of fospuala (hRDQUEPRGFaHIN particular quote acrylonitrile, methacrylonitrile, methyl ethyl,

propyl and butyl methacryl ahg\ goroexgeth Ige >égr% prqgc;{ma%ygég} Jj%ﬁrpethgcré/r!qagg ugfr Iamldes
and in particular amino- —ethy rop T% e and exy methacrylamides, cyanoacrylates,

di-acrylates or &F‘ﬁ?&"tﬁé‘é‘?@/ﬁé‘t gaHﬁt%i@FﬁFafgg 0‘?’0 HARTTR AR, tf@ﬂ%%ﬁfegt%\‘%ﬁg‘ ethacrylates

(such as péhtaerythritol tetiaritethraesstatiowa ey e apgatfietiadsyie atitomeprbimerdaksisderivatives,

parachlorostyrefe;gpe mtaferosa-siyraraicNxdryhvioy HBldonhg oyl pyticingaringd aeryloyeer,

methacryloyle h@ﬂ%ﬁeb@kg&yi@mwnﬁ&w%%mr@@gw@gy agents reticulating vinyl or

based on methacrylate acr(yba A %QQ t&e i19w rlyatme%rs i ¢ pﬁdnagt t(pe gl g\ﬁl &% cllﬂi tF‘ngrtecules of
n ula

formula (H) above, one can in particular quote epoxies, lactones and in parti rbutyro actones, the

s-caprolactone W‘Pﬁs"?ﬂ’@?ﬁt}ﬁ?l\f@gr%f&&@ 5&‘?&@“&?@ @Xf’éﬁlmt%ﬂip%mﬁé’é VPSR RaR ke their
mixtures dRd thiel HEf/Atveisacryloyloxyaingthiaseiattheintiasivemgeeriera-method for grafting an
organic film onto an electrigallyccondemctistewer Bemicanshictivesutiacef bygetectgeredddtionoha

solution, wherejhjfe salias. cORMIigRg At LaglaNe diaronismsa/iendgauclicmenereryhich
undergoes poly*%@r%%g(g@tggcnéigl%gme%aot@gé%Ie(iaﬁ/ 3 of formula (Il). The polymer is in particular
oll

10chosen from the group consisting of lactic acid c acid and s- caprolactone Another

subject of the present invelflidif X & FeMoNdP: Wgé’ﬁfﬁﬂ”ﬁﬁcﬁ’ﬂﬁ‘%je‘&f@%r&?’i SRAHAITY R SRfucting o
semlcond%thg)%qj‘l*Fﬂcé/Ftﬂ/ el RAOIFERIRG. Eopyiie PEFPESES ottt preseln irfienturelithectdri

"macro-object” ¢spntanded.to mean any polymeric or nonpolymeric macrostructure functionalized with
at least one group that canJpernyeed &@&F&BMEM@?%&&EE@S&%% i-geriplonaingte the family
O Viic groups ALAGEERYABAC IRlReulee ur o L' abaye i whal (olong, susf proups

will be referred to as c ai ﬁ??ﬂ¥menza anal oqg/ with the chain polymerizable monomers

described aboy&/oten by wat SHB O8I Errei Y A58 &%Ptﬂéoiﬂ?)gﬁﬂélﬁe §“§aﬁ?eﬁ"%°3%}?’e§}'8? ing an
organic fifFA ont@%qaé@c?ﬂeﬁlﬂﬁ%mﬂ@@ﬁWWS@WW&G@@@EW@W@F@&WGMB”f‘a
solution, 20comprfisitngy thesfo lhowinyg istepstitia)npridfpariatio noha polutieh & ntaistitg et bepasicone

diazonium salt ga@@neHBRkemRIeCkNHdRataHerRIEHIRANIM &f SRIECAIGRRICHERMIne polymer layer is
permeable and does not constitute an insoluble barrier layer to water;
{vii} the process allows for the formation of thin grafted polymer layers which can be
30  used as adhesion primers for much thicker layers sprayed over them: this is ifilustrated with a 150
' nm poly-BUMA layer eleciro-grafied on a 316L stainless steel coupon, which efiminates
delamination of a 5 ym PLA {ayer sprayed over it when the coupon is pulled apart. ..
(viii) the process allows for the formation of grafted layers essentially composed of
the sought polymer. Contrary to the expeciations, the electro-reduction of the diazonium and
35  growih on the nitrophenylenes on themselves does not predominate over the initiation of
polymerization reactions of the monomer.

Brief description of the figures:

Figure 1: first (black line) and last (dotted line) cyclic voltammogram of the sotution; demonstrating

thin film formation.



b) electrolyzing said solution in an electrolysis cell using the conducting or semiconducting surface to
be coated as working electrode and at least one counterelectrode, so as to result, by 25 application
ofat least one protocole consisting of an electrical polarization of the surface by applying a variable
potential over at least a range of values which are more cathodic that the reduction or peak potential of
all diazonium salts in the said solution, in a grafted cogting of said organic film on said surface. It may
be, for example, any crosslinked or noncrosslinked polymer functionalized at 30 the end of or along its
chain, or else in crosslinking zones, or any totally or partially functionalized macromolecule, or an
object of nanometric or micrometric size or greater, the surface of which it has been possible to

functionali_zg _Wimmeas&mgbamMumwiaMe@fgm Cﬁagbm %geng%geggeg\gggmgniwolve_d in
a surface IniiaegOMTRGIAR 1M [ BRLAN.8%P BLHIE DS AANLIEINRN o1 U MAC GeRIes aggording 0
n

he pr nt invention. m for ex [ nsi f any crosslin r noncr I
the present etggl a%,ﬂ%%%g;pg‘,coﬂgosc}‘gaycoss ed or noncrosslinked po

! ymer
functionalized at the GHd of OF Along itS cRam BIFBISR iV ErSs<KITFG 2BHRE of ARy StaiF BRpartially
functionalized n‘f&‘&f?&ﬁ?fdlé@ﬁl@{“d@hn object of nanometric or micrometric size or greater, the surface of
which it ha® beétowessiblérickfasctiondiéiwith vingl §)resps factivatetoatibriel eott padthigrawing groups,
such as, for exampieyratidriRe @gteigps: methacrylate, acrylate, vinyl chloride, acrylonitrile,
methacrylonitrierg iy YRR, &1 YIBMANTHEHNS: Sia i RVHRUAANG EifouR e SMIRPYGHE OToups,
such as epoxy groups or, more; ge rally, oxiranes or lactones s_uch as s-caprplactone. he Use of
these macro-objects makes |1t ossible to obtain electrografted films 5 containing the macrostructure!
portion. The graffii§ f’dl&@@@f&g@d&@kéﬁﬁé%@éﬁéé?’ﬁ?ﬂﬁéf}%BMWUE‘NFPeICﬁ@?ﬁ@Wﬁ@T #hao”
electrophili€ or madleophilic groups. Since these groups are linked to the macrostructurel portion,
electrograffing efgthisepoctomano, e suriatacimobiaimeshic end poftR@IMAGY-RieGsWhighean be
used in accordange with the present invention, due to the presence of theirchain polymerizable
functional grour&%}fecgg %EU;}%E B¢ erggict %r;gl%(talves as a 10 monomer and be electro-grafted like a
"standard" monomer. 1nqsome cases; the molecular structure which is attached to the chain
polymerizable §i8{ips GBSy IErietRatctha i pERImEN2amergrotipchrefventeastes eitthey do
not have &RougharrolollitE it Berisicphatlydihzosole teicitvsrafothe. profpadetiontanshatiackindentafthe said
macro-object tatbe sunpes thanksiwdhaelecttagafiaguthapsfinarhaliasesaamn) (ormrsider the
co-electro-graftingof tRemaeso-object 15 with some smaller monomer - for example an efficient
vinylic monomer. %trjcg‘a&bu;yilsggem%%@/latne!or hiydrtg)x ert yl methacri late - to achieve the
electro-grafting 0N the surtace, achieve chain propagation and finy growtheardBEcxEBRLMY ropagate
through the ch&iFpBiyth¥AZaBIRRIHE B micEBiypaEts: and to that of fitesamg FeaisEeetRWhich can
be used &torditty wvine fmettodtidBecordaneeupdthPSthesiniention arespseferadiyzrhoseatfrom the
compounds of fosxdagdietowsA-P A-P-B P(A), IM(A)1. 25 A-P-PVI(B)jn

Figure 10: corrected strain/stress response of the coupon in the INSTRON machine: with and
without a poly-BUMA electro-grafted underfayer. Abscissa: true defromation; Ordinate: true
strain/stress (MPa)

25 According to this process, the monomers eligible for the present invention are
preferably selected among the activated vinyl monomers and the cyclic molecules cleavable by
nucteophilic attack having respectively the formulas (1) and (il):

A

< C ~{C{=0)-0)~(~0O—)——
H,C 0 r( (R1>Rz>n(0( O} O)m( 0 )p "

B

in which:
- A, B, Ry and Ry, identical or different, represent a hydrogen atom; a C1-Cdalkyl
30 group; a nitrile group; a selected organic function among the functions hydroxyl, amine: - NHx with
x =1 or 2, ammonium, thiol, carboxylic acids and their salts, ester, amide: C{(=0)NHy in which y =
1 or 2, imide, imido-ester, acid halide: C(=0)X in which X represents an halogen atom chosen
among fluoring, chlorine, bromine and iodine, acid anhydride: -C{=0)0C{=0), amino-acids,
phosphonic acids and their salts, phosphoric acids and their salts, phosphonyl chaline and its



A-P1M(B)1-C in which: 30(i) P is a macrostructure chosen from: organic or inorganic oligomers and
polymers, polymers obtained by polycondensation of one or more reagents, polysiloxanes,
poly(orthoesters), polyphosphates, parylene and substituted parylene-based polymers, conducting
polymers, oligopeptides and proteins, nucleic acid molecules, polysaccharides, substituted or
unsubstituted porphyrins, substituted or unsubstitutegghthalocyanins, polymers formed from 35
substituted monomers or from substituted macromolecules from the list above, prepolymers,
macromers or telechelics based on the monomers and/or macromolecules from the list above,
copolymers and/or mixtures which can be formed from these polymers, from their constituent
monomers or freswHiees)acremo eiilesalmie ssbiciumay aidhaydekbe subsiiedisaasnostructures
which are not p&%ﬁ(ﬁl%i&a@&%%rwy%ﬁ&!%o'gﬁé% s§%ﬁ3@§rsf%ﬁ3€@mﬁer Ladhesswphigined by

crosslinking ofth& or three-dimensional ne worl< for instance ru ber, efe. n‘llneral %% regates, lipid
Bmc%usweH enzoguinone, car ﬁnmid;hz gar&to uene sul any Fﬁran
vesicles such as?l osomes and nidosomes, an ells, objects comp r| g atlea urface

which can be flﬁkﬂfiﬁﬁﬂﬂﬂi‘i‘@d qihrient 1835k é‘f@@ﬁﬁ‘a&"ge'@r%&uﬁ’ﬁd%ﬁﬂﬁrtf&ﬂ%ﬁ“ﬁn tl—f’l’é@f[‘@graftable
group; 5(ii)™ is Endenegerriginsaterithidin cheapaatdaogeno-styrgiii) avidighaicorbstitulen tambabmeraunit of the
structures of typedclefinech abpyamhersanh sttty escaneaRobMRlcble catiofiVdiAydiianaets, which

may be identicalof different, %Spgh%ﬁrbﬁ@%@%%w&&%ﬁp@ &FE’éﬁRﬁeﬁ%lﬁ&/tﬁOIJﬁ%hé’ikEBd'C groups
or cleavable cycllc mol;eculg'i like Iaqton 10Iac kh S, pxiranes oAH =X C belrégellnked V|rf<\ covalent,

ionic or dative bondg or via yaro en bo %mu 5 eymgc os{ruc ura%hﬁorlegﬁa 0 ﬂepmonomerlc

portion M. d'a@ﬁﬁ‘ﬂﬁgs‘t‘ﬁ% SB'IS’/H‘@?S Hetirad %F‘ﬁ MRS iRMSAYERNST BE nTaAB W BFosslinked
or noncro$8linkaad&migpoisthyet siridméexyfor EEMplecngetymens ehddiyldmivalesof ¢ithsterylonitrile,
of methyl methaigylate sabethimehbanyiatesiefiprany methachdate patibubylcbbimethaenyiede, of

hydroxyethylmethagtylate;of wﬁ.@xylmmxhyeth@ewl%h@ﬁ&ywaw&ﬂ&%é o%ﬁ&rxhceéw@ngf
methacrylic ac:lglbof styrene cﬁltstgerlvatlves of N- Jviny ax {O|I on of vin

polyacrylamldes Poly heerﬂso ISoprene orfaet?]ﬁene oF ecne oeTae? Ie%e ox@ "mmfjedules

containing a clEAMIE: rﬁES%"LP&VTSSBIE’CRﬂ?@‘é'”hﬁ%FT’n Lﬁ’éﬁ‘a"&ﬁ‘iﬁ(?fa%ﬁ@ebgf FQE%@@ et glycolic
acid, of efliylerséogiyeotiopedyamiges, polyurethanes, poly(orthoesters) and 20polyaspartates.
Among the conducting pelyenetsginraisomay in parisitanbe radeiRf taoss; based on aniline, on

thiophene or on ethyleneﬂ}PW@!QFBJh%ﬁta@%@En)ie%t?)éfé%o@ﬂa&h%ré%&gé KRB theisRulstituted
derivatives. 1g;;lthe ¥ﬁ|ns merginon may in artlcu ar tz)e made of antigens, enzymes,
ll?a at p il"e not a H%

inclusively, under n, m an
growth 25factors anuB’od”es an e nuclelc acid molecules, mention may in

particular be made of singige" a‘ﬁ’&i'ﬂd['ﬂ??é“ﬁ?aﬂﬁ@&w TrrAlitestank TBUABSHREEY RNA.
Among thpolysecelratid emrmresitien rhayinlipaptimaend pynigapoiesainipledbeananisiedlistose and
substituted cellulas@sechitosans and substituted or functionalized chitosans, 30dextrans and

substituted or functionalizegAexdrBRasSPHISAS, H%%@éia%uﬁwﬁﬂiﬁd&géﬂ@mﬁéiﬂmy on an AdBONGthe

mineral aggregates, m entJon aehnooarélculﬁ]lsbeexng&ge Qheb? ifsn a an more ene[,allyof

|llz8 and R, roup can
oxides, and also nanoo j’ any nature nano s nanot lierened,etc’

fact different one (C(R1) o) from the other in the structure of the cyslic molecules of 20rmula (i,
25  je. the notation (C(R)R:)n does not refer to the repetition of the same motif (C(R,)R;}, but fo the
succession of (C(RR,} type groups, where Ry and R; are included in the list above.

Among the functional groups of the activated vinyl monomers of formula (1) above
being able to complex cations, ong can in particular quote amides, ethers, carbonyls, carboxyls
and carboxylate, phosphines, phosphines oxides, thioethers, disulphides, ureas, ether-crowns,

30 aza-crowns, thio-crowns, cryptands, sepulcrats, podands, porphyrins, calixarenes, bipyridines and
terpyridines, quinolines, orthophenantroline compounds, naphthols, iso-naphthols, thioureas,
siderophores, antibiotics, ethyleneglycoi and cyclodextrins.

Among the activated vinyi monomers of formuia () above, one can in pariicular quote
acrylonitrile, methacrylonitrite, methyl ethyl, propyl and butyl methacrylate, hydroxyethyle

35  hydroxypropyle giycidyle methacryiate, acrylamides and in particular amino-ethyl, propyl, butyt,
pentyle and hexyl methacrylamides, cyanoacrylates, di-acrylates or di-methacrylates, tri-acrylates
or fri-methacrylates, tetrs-acrylates or tétra-methacrylates (such as peniaerythriiol
tetramethacrylate), acrylic and methacrylic acid, styrene and his derivatives, parachlorostyrene,

pentafluoro-styrene, N-vinyl pyrrolidone, 2-vinyl pyridine, vinyt acryloyle, méthacryloyle halides,



Among the objects having at least one surface which can be functionalized with at 35 least one
electroactive group, mention may be made of non-liquid and non-gaseous objects having at least one
electrically conducting, semiconducting or insulating surface, chosen from metal, organic or mineral
surfaces, such as wood, glass, plastic, plant fibers, keratin materials, organic or mineral gels,
composites thereof or mixtures thereof. 14 Thg maximum number which can be defined for n is
not critical according to the invention and depends on the number of functions present on the
macrostructural portion that are capable of being functionalized with chain polymerizable group. This
functionalization may, for example, be carried out by exploiting the reaction of 5 these hydroxyl groups
with methacryloyhatiesidendMAT)sanasviedaiemerapthashyicsasinmgwhichvilsiiraduesacathacrylate
- chain polymerizahle, - groHg nia the.gacrostructure, and will allow it to be electro-grafted according
to the method in accordance with.\he Bresentnvention... o rTi1e 3a0e RS OLteaclions.gan. for
example, be envisioned with g"?yudy me hac%y|ate in place of the methacr Io;ﬂ cfﬁ‘orldg, f6 e use of
molecules whicA“8%EReHGe %@Bﬁc@délbi’ﬁ@ﬁ%}rsfih‘@ﬁ"%tﬁ‘i‘i%é%ﬁ“&?ég’,’%é% RSO disHvalESmore
generally, dny biftinetivndheraiiedilesifnostdesstodistaerttie fprihaltiorndofes eul/afemeotidebetween a
vinyl monomer and a maefasiedcitite, Gan-aiseercensicetied. thergoncentsaiian aithevelastrophilic
macro-o bject ine?_ELQri@Ja%H&%‘é‘tﬁQM&%G}ii:%rw&j@@&lbfa%W%%t%%@&% ergggi@m;g%g%ig%entration
in chain polymerlﬁﬁ?rhe (%rn%y 2SO In monom irgzg\rltliﬁ%n &QF er!gcgrolgglc solution e\}v%c%r%qu(% 1o the process

. . %?] iC onamer iC 30?8 .
n conformlty wi e Invention is variable of a monomer to another, However this concentration

preferably lies BERMEERILT ShaURFINYE PUARE EGRFIR0PE BretdrditialiF ReRsE S0 RaF4amo /1.
The concdfitratidmsien diem O grousaiinaittitio dHectdectiolyticlisaidtiendaceordistpte. the 20process in
conformity with the invenfigsuretaiably u%sphgawgmﬁtg@n_@ ;&am/a;tm@marm@c@r@fgﬁentialIy
between 10-2 and H0:3 QM bting or sMFEHRIBIJLFRAUGHIALGTPAHNSR AdNRREEESSHE

conformity with the ir;v.entign, tpe ?Iectro‘jytic %ol%;ion, can inc!ude moreover at least an qdditional liquid

. resent in efv ion, the lerm ' macro- n)ec lﬁjmtendeg e n]ean ang &o meric 0{. nonpo meac
(solvent) prlmaﬁly specf’a or'Zi.e: not intervening in the electropolymerisation reac |on5]‘|n ended to
solubilize the 23'2ERAINPER i smire YR ERS ORTcs WO (18t 118t Be BYHhEeve RfR2 RS in order
to enable themradiendriverreonpesto Hevievier pitisyimgotanbteindtevte drcpretenee afcsush a liquid
is not always negessssy=DecanseMe, GathGRRSS enstLalionRs wherenthe tienomers usesasg used

pure, or where same. of the,manomesQf amixtye amaaomers are used as solvent, or where all the

monomers of a mixture of h?norggcgs are in Jscib!gﬂgr_o ortions. When 1T;he %re used the%c‘e 30

solvents are preferably sg\ec eedmamgﬁr?ﬁttﬁgo e oir%eanrtriﬁaés, ?ﬁréeté’fjr%eoth r%d?ﬁ)?(?d%??ﬂ’é e?hyl

acetate, the acBthfflEaRErtdy APRANSTE ahRENIFREPIOY I8 E ca opiaticRE BtPR PESVEMBsually
used in el trochmpistgihdithtofaetane and more generally chlorinated solvents. The solvent can

also be chosensfraapiha@reupe0nsiskinginhyatesanckaleahals: Hhejurosessdn-coptesmityawith the
Invention havingdhe.gdvantage af alipwing the direct use of these solvents 35 without having to
subject them tquloerfjortrdistgllatioi n cl),rder to e(;:ilirrgi ate w[?ter w@ich tfgeé/t_conrtain,ino(rj tof,carr out a
rigorous control Of the Water Content of the atmospnere above the reaction medium. So the process in
conformity withithe1508AtoH c4pitiasHPHR MR NfEH RPafIHHtElRicdears. apsto result by
preferred #mbedirraticrobihieiéaviemioniothenielsetaiitic sokutieldinichldelsrdatretinyitbensariaigebslone or
mixed with watgspnidimethylss foweel over at brdhe sagreovay.RCLRHIBE RN etitecreaRodinent of

the process in copfarmity with e taveniam . AleGalviie SoMURGRANAISPAONRAINAY lpaska

supporting electrolyte|n ek Qurace.

It may be, for example, any crosslinked or noncrosslinked polymer functionalized at

30  the end of or along its chain, or else in crosslinking zones, or any totally or partially functionalized
macromolecule, or an object of nanometric or micrometric size or greater, the surface of which it
has been paossible to funclionalize with at least one chain polymerizable group capable of
undergoing or getting involved in a surface initiated polymerization reaction as per the present
invention.

35 A macro-object according to the present invention may, for example, consist of any
craosslinked or noncrosslinked polymer functicnalized at the end of or along ifs chain, or else in
crosslinking zones, or any totally or partially functionafized macromolecule, or an object of
nanometric or micromeiric size or greater, the surface of which if has been possible io
functionalize with vinyl groups activafed with electro-withdrawing groups, such as, for example,



5 ensure and/or to improve the passage of the current in the electrolytic solution. The use of an
electrolyte support is however not mandatory, for example if the chain poiymerizable monomer used
comprises itself ionic groups (as for example the aminohexyl methacrylate ammonium chloride) which
then ensure the maintenance of the electric circuit ohmic drop at an acceptable value. When they are
used, the supporting electrolytes are preferably selected among quaternary 10 ammonium salts such
as perchlorates, tosylates, tetrafluoroborates, hexafluorophosphates, quaternary ammoniums halides,
sodium nitrate and sodium chloride. Among these quaternary ammonium salts one can in particular
guote by way of example tetraethylammonium perchlorate (TEAP), the tetrabutylammonium

perchlorate (TBAR}rdeisopeamtamenasiie herebiniale (2H0m)idhadarnsiimethylamymanium
perchlorate (BTM&E}){A&TN@V@WQ[’MH&,SQ!HF'%%@WrED&chg%ﬂBé,'%%&%@QS&Bf&EdH%PJPWQ%the

homogeneity of the irn a surfacliang suchhas 9b/cerol. According to the Invention, the
. cﬂ?n?ra Y, oxXiranes or %ct €5 SUCH a3 £- agro!acgfone. .
electrically conductive’or semiconducfive surface is préferably a surface of stainless steel, cobalt and

its alloys (for example ColC§-Ni6, e \WRCtaRh Aketsianesibiol exdfipfermmsteniifsmaterials
being partidularbppreiesrtd asoordingue! 20tre Tinvegrtitininiaties blaraetizitorcopperaiokaheaniobium,
aluminum On pardigedpicnheBdtits freshdyekeushad)oofsibniglisond{dspatiasaghusilisengarbide,
titanium nitride,Mgmsqmq%{%mgg@%wﬁ%wh@iﬁc;qfs@mnﬁ@'g{ma% 2 §eblggmetal surface

s

chosen by platino-iridium r iridggrpo, Elgg% , (ga%l K Esrggggsbégréhgcgwt ess arggec;}rdmgng% théaulnvention,
the electrolysis of the elec ro[nﬁc‘so‘i’ Ion can be carriedou %l?/ pol'anza Gh O the SaMrats to be

coated under vattRmPIRSEIECHHBRISHaIN 2SN B8 G inSRPPotoHAG)-: SRS sRee HisoRelss#tScol in
which the Ybtentieiores pnthecceteeritoieftish dkdep ésiahaatd Thepreseit insventiosealsoerelies-om the fact
that when one appligs atichesdgpendent electodedpatentalpiaionobproyise dihatthigprameol

contains cathodjg axentsies,alPateniaswhichayedighraibanaderiandhsashid.yihag glectrode
dipped in an elecgrolytg(%h 30 bath comprisin at Iea§t a diazonium %alt atnd at Iergst mglec%e bearing

aclors @ propagation a ttachment of the said macrp-obiect o the surface thanks to the
at least one chain o?ymeﬁ’zafbﬁ% _g{]roup, fhén one Can oB_?aln “aftertinsing < the tormation of 'a
polymeric film G3TfEME MR’ BaTd RBNPS THREre Sherasiist &ieorritaEr gintrtiie fragenbitfiention is
at least thtbredwétiosppetentiisoftbrotimzoniemeiantile solutBicieit ivindicessarythatuovezsatblédst a part
of the potential {eirauiigRtoproiacalappliesiatirasubstrairciberpowsiialpithe surfacebradigher
35than that of thehighestdigzpnimsallPresesbindne SUULIQRaly pr#gea@r%t%ad gmbpgiCient, the
u

threshold under qonsikdebrlation In m]e Rqresent.lnyention is at least the reduction potential of the aryl
. . . Do gmler{za €.graup of ine macr ~ob1[ec S, .
diazonium in the solution: it'is ecessary‘%ha over at least a part of the potential (or current) protocol

applied to the substrate, THE PEEHBAPTF MG TACE BEehiRfreriRaiPtiNg: BN RigFrestears) Whzonium
salt preseffl in theirdinitioraravitioablyidewsitifignd bedmencdbyiteenrizeibéthought that this enables the
actual grafting of the arylsgroup onto the surface, and the subsequent attachment of the polymer to the
surface via said aryl groups_thanks to a radical aromatic substitution. In such a scheme, the polymer
would be formed thanks H?Agither some non grafted or chemisorbed aryl radicals which would act as
initiators, or 5 some other ratlicals stemming e.g. from the reduction of protons and/or from the solvent
itself. Preferred experimé’HfﬁHtonditions include, for example, performing polarization under
voltammedfic conditions fidi#{BHe resting potential of the substrate in the solution Referring to
example 15, one notes thaiims best polymeric films (essentially composed of the polymer, with low
content in diazonium) are gbfaiged for an excursion in cathodic 10at about the potential range for the
reduction of the monomey., _~These results demonstrate that best polymer films are obtained at
potentials which are greatgr[trﬂ(aBrla t%ose of the reduction of the diazonium salts, and that eventhough
the diazonium 8atf¥Hre key in obtaining an operational process for the electro-grafting of polymer
layers, thetbest working floteatiafeaiestmeiets niosendethodisaitoyenaatoseliofrthe redustioresf the
substituent 15grawec! thexidiazonipryandéos-abihe menemeasdseligents, polyArsardingdy@rpreferred
embodiment, tagapplisg,pRISHHIRNas /G SIONS Reirntial iARgeSNbich AR e mastoagodic

potential accessible within the splvent window befpre the so-called "s?lven wall". Thi .spl ent wall is
olymers, o f{: rolémns, nucleic acld molecu esh Bg %%afﬁ arides subf ituieq or

usually identifiéd ver eallg?ﬁelﬁt' eg voit mmodrams, as It correspo [0 the poteéntial at which a very
steep rise (in 'a%Bﬁﬁé‘(‘?&lt?é’jp&? H5-t1EREI LD Cheidsl Mif e AT TE BB PIWBR 0BT thERaximum
of the cufrent pebsistemmingkoneiierlsetrstred untuprufiepdedidzonibenisaibFherereivees the
electrochemicatsgactons: agecipanykg thsHeteepdnereasedn iereatiodie: Crrrent maynmey in

proportions froggeneslesipshemical MediumteARAME AUt HalaY FAIESRANGIP tBRsiadCtion of
Sither the SUPRIKAARCEIGIR: RL NISSONRILE dissalvad ateL fin,ihe case WheRMaleLs not the
25 solvent), or all o these to ether. ﬁny icaﬁy, according to this em odimeﬁt, app ied potentials in the
invention may %5?}8385%%@(}%&0[} ﬁrfaor‘-‘?pf’B'Y’%eWE@S’?.tes.“ic?éﬁ RasTRTASR S\ ATO RS dRHTSER than the
reduction peak of the diazonium. When the solvent is water or contains water, the skilled
person knows that the applied potential must be lower than the proton reduction potential.



30The choice of the potential value may be a critical feature of the process (see examples 12 and 13).
In a preferred embodiment of the invention, the film is obtained by successive application of several
protocols selected independently from protocols with variable applied working potential and protocols
with variable applied working current, each protocol being applied 35to the surface for a given duration
that is identical to or different from that of the other pggtocols. The Invention, in addition, aims
also at producing electrically conductive or semiconductive areas of a surface coated with an
electro-grafted film as described above. In general, these coatings have a thickness between 10 nm
and 10 pm, and preferably between 10 nm and 1 pm. 17 The diazonium salt is a diazonium salt
or a mixture of diazontitimegaliscaisgenerafarnmol arRrbE2im XsidnaviieioR| 2o MalnssonsLer, mare

aromatic fing(S)nﬂﬁ!Qép'égS&l@gé}E@%% psalraled g CPMB’&(&)He@%%mB%@H%Q“Q&@ﬁQHg Refyefgranly

comprises an organic,o agpilne al | group se ec];‘ecga%f‘rge Unceﬂgapz \,5\, té:% glasgngeoﬁ itro, fluoro bromo

chloro, iodo, thioc anao ate sulphonate, sulphonium salts, phosphate, p%osp ‘gﬁgte
phosphonium s& '“dﬁ%i?%?ﬁhﬁ? %'3%09&%%5’ gé?ﬁ%onlum alcohol, aldehyde, ketone, carboxylic acid,
ester, amide, nitrile, anhyiéyitie aaditeeralitrateltgh edkessitodikynyl, aryl, naphthyl, anthryl, pyrryl and
polyaromatic groups of higherisegreesiiaad wheresn ihecatkyl salkersd callgmpl defiydd raphiyleranthryl,
pyrryl and polymﬁg@ﬁpggsagg;pjg@er degree 10 include a group selected from the goup consisting

of: nitro, fluoro, bromo, chlglrg gd géh@%ﬁnﬁlt(ﬁ' subghggetlgaqlgpog}getr%héuIpho ium T]alts (%(hosphate,
phosphonate, phosphonlu salts, diazonium satg amine, ammonium, alcohol, “aldehy etone

carboxylic acid PE¥R! Z&Hﬁo%oﬁfrlf@eﬁﬁﬁ)f%e‘nﬁﬁog%%ﬁi ﬂél‘i’é?é“’ﬁ{’ffﬁﬁmind”%eﬁ‘iﬁ?e%err'@ﬂtcf?ﬁf’de of
achievemé&ht, thrstisescessastsite heehtobeisolbkehdraeteiicd ddnicadiieediazdnivmisandessn aryl
diazonium salt, prefeyalaly toé foscruiaAoNProtien I avhichohbrepcgsefisian aromatic group and X

represents an anion adV%WH%‘Mﬁ?A%@@%%@Q nRAIBHSNS, .ﬁw{f@ig‘s@m@wb@éegs;m%@hlorates,
tetrafluoroboratg,s h%zgggﬂ%&p ,?ﬁhaéﬁfﬁu%@d cark Oé(éllarér example, T e[es anion c mp% §ubstltuent
e asu

of the aryl group for exam onéte group, one 20obtains a g) ic mol ecu le’then

comprising a di&Z W“gaﬁ of meg‘“‘r‘ﬂ%“g%‘flﬁ%c?fg%ﬂd”@ﬁﬁ%ﬂﬁi%uﬁfc?ﬁ%’ MHRGPE PGt Yroups
linked tog%éherre?thag@@tqt ddivexgethdretacaysin aid Aoty oprssibReslasstiiuted s wiaEBomore
functional substityéntsior @ heteroaioaratioisgrety havisigiéroenvdtied biatomsippassibly subistituted by

one or more fUrﬂ@ﬁ&@%W%@ﬁd@@%ﬁé&go@Q@p%n@"'Qf%thﬁéﬁéoaf%mﬁy@%l@%%@gﬂ@Qﬂt&xygen
25nitrogen, SU'BPHHQ&PQO%HE%EHS eeaf?“%“r%gc ‘M ) may furthermore comprise gitgnrem

substituents chosen rom qrou p consistin aftic radicals, near or ramifl rom 1 to 20
carbon atoms, [§8%&ibly RbASASIRY Grid 8?‘“‘?8%9’&8%b‘?@'ygﬂﬂﬁﬁ‘e%gﬁﬁf’fwg§lBﬂ}y%rﬁgﬁffﬁrébaﬂﬁ carboxyl

radicals, K®2, priyespgEefatisubstituted and monosubstituted amino groups, cyano, diazonium, alkoxy
containing 30 from 1 to 26eariencatoms;atiaxycarbeniyle containingfao e hio2@ casban@toms,

alkylcarbonyloxy aimtaiingfimand o3 Qs aERencAlMmshRe sty fluarpatrdvimdicsalhg the-halogen
atoms -radicals,aryls RAssibly substituted by radicals carboxyls, NO2, cyano, diazonium,
Among the proteins, mention may in particular be made of antigens, enzymes, growth
25  factors, antibodies and collagens.
Among the nucleic acid molecules, mention may in particular be made of single- and
double-stranced DNA, and single- and double-stranded RNA.
Among the polysaccharides, mention may in particular, by way of example, be made
of cellulose and substituted celluloses, chitosans and substituted or functionalized chitosans,
30  dextrans and substituted or functionalized dexirans, amyloses, pectins, starch and heparin.
Among the mineral aggregates, mention may in particutar be made of beads of silica
and more generally of oxides, and also nancobjects of any nature (nancbeads, nanotubes,
fullerenes, etc.).
Among the objects having at least one surface which can be functionalized with at
35 least one electroactive group, mention may be made of non-liguid and non-gaseous objects
having at ieast one electrically conducting, semiconducting or insulating surface, chosen from
metal, organic or mineral surfaces, such as wood, glass, plastic, plant fibers, keratin materials,

organic or mineral gels, composiles thereof or mixtures thereof,



alkoxy containing from 1 to 20 carbon atoms, alkoxycarbonyle containing from 1 to 20 carbon
35atoms, alkylcarbonyloxy containing from 1 to 20 carbon atoms, possibly fluorinated vinyl or allyl, the
halogen atoms - radicals carboxyls, NO2, protected disubstituted, monosubst tuted amino
groups amido, cyano, diazonium, sulphonic, phosphonic, alkoxy containing from 1 to 20 carbon atoms,
18 alkoxycarbonyle containing from 1 to 20 carbon atams, alkylcarbonyloxy containing from 1 to 20
carbon atoms, possibly fluorinated vinyl, the halogen atoms. According to a preferred mode of
achievement, the process of the invention is characterized in that the aromatic group comprises one or
more substituents likely to react directly 5 with organic resins, biological molecules, chemical
molecules or complexing Hgentsiremonentiemariehprec besdefinsu bisfituentstvehiichl, atediransfioemation,

are likely to reagiitiorosgeaiserRsins taialpdisebmalaswerchesnisal melesules opseav@stering
agents. The eXRISSSIon Béh{g?5H&’tﬁﬂEﬁéé%%(htgh%‘?ﬁﬁ&ﬂ!‘@&%ﬁé"ﬂ% olymers, chemical or biological

molecules” indicates the ? bstituents of the aromatic group fixed on the surface and having reactive
functions likely to react with*th& Cﬁ@%ﬁ%ﬁﬁ’cﬁﬂ’uﬁ%t%ﬁ%%%rﬁ%aaﬁif SR P BIREIS R ERERples of
reactive funttioHSEaiEE BRI Rrdmaadoiviay st MARIco\dRe SradeelenitTapietomsidhe
halogens, alcohglsforerampteaoitype- «(@H 2pwaii2idH; theicarh heyheacitis; oy, exawipidosf type
-(CH2)n-COOH; the.anfyeders icbatifigsahasisintb e BikkiREntB o 106y pR8AEHIBRIGMINeS, for
example of type -(CH2)n-pk2,.p being awhalgpumper varying from Q:to, 19 silphopic agids or

sulphonates, phostﬁhoriuc acids or, t% hosghor?attlas,.dThe expression "precursor substituents which,
after transformar?l"?)né;”cé‘%tff’lkneLf)f’1 B YeaR (eIt S’(Wrﬁ'é?g Themical or biological molecules” indicates
substituent® which after Jhe BierRbROGSHRTOMIFRITHSHIE AkSRPEE reaBetisFisbdisscgnsiateal or
biological moleeuked:Fyerpracursornsubstituentsihichaiaftdeduan sformmatamtar éhkikely dionedct are,
for example, NQ@Zol¥shi (o2 pRrkddn (S Hd)Nmbrtdfler(Grid 2, nmbefSRsiuRlr beingsa pEOtRALMErEroup,
-(CH2)n -NHP" B, (QFZIR2:69 N (Fede dlebitie 'Ha:ci?l"-(%eﬁ IE% ffa'é %g?&#&?&%‘i@ﬁ&hv%95%%‘?&9@ being a

whole number yaryin fram & to 16? The phenacyl sulphonyl chloride or the acetyl chloride I1s'examples
. el 107 and 5 mol/l. . .

of amines protecetlvg groups. The process can comprise a further step of applying an outer

coating. THis outer coatind¢aisEsaiRId by e cREVASIFESIA o BIPbyANnBt e RiRaiRsHikE diF coating,

spray coating 28estspiiv coativrgaccording Aoftirtheoaisfect tsréwrellectiically toadisctiveraraglensiconductive

surface having aBrergamicafitinegrafieg therstenbiaiacsh Petbedyr aeessaesoingdoithadnvedtion

Thanks to the pracess of thednvantion.thigk cagtings,of organic film can be obtained. It can be

observed in the 30 foIIO\%ng examtpales that organic films, of 300 nm can be obtained gsee, for instance,
0

examples 1 and 9). Example’3 Showe thit WHERE FOSLkIRg AFERME SR HRGE Hints %N be

obtained.%he dg¥afess AR i afbr 5y e tiRkPretsal etwadser Nardrid LOYhaNthere: freferably of
between 10 nnpaflettipin baiveesifaeadistEnmelictrically conductive and semiconductive surface. The

surface 35 can be in partiedlangiainlpsscsiaalrsiephar o ebaticels GO Wwith hes efasaiothe present
process allows fhe coating Wilan ar9aniedin.Qo,Rartcular ‘QQ)@E%;H&!XWEQ&&@IL&%QPH%&W and

sem_iconducfive surfaces, 19, . The organjc film can be a vinylic polymer or copolymer, in
particular on-@ﬁT\W O,r 6b‘1yflfi‘éﬂ}|‘7i‘,"“’65i§-m / WROQW rbséii?fl\/fﬁ%?ﬂﬁn)&}fﬁ‘ﬁ@ﬁﬁni. iR %epf'géeferred
embodim%%\t, tIF86T GAMRETTAY!RS BOBIGRE PATRINE o RS O Plattie alea 9bije dp rstst e sesblea PLA. It
can be observétkin thiee fbitening et dinpresrtliat thecdagdniofithat tmprises:the Sidheimicakstructure of
the monomer (eithes QREsEAONIRRAEOENAEOUSNIINAMENS) AR MoiRtwidhediagenitim salt (when an
aryl diazonium gajhisUskt, dARARBIIANGIS RECSRVIRIRG-QRIgRICIIM. SRR AAr SiRnee fxample 1)
monomers of a mixture of monomers are in miscible proportions. When they are used, these
30  soivents are preferably selected among the dimethylformamide, the dimethylsulfoxide, the ethyl
acetate, the acetonitrile, the tetrahydrofuranne, the propylene carbonate and other solvents
usually used in electrochemistry, dichlorosthane and more generally chiorinated solvents. The
solvent can also be chosen from the group consisting of water and alcohols. The process in
conformity with the Invention having the advantage of allowing the direct use of these solvents
35 without having to subject them to prior distillation in order to eliminate water which they contain,
nor to carry out a rigarous condrol of the water content of the atmosphere above the reaction
medium. So the process in conformity with the Invention can easily be implemented on an
" industrial scate.



As shown in example 16, the electro-grafted polymeric film is not homogeneous in a direction
perpendicular to the surface: close to the metallic surface, the film is richer in diazonium 10 and its
electro-reduction by-products, while farther from the surface, the film is richer in polymer. This "dual”
structure of the film is an interesting result as: CO diazonium salts are more easily graftable on
conducting or semi-conducting surfaces than monomgss. In the case of vinylic monomers, it is
believed that this is because vinylics are reduced to radical anions which are primarily repelled by the
(negatively) polarized surface as they are formed, during their electro- 15 reduction: hence, the
electro-grafting of vinylics is a phenomenon with very low yield with respect to the current. Practically,
the electro-grafting of monpmesssdetaklynamuiss, is difictarcommeacsuriRcesuaspasialiyswhen

residual oxide I@y@g&gg@ﬂﬁ@ggﬁ@ﬁ] from a:prastical &%ﬁﬁ&j@&xig@zonium salts are more readily

electro-grafted, with grea cf mgliance, on usyal tsurfa&es. The rese\pghinvention thus% tra_nsfeas to
monomers, notably vinylicré, eaé“én“%’SYraar?S‘é" Bgo%gg?véaﬁ?f\ﬂﬂﬂ émé%zo%m?ﬁeésallf’sﬁ\ﬁ8?ﬂ§8’(/‘é"ﬁ, the
electro-grafting Bf dZRTLMSARE W ittR ' <ifve'ts Wakr ebRfeih SHPROAIFS RATRIHI & Ked in the
present inventicimswhitediee tdiepoetabtroagradiing temormimertse rmistetslytivinglits; igheryesarsitive to
water content; (§)ktheryarpebiaineddaiercieniy or@itingrolkdiagooiam salis-arapmaeneaase than
those obtained yith anaera finvicehadalfesd anexcellent.covrlgntlinkeven it thinpxide

layers as soon a5 2gihey, arc,at lsact spmi-onductive, Hhus affording,a gaod elecro-grafting and
adhesion of a poﬁﬁ/me? conditions 15 which the diredt & ec?tro-gra ing o R OHBREFS \ﬁ%e;?ff%:s‘i would
fail. The organi¢ittn

BbeaiAsY BY tHeF pfeseRPpfHeSc et heaPHEEIY S aERR AR e H3RE4R adhesion
primer; 30tan rewecelwotrieés contl uatioeproperte vaehale dactticalls inselating propoaties.

A further objectqbthesipventienissamrliestcolitie campositiRBrMPpIsng ahlkashensediagasum salt,
one monomer bearing At {gashne chaln-RolymeLzahie iy Betional SrouR AR AN SHRRAMING:

electrolyte. The jum salt, the monomer and th orting electrolyte have the 3 e
definition as abgve.ﬁ%qlgleptgﬁ%ﬂ a’l%menr_qﬁgsgﬁ"lr%eerﬁ%gf 5 &gﬁg t‘ee%r"’l]g9 CREEERTIGH rézhggorrgbep c%%gsr)]i’sting of
butylmethacryldf& PRI BRAMSTTMAHAR RASRO e e TA¥E ) glycolic acid and ecaprolactone. The
compositidd adavantageduisigieirthyts coutiprisestatselventissadeinedoabaye)ianitioroasusfettant

(glycerol). The eleatralyticscompasitiom adyamageously comprises the 20 monomer at a concentration
of 1.5 to 2 mol/1, the diazgnj %@'th@tamg%ga?%aag&s@&? tHALmeH . dheRupRering Llectrolyte at
2 concentration, gl kA el N VaHon o 2 sg l BEIC R A SV cofpositon

g pre erat;l'?}zna ea &
comprising a monomer chosen from thé roup consistin thacry ate an

5hydroxy2t51y|rﬁiaﬂ%fer§naf@,%‘*aﬁé‘aﬁﬁﬁ“@?af&mi HsARteriasAsse Ry B erRe ankerdng Livent

the invention in the biomed, iron, copper, nickel, niobium, aluminum (in particular when it is freshly
brushed), of silver, silicon {doped or not)}, silicon carbide, titanium nitride, tungsten, nitride of
iungsten, tantalum, nitride of tantalum or a noble metal surface chosen by platino-iridium or
iridium, platinum, gold surfaces.
In the process according o the invention, the elecirolysis of the electrolviic solution
25  can be carried out by polarization of the surface to be coated under voltammetric conditions, as
well as via any potentiai- or curreni-controlled protocol in which the potential {resp. the current} is
time dependent. The present invention also relies on the fact that when one applies a time-
dependent electrode potential protocol, provided that this protocol contains cathodic excursions at
potentials which are higher than a certain threshold, with an electrode dipped in an electrolytic
30 bath comprising at least a diazonium salt and at least a molecule bearing at feast one chain
polymerizable group, then one can obtain - after rinsing - the formation of a polymeric film
containing the said group. The threshold under consideration in the present invention is at least
the reduction potential of the diazonium in the soiution: i is necessary that over at least a part of
the potential (or current) protocol applied fo the substrate, the potential of the surface be higher
35 than that of the highest diazonium saft present in the solution
in a preferred emboditent, the threshold under consideration in the present invention
is at least the reduction potential of the aryl diazonium in the solution: it is necessary that over at
least a part of the potential {or current} protocol applied 1o the substrate, the potential of the
surface be higher than that of the highest aryl diazonium salt present in the solution. Without



The electrolytic composition advantageously comprises the monomer at a 10concentration of 1.5 to 2
mo1l/1, the diazonium salt at a concentration of 5.1010-1 molll, the supporting electrolyte at a
concentration of 105.10-2 mo1/1. In particular, the diazonium salt is an aryl diazonium salt. The
supporting electrolyte is advantageously chosen from the group consisting of NaNO3 and TEAP. For
these polymers, the use of a solvent, especially DMRgmay be recommended. 15A further object of the
invention is an electrolytic composition comprising - butylmethacrylate monomer, at a concentration of
1.5to 2 mol1/1 glycerol, at a concentration of 0.01 to 1 mo1/1 - Dimethyl Formamide as the solvent,

- 4-nitrophenyl diazonium tetrafluoroborate at a concentration of 5.10-4 to 10-1 mol /1 20- sodium
nitrate (NaNO3)ihg ronrcentratonhebd O3 tadudd+Ranbik/knables TFhadhweptidingais thesigiesae a method

for preparing a fopnglation.far slectrosafting comprisingthe fQllowingrsdceessivastepsa) Rreparation
of a composition comprising 25: hutylmethacrylate %?P'i%oél?&«r a%%%%”éﬁ%% r%k@m%hﬂd Bl gabRol1/1 -

glycerol (5% of the total vol lume), at a concentration of 0.01 to 1 mo1/1 - Dimeth Formamlde as the

solvent, sodmﬁﬁ‘?ﬂﬁ%&%?ﬁﬁl\fﬁﬁ‘f a?régé?fﬁgé’ﬁt?a?@ﬁ%tfeﬂ)a@'tc?%ciﬁ WigbIPe 2t gy L4E85n Yo said
composmoﬁ, prigftoalss radishopRe myldkdz Gumiecadftior sheraess e Botwh dentPaishi %?5%.104 to
101 mol /I. A furileerebjestpefitiw:inventitinrs antuekectrolytixacpimpositiwmicomprisiagon under

hydroxyethylmethasiviate HemehRia ceneiatanchd aiarddiodbsoglyserol, at a concentration
of 0.01 to 1 mol1/1 Dlmegi]éﬁ For I‘Q}I{%ﬁ as qtge gg{_l}vg%@% afl mgrgg&eg%ﬂ&goﬂw(ggy !ggroborate

at a concentration of 5.10-4 omf sodium nitrate ( at a concentration of to 5.10-2

mol /1. Th éom’?fésﬁﬁé’ﬁt'&?ﬁ?l?’@l%{té‘@@‘ﬁ N Ciatols ?&Zﬁ?éﬁﬁﬁﬁg‘) 4@8?&@[&1%”0%%? Bled ogradff’ ing
comprisintthe fibflenvinte satasiiaigansssieiep reduction of the monomer.

These results demonstrate that best polymer films are obtained at potentials which
are greater than those of the reduction of the diazonium salts, and that eventhough the diazonium
salts are key in obtaining an operational process for the electro-grafting of polymer layers, the
best working potentials are much more cathodic, close to those of the reduction of the substituent

15 group of the diazonium and/or of the monomer itself.

According to a preferred embodiment, the applied potential has excursions in
potential ranges which are the most cathodic potential accessible within the soivent window
before the so-called “solvent wall®. This solvent wall is usually identifled very easily in the
voltammograms, as it corresponds to the potential at which a very steep rise (in absolute value) of

20  the electrochemical current is observed, well above the maximum of the current peak stemming
from the electro-reduction of the diazonium salt, The nature of the electrochemical reactions
accompanying this steep increase in the cathodic cument may vary in proportions from one
electrochemical medium to another, but usually correspond to the reduction of either the
supporting electrolyte, or the solvent, or dissolved water (in the case when water is not the

25  solvent), or all of these together. Typically, according to this embodiment, applied potentials in the
invention may have excursions up to — 2 to — 3 WECS i.e. T to more than 2 V more cathodic than
the reduction peak of the diazonium.

When the solvent is water or contains water, the skilled person knows that the apptied
potential must be lower than the proton reduction potential.

30 The choice of the potential vatue may be a critical feature of the process (ses
examples 12 and 13).

In a preferred embodiment of the invention, the film is obtained by successive
application of several protocols selected independently from protocols with variable applied
working potential and protocols with variable applied working current, each protocot being applied

35 1o the surface for a given duration that is identical to or different from that of the other protocols.

The Invention. in addition, aims also at producing electrically conductive or
semiconductive areas of a surface coated with an eleciro-grafted film as described above. In
general, these coatings have a thickness between 10 nm and 10 um, and preferably between 10

nm and 1 pm.



a) preparation of a composition comprising 21 - hydroxyethylmethacrylate monomer, at a
concentration of 1.5 to 2 mo1/1 - glycerol, at a concentration of 0.01 to 1 mol1/1 - Dimethyl Formamide
as the solvent, - sodium nitrate (NaNO3) at a concentration of 10-3 to 5.10-2 mol /. 5b) addition to
said composition, prior to use, 4-nitrophenyl diazonium tetrafiuoroborate, at a concentration of 5.10-4
to 10-1 mol IL  The invention further relates to a prggess of coating a stent with an electro-grafted
layer of poly-Hydroxyethylmethacrylate comprising the following steps: Cleaning with Detergent
with Ultra-sonic 35kHz power 90% for 10 to 20 min; 10Rinsing with DI Water with Ultra-sonic 35kHz
power 90% for 10 to 90 min; Drying; Contacting the stent with cathode of a power supply; Dipping in
electrolytic solution of claime2&izaitnarganihuipigider &ta2@ Mibtire of diazoniu? QlREZINgeSEARL Via a

cyclic voltammeiry, REOFRCQlSCANRINGEE WV ESRmaNtle o imes 1aHarm 95%%5 CIFGHIt prrentiabio - 3
V/ICE (CE = counte{el ctrode = the n%%e%aat a scanning rate of 100 mV/s, with argon bubbling at 8
b

l/min; First rinsiH?;;SianU Wﬁﬁ‘%f%@ v |Hfg‘jtefr(1)°rn5 to 20 mm; Second rinsing in with argon bubbling

DMF for 5 to 20 min; Rindndg f{efSPWATEIPFSFS 18 S6PRAiN; POPIRFAL PV EHGRTHVEIT atPB08°Ur0 mbars

for 30 to 189 mignsisting of: nitro, fiuoro, bromo, chioro, iodo, thiocyanato, sulphate, sulphonate, sulphonium
salts, phosphate, phosphonate, phosphonium salts, diazonium salis, amine, ammonium, atcohol,
aldehyde, ketone, carboxylic acid, ester, amide, nitrile, anhydride, acid halide, alkyi, alkenyi,
alkynyl, aryl, naphthyl, anthryl, pyrrvi and polyaromatic groups of higher degree, and wherein the
alkyl, alkenyl, alkynyl, aryl, naphthyvi, anthryl, pyrryl and polyaromatic groups of higher degree
10  include 2 group selected from the goup consisting of. nitro, fluoro, brome, chioro, iodo,
thiocyanato, sulphate, sufphonate, sulphonium salts, phosphate, phosphonate, phosphonium
salts, diazonium salts, amine, ammonium, alcohol, aldehyde, ketone, carboxylic acid, ester,
amide, nifrile, anhydride, and acid halide.

According o a preferred mode of achievement, the process of the invention is

15 characterized in that the diazonium salt is an arvi diazonium salt, preferably of formula ArN,™ X, in
which Ar represents an aromatic group and X represents an anion advantageously selected
among: halogens, sulphates, phosphates, perchioraies, tetraflucroborates, hexafluorophosphates
and carboxylates.

The anion can be a substituent of the aryi group for example a suiphonate group, one

20  obtains an amphiphilic molecule then comprising a diazonium salt.

The aromatic group can contain one or more aromatic groups linked together or
fused. It can be a C6-C14 aromatic moiety, possibly substituted by one or more functional
substituents or a heteroaromatic moiety having from 4 o 14 aioms, possibly substituted by one or
more functional substituents, comprising one or more hetercatoms selecied among oxygen,

25 nitrogen, sulphur or phosphorus. The aromatic group may furthermore comprise one or more
substituents chosen from the group consisting of;

- aliphatic radicals, #inear or ramified from 1 to 20 carben atoms, possibly
comprising one of more double or friple bond, possibly substituted by carboxyt radicals, NO,,
protected disubstituted and monosubstituted amino groups, cyane, diazonium, alkoxy containing

30  from 1 to 20 carbon atoms, alkoxycarbonyle containing from 1 to 20 carbon atoms,
altkylcarbonyloxy containing from 1 to 20 carbon atoms, possibly fluorinated vinyl or aliyl, the
halogen atoms

- radicals aryls possibly substituted by radicals carboxyls, NO,, cyano, diazonium,
alkoxy confaining from 1 to 20 carbon atoms, aikoxycarbonyle containing from 1 to 20 carbon

35  atoms, alkyicarbonyloxy containing from 1 to 20 carbon atoms, possibly fluorinated vinyl or allyt,
the halogen atoms

- radicals carboxyts, NOs, protected disubstifuted, monosubstituted amino groups
amido, cyano, diazonium, suiphonic, phesphonic, alkoxy containing from 1 1o 20 carbon atoms,



The invention further relates to a process of coating a stent with an electro-grafted layer of
poly-Butylmethacrylate comprising the following steps: Cleaning with Detergent with Ultra-sonic
35kHz power 90% for 10 to 20 min; 25Rinsing with DI Water with Ultra-sonic 35kHz power 90% for 10
to 90 min; Drying; Contacting the stent with cathode of a power supply; Dipping in electrolytic solution
of claim 23 with argon bubbling for 5 to 20 min; Polarjging stent via a cyclic voltammetry protocol,
scanning between 5 and 75 times 30from open circuit potential to - 3.2 V/CE (CE = counterelectrode =
the anode) at a scanning rate of 50 mV/s, with argon bubbling at 8 I/min; First rinsing in DMF with
argon bubbling for 5 to 20 mm; Second rinsing in with argon bubbling DMF for 5 to 20 min; Rinsing in

DI Water for 5 tendRybaibosal oAt WasUUm avenat 40+ s, 1Rmbsss ol 38Aaid&0HsHN1 © 20

EXPERIMENTAL 01 atom & BERBMICAlS RS 6PIAINEA fLam Aldrich Chemical Company or Acros, and
were used as received. 'I;j\N thin films were obtained %y IVLCRCVD on Si02/Si substrates. 22 The

typical coupon size was 7X1 em?. The BiRelSpoIfiRed SAIRIEIS TP (BTEES Chikit BrrdiRiufh
(MP35N) sand BTEEEE &HMBR §5rRion st et aARATP U A ae (R is Ereak diptolo3ephfiiardy under
ultrasound$ at 50C ¢roenisokstion v B xR¥stirenciredisti ledavdte raandiehd dveuis.imrameven at
100C before usgortheetiNtHRUSiSHRS RS it WekpMeRdaSeRCRIve tiRmithe MRGMR Jeposition

chamber. i RdREGKRLNE0SAemid QUIRLTADS M. iniased Shectamgiel (6T - LR Rigyided with
a SensIR (Durqﬁ(%f)qe) acggss%r “fi%r %&5} r;rgec %‘A{;%%P&”é% ,‘AV?(% §ur%éa]d to characterize the composition of
m-1.

tior RIHELETIRN S NRFSTRARTIRY 155 CAFviNg R A Rurrow

the coating at a resolution of

through the filnPlWith Z°Etrte LN iehelififystieGaith ar s RTINS S tRoeaw Wofilsmeter
from KLA Tfencorerting fwoltammeetizs! andtothewkmed dpe rsantigoté ntiafiexperiotertsrae e rerformed
with a potentiostetigaivrnesial ¢ 66 AnChl dogieiments;ddS Al iavbichtbhanotentalsfishe working
electrode (the %wéskréxtf?lﬁstnze.&@ﬁr@@aiﬁ&mm%q %iﬂaxgﬂjp@sh @.@gmébfﬁi?(m relgde (ECS).

. z)! G : . ;
P ot GRS B B e e S epren
(source: Al, enérd§oE4868eEVIEFIIMVS R pleidrirtie BEEiNeUA e -EIMS Ve (FONE POP
GmbH, MBnstencSamatasy )l Ehexpiespitsitionctine whstiZEstantlitheadpetaawertiacquirddipwer an area
of 150x150pm2empattrpoyeeespbiainesd witbihgAmsetnes (35idey) Lpanatad wnamigh-reassrresolution
mode. Both the,pasitiveBRd.ibeNegalius SPRCEReIBIIRCRdad- QT B BiRgiachemigal impedance
spectroscopy eﬁ‘r@?ﬁéﬁ%ﬁ%’ﬁ%@%@ em[iﬁ%ﬂﬁa%%r"irsaqugoramaﬁon, are likely to react are, for exampie, NO,, N
(CH,),-CN, (CH,), -CHO, (CHy), -COOPT, Pr being a protective group, -(CHa), -NHP' R, (CH,), -
20 N{P'r), (CHy), -N=P'' R, P' R, P'' R being protective groups, n being a whole number varying
from 1 % 10. The phenacy! sulphonyl chioride or the acetyl chloride is examples of amines
proteclive groups.
The process can comprise a further step of applying an outer coating. This outer
coating can be appiied by electro-deposition or by another means fike dip coating, spray coating

25  or spin coating.

A further object is an electrically conductive cor semiconductive surface having an
organic film grafted therefo obtained by the process according to the invention Thanks to the
process of the invention, thick coatings of organic film can be obtained. It can be observed in the

30 following examples that organic films of 300 nm can be obtained (see, for instance, examples 1
and 9). Exampie 3 shows that when a cross-linking agent is used, thicker fims can be obtained.
The grafted film has preferably a thickness of batween 1 nm and 10 um, more preferably of
between 10 nm and 1 pm.

The surface is an electrically conductive and semiconductive surface. The surface

35 can be in particular stainless steel, steel or a cobalt-chromium alloy. Therefore, the present
process allows the coating with an organic film {in particular vinylic polymer) of all conductive and

semiconductive surfaces.



three electrodes electrochemical cell, with a large platinum foil as counter electrode and a Ag/AgCl
reference electrode. The EIS spectra were collected using a multichannel potentiostat VMPII/z which
are controlled by a computer with EcLab software. The measurements were performed at the open
circuit potential in the NaCl 0.9g.L-I solution over a frequency range from 25105 to 10-2 Hz with 5
measured frequencies per decade and 10mV peak tggeak sine wave amplitude signal. The
present invention will hereinafter be described more specifically by the following Examples. It should,
however, be borne in mind that the present invention is by no means limited to the following Examples.
30 Example 1: deposition of BMA thin films on stainless steel in the presence of 4- n itrodiazon ium
tetrafluoroborate. THe @l BId KA Bimscaseikprwaiiadabiopampatiblesapatingsyhisnare
important to be gepasiiad A5, Mﬁ@ﬂwﬁ\'%QT«H@W@@W%%HSE%@F&JP&%%% SRl @S stainless
steel, 35t|tan|um exag‘nrgle 4g§0§oCrd gxample | ccukt;tlrgps re obtaj ned asgo lows: In 50 mL of
undistilled DMF ( meth [Formanmae), cont |n|h FPYERP" etrae?trt ylammoniumperchlorate,
2510-2Mas a supportlﬁ‘gcéne@rBWFé‘)eﬂﬁ% tﬂﬁﬁSW@%%‘@Wﬁﬁ%‘hﬁh rﬁ%‘éfc%‘f@”@ﬁ’@ﬁﬂ)t%d 236 mg
of 4-nitrobehzereaiiieosiiuphitetfdfit Broborate {0 P TS sol HdtrIsTirTPOd Ut atdn s @lectrodes
cell, the workingheleetsaide beingrancouppriaispolisheds 23 stainlegssieelanestheicourigaeiectrode a
piece of carborypapgk dhesRatetighetthe stainless steel cathode is scanned 20 times from -0.2 V to
-3.0 Vat a rate of 100 mV/s vggvr\}nArq o(gﬁptﬂebpérqh (2le ral%e d pol men q E%tjﬁothe élrés(t black line)
and last (dotted line) cyc ic vortammogram of the so?ut)i repor e cf’emonstr in film
formation. diESHieHe wreetitdy \ﬁﬁh@rﬂ’gﬁ?f‘e ﬁi?ﬁfr@fmﬁ/”?ﬁt@e‘dsf‘ffﬁf-e feflap Sy 'ﬂ ﬁ{@d‘t@“ﬁtese nta
300 nm thiék, hethégenetusdereerisrifvciinvhie fRtspdmuirecttaesfithe, fieicdshonylpelisration of the
polybutylmethatiidatess ohserved tikT23scim-hiapslitheda symimeiticandsanfisymedricadfirations of
the nitrophenyl gaﬂsmea&rlé&%anqgl%@eméndte clivelys IRENEhalnoficednal:a BRI MA layer
is obtained even thonyeggh Qog!y eEisev'\éléA‘za%t Tf;)adll uble in DMF, M(ﬁreo r, t JS TI m Wlth%t nds thorough

b Ii
rinsing in DMF even under ultrasoun m?r?ﬁ s, xaa?nre e Josttion oOanoVYy MA thin
epiEE Gain

films on stainleSSGUEITRAITE PrdRRMesBv oY) PRRTGEHRIBT ?@%é‘f&f%ﬁdrﬁté‘%f
potential. 15 re®ctpmitagosotemtiarscarfing abunvies for ekamapkads et ubse emalieldoréntizsrad it is
described in thefallowingnexpetimeniahpreestugeihh cos ameoproce dotrerasithaisgive tifftugixample 1

was employed gx&apt thaadhe &H@@aiky whain rQQ&QQti@L ég]iaye% ENA %'flsréggt 05@@ apd Bt pragtlé%iv during

0.3 s) have beep u %d lace of tt\e ZOScannln nt a t@ can nu ber was 2000. On the
stan t, diaz m m sails 'BI\WEF edc ate w h grea co nce CP"%. L‘(SU&!
electrode which |st en_carefully rinse water and air rle present a m thic

homogeneous, ‘YF&&FisAflRTEsent INvqRipAeHES JBBYRGNP d??ﬁ%”tﬁ?‘ﬁ ’tﬁté%at’%’h‘iﬁ Gfﬁrﬁﬂ’dﬁ“ﬁ‘?%e
polybutylfdtharisaess |S”éb§€r\¢ét§‘t§3tuln728ténMQF@YdrtHEetw@QifymWf@tﬁcoaﬁdléznm@yﬂ@m@ vitieations of
the nitrophenylsgrotip:at 4520 @netd 35Gamelyiespedidsalyd in the present invention, while the direct

electro-grafting of monomers, notably vinylics, is very sensitive to water content; (i) the layers
obtained via the electro-graffing of diazonium salts are more dense than those obtained with
monomers {vinylics), and afford an excellent covalent link even with thin oxide layers as soon as

25  they are at ieast semi-conductive, thus affording a good electro-grafting and adhesion of a
palymer in conditions in which the direct electro-grafting of monomers (vinylics) would fail.

The organic film obtained by the present process:

- can be a biocompatible fiim;

- can be an adhesion primer;

30 - can have glectrical conduction properties;
can have electrically insulating properties.

A further object of the invention is an electrolytic composition comprising at least one
diazonium salt, one monomer bearing at least one chain polymerizable functional group and one
supporting electrolyte. The diazonium salt, the monomer and the supporting elecirolyte have the

35 same definition as above. In a particular embodiment, the monomer is chosen from the group
consisting of butylmethacrylate, hydroxyethyimethacrylate, lactic acid, glycolic acid and s-
caprolactone. The cemposition adavantageously further comprises a soivent (as defined above)

and/or a surfactant {giycerol). The eiectrolytic composition advantageously comprises the



25 Example 3: Cross linking agent (pentaerythritol tetraacrylate) effect on the film thickness obtained
from methyimethacrylate and 4-nitrobenzenediazonium tetrafluoroborate on stainless steel. Typically,
the thicknesses of films obtained by the vinylic/diazo copolymerisafion are 30about several hundreds
of nm. One can obtain thicker films by adding cross linking agent such as pentaerythritol tetraacrylate
in the film deposition bath as described in the following procedure. In 50 mL of undistilled DMF,
containing 210 mg of NaNO3 (2.5 10-2M as a supporting electrolyte) one introduces 50 mL of
methylmethacrylate (5M), 236 mg of 4- nitrobenzenediazonium tetrafluoroborate (10-2M) and with or
without 1mL of pentaerythritol 35tetraacrylate (1.2 10-3M). This solution is introduced in a two

electrodes cell, thaaverking-eleatrate beingezooupomn afpotished sisiniess steeand théteouhter
electrc;de a pieGR.Af ﬁ@%@gﬁbﬁﬁ&%@mw}e atE%r/l%@&?rQﬁiﬁJ &fﬂ*efoséﬁilﬁ*%/ﬁee' cathode is scannedhloo
times from -0.17 Vto -2.8 V. e of 50.mV/s with Argon bubbling (2 Lmin-1). 24 On the
electrode which is then c%?g%ﬁ@#ﬁs‘géiﬁl\c}l‘i—gé{ﬁ%ﬁ%é ré?li gart?ri fieC @Op?%ggﬁ?%ﬂ 1o?nogeneous, greenish

film. With pentaerythritol® tHENAEhiKRERs &g . FRtRoutPERTER nthrorteRsaaHiaR, 1S limited
to 150 nm. In separatéersxprifiTsiitacwitie pentaerythritol tetraacrylate in the same conditions but 5with
respectively 20 and 40 eientiad seansythianer film thickness were obtained that thickness is linear
according to the numbersgf ippRpsedcyglesRf voltammetry as it is seen in figure 2. Figure 2:
thickness evolution of films obtained from MMA and 4- nitrobenzenediazonium tetrafluoroborate in the
presence of pentaerythritol tetraacrylate on stainless steel coupons according to the number of

electrochemical cycles. ABECIEES HUIMbE BB RV HIAALRY: FRERASES H’Ieth@cm?ﬁ‘fﬁ) a2 R
spectra, tA8 carsorffitatomBohDRtRaBBEsEiperbIisEriad acrareoreirloaRddhéotifo syntstric and
antisymetric vibraonsgfishenitrephenybgralep at1b520sa0d 4380 cnil, respectively. 15Example 4:

deposition of poly-BUMAthinkims pe sandiblasied and-nemsanshkiasted tilgminm, slstiatss in the
presence of 4‘%‘8@%%%95&@@%%@55% %ﬁé@%‘d‘ar& OAtG o Ny NO TG same PJP{%S%EE%@%FQ%Q'Ve” In

example 1 was used except that s asted and non sand bldsted titanium substrates were used in
place of stainle¥¥§ideioent. especly Y R B RIHBTEIHRE 300 nm thick film on bulk Ti, the carbonyl

vibration dfthe 20polybutiirneltisacrifaténisibeér e diearelyiacemndsipiioenedioits symmetric and
antisymetric vibrationsbutylmethacrylate monomer, at a concentration of 1.5 to 2 mol/

- giyeerol, af a concentration of 0.01 to 1 mol/t

- Dimethyl Formamide as the solvent,

- 4-nitrophenyi diazonium tetrafluoroborate at a concentration of 5.10™ to 10™ mol /i

20 - sodium nitrate (NaNO3) af a concentration of 10™ to 5.107 mol /L.

The invention also relates to a method for preparing a formulation for electografiing
comprising the following successive steps
a) preparation of a composition comprising
25 - butylmethacrylate monomer, at a concentration of 1.5 to 2 molA
- glyceral (5% of the total volume), at a concentration of 0.01 o 1 mol/|
- Dimethyl Formamide as the solvent,
- sodium nitrate {NaNO3) at a concentration of 10° to0 5107 mol /1.
b) addition to said composition, prior to use, 4-nitrophenyl diazonium tetrafluoroborate, at a
30 concentration of 5107 to 10" mol /.
A further object of the invention is ann electrotytic composition comprising
- hydroxyethylmethacrylate monomer, at a concentration of 1.5 to 2 mol/l
- glycerol, at a concentration of 0.01 fo 1 molf
- Dimethyl Formamide as the solvent,
35 - 4-nitropheny! diazonium tetraflucroborate at a concentration of 5.10™ to 10” mot /
- sodium nitrate (NaNO3) at a concentration of 107 to 5.107 mal /1.
The invention also relates to a method for preparing a formulation for electografting
comprising the following successive steps
a) preparation of a composition comprising



of the nitrophenyl group at 1520 and 1350 cml, respectively. In the case of the sand blasted Ti,
we note a change of the hydrophilic/hydrophobic character of the surface after treatment: a water drop
contact angle increases from near 00 before treatment to almost 90 after film deposition, stemming
from the very hydrophobic poly-BUMA film 250btained by electro-grafting. Example 5: deposition of
poly-BUMA thin films on CoCr (MP35N) substrates ipthe presence of 4-nitrobenzenediazonium
tetrafluoroborate. In 50 mL of undistilled DMF, containing 215 mg of NaNO3 (2.5 102M as a supporting
30 electrolyte) one introduces 50 mL of butylmethacrylate (3.5M) and 236 mg of
4-nitrobenzenediazonium tetrafluoroborate (10-2M). This solution is introduced in a two electrodes cell,
the working electrode being:@-aaupan:aftheslestiapalishedcn@ssubdrate 4MP35N) and the counter

electrode a piece of carhp,paper Jhe.patsniial of the siginless steel cathode is scanned 20 times
from-0.3Vto -3.5 Vat_'a.raég ggé%oar%\é/g \M{tﬂh @J&\Qn bubbling (2 Lmin-1). 35 On the electrode which is
then carefully rinsed D ,,Wgter and air dried Is present a 300 nm thick, homogeneous, greenish film.
In the IR spectrum of th&°flir ate ANBERY Givratssgrtine $ORbaS HRetdrylate is observed at 1728
cm-1. 25 Bxaniple®iitige positinconpediicBUNIR thinstindstBeth (:805)subsifiatediratheapresence of

4-nitrobenzenediazemtamntetsaftiatoladrates. The same device setup as that of example 5 is
used, except that SHRSHARE RASMELLEAPLCHRBRLLCHI RMI LALNAM SIEBLINS SamRQSItien of the

electrolytic solution is the 5 following: butylmethacryl 30% by weight), 4-nitrobenzenediazonium
tetrafluoroborat%é?(ﬁ(l—)@g[rm fe %’R%é’%%%ﬁ? r i?%%%&%ig' /?3%% 'Wei%ht), DMF (65% by weight);
percentages by weight ifr FEETBHER VFRORTE B Frstghit oFtHe RS8R0 to 20 mingiar

electro-grafting, the stenRirsiriggatl bhvisrardh &itrechfos BOTmINH %ti40Q rsdera 10 mbar vacuum.
Before the electrograftingsysignt surface is treated by a solution of NH4F 40% for 1 minute. Using that

method the obtained cogiipg tichnessisaeshdRbNn.Fecipgrafting parameters: Cyclic
voltammetry from open-gjrcuit potential to -3.5V/CE with_argon bubbi 1.min-1). Scan number: 50
scans. Scanning rate: 5 lﬁ&?}%%f%%[@ﬁﬁé%ﬁ%hﬁ%%% %‘é"%‘téﬁt"%%%l&g‘g‘ éggrérelearké%ﬁ}aracteristic of
p-BUMA. The sarrie speCHd AbsEidénta e QheamesYar pachsSeHuia iSSR0 SrgR ERfBIe15 Example
7: Depositidn of poly-Fieavavehinifilihsdentiabinless StEBI iREHe preveriedrodel = rittobexzenediazonium
tetrafluoroborate. scarlholy rHEM Aotsranotner syarbpbenied at Bipapmpatible polymer. While
poly-BUMA is considereﬁrgsihy@mbmmpgbg%%%hgg hydkaxyl group is seen as a more
hydrophilic 20polymer. % %%!Y"F'%MA;”%W%C%R E{ﬁ)&,%taé@%dm?% %tz?@ple}r?s steel, TiN thin film (example
7), Nifinol (example 8) in the o_m)w condftions. . TG mikfurE'f 10 mL of undistilled DMF and
66 mL of desionizéd waltr* B8RRI RS HIBMNaCI (2.5.10-2M as a supporting electrolyte) one
introduced®4 mL of hydPasaeihyasetaeysate¢FE NAm N oadRlte 38 miy.of 4-nitrobenzenediazonium

tetrafluoroborate 25 (10-2M). This solution is introduced in a three electrodes cell, the working

electrode being a eaupRB-atPRlishedsiainiessRiesh the.spinielalelinde Apiecs-AteaiRpapaper

and the referenp%ﬁ%gt@gé@%g ,aetleeggr(])drp. T%% %gct)%ntéaltgfsthe stainless steel cathode is scanned 100
at a 100 tArgen bubblin

times from -0.1 V'to -1. arate o mV/s wi (2 Lmin-1).
- Cleaning with Detergent with Ultra-sonic 35kHz power 00% for 10 to 20 min;
25 - Rinsing with DI Water with Ultra-sonic 35kHz power 90% for 10 to 90 min;

- Dirying;

- Contacting the sient with cathode of a power supply;

- Dipping in electrolytic solution of claim 23 with argon hubbling for 5 to 20 min;

- Polarizing stent via a cyclic voltammetry protocol, scanning between 5 and 75 times
30 from open circuit potential to ~ 3.2 VICE {CE = counterelecirode = the anode) at a

scanning rate of 50 mV/s, with argon bubbling at 8 ¥min;

- First rinsing in DMF with argon bubbling for 5 fo 20 min;

- Second rinsing in with argon bubbling DMF for 5 fo 20 min;

- Ringing in DI Water for 5 to 20 min;
35 - Drying in Vacuum oven at 40 °C, 10 mbars for 30 to 180 min.

EXPERIMENTAL
All chemicals were obtained from Aldrich Chemical Company or Acros, and were
used as received. TiN thin films were obtained by MOCVD on Si0./Si substrates.



In the IR spectrum of the film, the carbonyl and the C-OH vibrations of the
30polyhydroxyethylmethacrylate are observed at 1728 and 1164 cm-1 respectively. The two vibrations
of the nitrophenyl group are hardly detectable. Example 8: Deposition of poly-HEMA thin films on TiN
in the presence of 4- nitrobenzenediazonium tetrafluoroborate 35The same procedure as that given in
example 7 was employed except that TiN/Si02/Si sulsfrates were used in place of polish stainless
steel. The FT-IR of the obtained film shows the carbonyl and the C-OH vibrations of the
polyhydroxyethylmethacrylate at 1704 and 1152 cm4 respectively. 26 Example 9: Deposition of
poly-HEMA thin films on NiTi (Nitinol) in the presence of 4- n itrobenzen ediazoni um tetrafluoroborate.

In a mixture of 240 mL of ejapizadosidiar.seenkaining 285 MY At NalhiRd MARA SWpesing
electrolyte) oneégﬁﬁ%ﬁﬁﬁm mﬂ‘?)%g w&%&gziyé%er@g%ll%%igﬂEM@n%%Wg LY, d’a !e‘é%%?e cl%nd 444 mg of
0

4- nltrobenzene |a nium tetragluoro rate . This solution Is Introduced In a two e ec?rodes cell,

the working elec?r e Deing léncf'\)rut"tl(‘Sansmi‘"f{ﬁtlﬁoﬁo t(ﬁ [ St e tb B % Gieed SfLlsH SRS, The
potential of the Rﬁﬁﬁél E%Hhéfd@’lé’@a‘ﬁnw “fobeifiestroie-0ite/Se BYstiptasrdtet oREOBAIES with
Argon bubidting (g divedrfed the MOV sleeatitiomcbdrtiverfilm, the carbonyl and the C-OH vibrations of the
10 polyhydroxyethylmethacsylate: aeasebse rsdlent-dtid ane b4 cmoh Ees PECTVENG DS e,

vibrations of e HRBRALLAKONRALE HoY X AEIREIRhIS 105 SLITRGE. NI R lalig pbstrate s

hydrophilic, as seen Re ate deposition 0
copolymer thin PTn%s on g‘ |n{§s%es SO tﬁecTSpFefégﬂ%(é‘eﬁ‘F fi'ﬁﬁr‘ﬁffgﬁﬁﬁ?@fﬁ%%ﬁﬁﬂ\‘ﬂ%au%{ﬁﬁbroborate

We have evalud{EaHer Wlﬁ‘&&ﬁ%b’%méﬁ% e BEASHEIY cosmiseditintvitfveriaie g Senti§ of
2-methacrifoylaxgféehgte OranirietTdasnmitr usiarethijiphusphatér{e kdpemith actydmylexeeithylts
phosphorylcholines MRG)e2Wihis paenasaerursnsyRthetises asaieseribed.in Isbiharadtideda T,

Nakabayashi N 10 subsirGiS §omp iiS; argnlxt re of 220 mL
of undistilled D&%ngg]% %ﬁliégg{%g?%ﬁ%\%?a V\zt?%gé%nigta%%\ggmr%}eggﬁ% 9\imhetz;is ec%Fa%)e BUMA)

|
approximately S0 SR an IRCTesiny Aol br B eRelne 9311)98}?8“95 5ifs| (‘ﬁ"p]'cmy
4- n|trobenzene@fﬂ%?ﬁd‘i‘ﬁhz'ﬁs%‘ﬁ&ﬂﬁ@rﬁﬁérﬁé@@?ﬂﬂ?“hﬁh@ PO leprsigenigi eV rerdritained at 300
mL. This d8lutichi#nastrodaceSoin-ARVIS etéctisdes ipeléntheoworking eleclrotesbeiny) aTedLgus of
polished stainlegesieekthecodbter gieatrons anieseTolFcaren Nanes: Ba@rﬂﬂ}?ﬁﬂéla%&t&%&;ainless

steel cathode '%zﬁ@%@@gs@:é'w&g&@w@éa}{qmeg Ry A 25816 %(DQ%H]}#‘S %Ita olg apntél ng (2
Lmin- 1) 27 Sany? %e Au source (25 keV) operated in a high mass resolution mode, Both the positive and the
negative spectra were recorded.

20 The electrochemical impedance spectroscopy experiments were performed using a
three electrodes electrochemical cell, with a iarge platinum foil as counter electrode and a
AglAgCI reference electrode. The EIS spectra were collected using a multichannel potentiostat
VMPIli/z which are controlled by a computer with EclLab software. The measurements were
performed at the open circuit potenttal in the NaCl 0.99.L" solution over a frequency range from

25  10° to 107 Hz with 5 measured frequencies per decade and 10mV peak to peak sine wave
amplitude signal,

The present invention will hereinafter be described more specifically by the following
Examples. It should, however, be borne in mind that the present invention is by no means limited
to the following Examples.

30
Example 1: deposition of BUMA thin films on stainless steel in the presence of 4-
nitrodiazonium tefrafluorcborate.

Poly-BUMA fitlms are known to be biocompatible costings which are important fo be

deposited as films on biocompatible substrates used for prostheses such as stainiess steel,

_ 35 titanium (example 4), CoCr {example 5). Such films are obtained as follows: In 50 mi of
undistilied D (dimethylformamide), containing 574 mg of TEAP
(tetraethylammoniumperchlorate, 2.5 10 M as a supporting electrolyte) one introduces 50 mlL of
butyimethacrylate {3.5M) and 236 mg of 4-nitrchenzenediazonium tetrafluoroborate (10‘2M), This

solution is introduced in a two electrodes cell, the working electrode being a coupon of polished



Starting solution Rtilt Technique used MPC/BUMA ratio MPG = 5g Blue, 250-300 nm TOF SIMS:
60% MPC = 4g Blue, 350-400 nm very homogenous XPS:51% IR: 42% MPG = 0,89 Blue, 350-400

nm very homogenous

23

stainless steel and the counter electrode a piece of carbon paper. The potential of the stainless
steel cathode is scanned 20 times from -0.2 V to -3.0 V at a rate of 100 mV/s with Argon bubbling
(2 Lmin ™),
In figure 1, the first (black line} and last (dotted fine} cyclic voltammogram of the solution
5 are reported, demonstrating thin film formation.
On the electrode which is then carefully rinsed DMF, water and air dried is present a
300 nm thick, homogeneous, greenish film. in the IR spectrum of the film, the carbonyl vibration of
the polybutyimethacrylate is observed at 1728 cm™ and the two symmetric and antisymetric
vibrations of the nitrophenyl group at 1520 and 1350 cm™, respectively.
10 One shall notice that a poly-BUMA layer is obtained even though poly-BUMA is readily
soluble in DMF. Moreover, this film withstands thorough ringing in DMF even under ultrasounds

far 2 minutes.

Exampie 2: deposition of poly-BUMA thin films on stainless steel in the presence of 4-
15 nitrodiazonium tetraflucroborate with pulse train potential.

Scanning potentials can be used as for example 1 or pulse train potential as it is
described in the following experimental procedure.

The same procedure as that given in example 1 was employed except than the pulse
train potential (E; = -0. 5V during 0.6s and E; =-3.0 V during 0.3 s) have been used in place of the

20  scanning potential. The scan number was 2000. On the electrode which is then carefully rinsed
DME, water and air dried is present a 300 nm thick, homogeneous, greenish film.

In the IR spectrum of the film, the carbonyl vibration of the polybutyimethacrylate is
observed at 1728 cm™ and the two symmeiric and antisymetric vibrations of the nitrophenyt group
at 1520 and 1350 cm™, respectively.

25
Example 3: Cross linking agent (pentaervihritol tetraacryiate) effect on the film thickness
obtained from methyimethacrylate and 4-nifrobenzenediazonium tetrafluoroborate on
stainiess steel,

Typically, the thicknesses of films obtained by the vinylic/diazo ¢opolymerisation are

30 about several hundreds of nm. One can obtain thicker films by adding cross linking agent such as
pentaerythrito! tetraacrylate in the film deposition bath as described in the following procedure.

tn 50 mL of undistiled DMF, containing 210 mg of NaNO; (2.5 10*M as a supporting
glectrolyte) cne intreduces 50 mb of methylmethacrylate (5M), 236 mg of 4-
nitrobenzenediazonium tetrafluoroborate (10‘2M) and with or without imL of pentaerythritol

35  tetraacrylate (1.2 10°M). This solution is infroduced in a two electrodes cell, the working elecirode
being a coupon of polished stainless steel and the counter electrode a piece of carbon paper.

The potential of the stainless steel cathode is scanned 100 times from -0.17 V to -2.8
V at a rate of 50 mV/s with Argon bubbting {2 Lmin™),



XPS: 6% IR: 3% MPC = 0,3g Blue, 350-400 nm XPS: 3% IR: 1% TOF SIMS: 4% MPC =80 mg
Blue,>200 homogenous nm, ver IR: 1% Table 1: comparison between the starting electrografting
composition solution nd the MPC/BUMA ratio into the obtained film on stainless steel substrates

The contact angle measurement on different layers (sample 1, 3 and 5) reveals an 5increasing of the
hydrophobic character. The interest of this mggomer mixing is the possibility to adjust with the
monomer ratio, the surface energy of the obtained film. Example 11: deposition of
poly-MPC/DMAJI-IPMA/TMSPMA copolymer thin films on

On the electrode which is then carefully rinsed DMFE, water and air dried is present a
homogeneous, greenish film. With pentaerythritol, the film thickness is 1.0 um. Without
pentaerythrol tetraacryiate, i is limied to 150 nm.

in separated experiments with pentaervthritol teiraacrylate in the same conditions but

5  with respectively 20 and 40 poteniial scans, thinner film ihickness were obtained that thickness is
linear according {o the number of imposed cycles of voltammetry as it is seen in figure 2.

Figure 2: thickness evolution of films obtained from MMA and 4-
nifrobenzenediazonium ietrafluoroborate in the presence of peniaervihritol tetraacrylate on
stainless steel coupons according to the number of electrochemicat eycles. Abscissa: number of

10 eycles; Ordinate: thickness of the film (A)

in IR spectra, the carbenyl vibration of the polyester is observed at 1740 cm™ and the

two symmefric and antisymetric vibrations of the nitrophenyl group at 1520 and 1350 em™,

respectively.

15  Example 4: deposition of poly-BUMA thin fiims on sand blasted and non sand blasted
titanium substrates in the presence of 4-nitrocbenzenediazonium tetrafluoroborate.
The same procedure as that given in example 1 was used except that sand blasted
and non sand blasted titanium syubstrates were used in place of stainless steel.
On the IR spectrum of the 300 nm thick film: on bulk Ti, the carbonyi vibration of the
20  polybutylmethacryiate is observed at 1728 ¢m™ and the two symmetric and antisymetric vibrations
of the nitrophenyl group at 1520 and 1350 em”, respectively,
in the case of the sand blasted Ti, we note a change of the hydrophilic/hydrophobic
character of the surface after treatment: a water drop contact angle increases from near 0° before
treatment to aimost 9G° after film deposition, stemming from the very hydrophobic poly-BUMA film

25  obtained by electro-grafiing.

Example 5: deposition of poly-BUMA thin fiims on CoCr {MP35N) substrates in the
presence of 4-nitrobenzenediazonium tetrafluorchoraie.
In 50 mL of undistifted DMF, containing 215 mg of NaNO; (2.5 10™M as a supporting
30  electrolyte) one introduces 50 mbL  of butyimethacryiate (3.5M) and 236 mg of
4-nitrobenzenediazonium tetrafiuoroborate {102M). This soiution is introduced in a two electrodes
cell, the working efectrode being a coupon of the electropolished CoCr substrate (MP35N) and the
counter elecirade a piece of carbon paper. The potential of the stainless steel cathode is scanned
20 times from -0.3 V to -3.5 V at a rate of 100 mV/s with Argon bubbling (2 Lmin'*).
35 Cn the electrode which is then carefully rinsed DMF, water and air dried is present a
300 nm thick, homogeneous, greenish film. In the IR spectrum of the film, the carbonyi vibration of

the polybutylmethacrylate is observed at 1728 cm™.



10stainless steel in the presence of 4-nitrobenzenetilazonium tetrafluoroborate More complex
co-polymer can also be obtained as this is illustrated by the following example. In 10 mL of undistilled
DMF, containing 21 mg of NaNO3 (2.5 104M as a supporting electrolyte) one introduces
2-methacryloyloxyethyl phosphorylcholine (MPG, 0.1M), dodecyl methacryiate (DMA, 0.1M),
hydroxypropylmethacryiate (HPMA, 0.1M) 15 trimethyasilyipropylmethacrylate (TMSPMA, 0.1 M) and
236 mg of 4-nitrobenzenediazonium tetrafluoroborate (102M). This solution is introduced in a three
electrodes cell, the working electrode being a coupon of polished stainless steel, the counter electrode
a piece of carbon paper and the reference an Ag/AgGlI electrode. The potential of the stainless steel
cathode is scarmeehp@ tnwepdsnian-6: ok B HiMatrmwa e af D QUBDY) s wiidhrA¢g anihe plliagee2 Lmin-1).
20 Based on of the,infasheshviialions charoietsiigs. of each monomer, and of the mixture the
composition of obtained is as follows; MPC = D 10 % TM 1 /0, HPMA not
estimated, 4-nitrophen I(B#E S Aot ¢ eé%lvrﬁ%tséadj P iﬁtrﬁt &atle@‘%%s‘%gs 28( C?ﬁﬂ Nﬁ (E,% 2 tf) %%évl

CH2N(CH3)3 173 ${cRPeiFromdgn fpIRMAiett 1018 580RS 939288 WW&? Sfft‘i‘i” F5d§‘ﬁ|ve ions 41

H2C= CH(cﬁ-|3)foilowmg butyimethacrylate (30% by weight), 4-nitrobenzenediazonium tetraftuoroborate (107
M), NaNO; (2.5.10 M}, Glycerol (5% by weight), DMF (65% by weight); percentagss by weight
in reference with the total weight of the composition,

After electro-grafting, the stent is rinsed in DMF and dried for 60 minutes at 40°C
under a 10 mbar vacuum. Before the electrografting, stent surface is treated by 2 solution of
10 NHF 40% for 1 minute. Using that method the obtained coailing thickness is about 150 nm.
Electrografting parameters: Cyclic voltammetry from open-circuit potential to -3,5V/CE with
argon bubbling (2 Lmin). Scan number: 50 scans. Scanning rate: 50 mV/s.
TOF-SIMS analysis on the steni shows the peaks characteristic of p-BUMA. The same spectra
also evidence the absence of peaks characteristic of glyceral.
15
Example 7: Deposifion of poly-HEMA thin films on stainless steel in the presence of 4.
nitrobenzenediazonium tetrafiuoroborate.
Poly-HEMA is anocther example of a biocompatible polymer. While poly-BUMA is
considered as hydrophobic, poiy-HEMA with its hydroxy! group is seen as a more hydrophilic
20  polymer. A poly-HEMA films can be obtained on stainfess steel, TiN thin film (example 7), Nitinol
{example 8) in the following cenditions.
In a mixture of 10 mL of undistiled DMF and 66 mL of desionized water, confaining
145 mg of NaCl (2.5.10°M as a supporting electrolyte) one introduces 24 mbL of
hydroxyethylmetacsvlate {HEMA, 2 M) and 236 mg of 4-nifrobenzenediazonium tetrafluoroborate
25  (10°M). This solution is inftroduced in a three electrodes cell, the working elfectrode being 3
coupon of polished stainless steel, the counter electrode a piece of carbon naper and the
reference an Ag/AgCl electrode. The potentiat of the stainless steel cathode is scanned 100 times
from -0.1 V to -1.2 V at a rate of 100 mV/s with Argon bubbling (2 LmEn‘1).
In the IR spectrum of the fiim, the carbonyl and the C-OH vibrations of the
30  polyhydroxyethyimethacrylate are observed at 1728 and 1164 cm™ respectively. The two
vibrations of the nitropheny! group are hardly detectable.

Example 8: Deposition of poly-HEMA thin films on TiN in the presence of 4-
nitrobenzenediazonium tetrafluoroborate

35 The same procedure as that given in example 7 was employed except that
TiN/SIO,/Si substrates were used in place of polish stainless sieel. The FT-IR of the obtained film
shows the carbonyl and the C-OH vibrations of the polyhydroxyethylmethacrylate at 1704 and
1152 cm” respectively.



69 H2C=CH(CH3)C(=0) 86 H2C=CH(CH3)C(=0)0 + 1 121 Si(OCH3)3 166 PO3(CH2)2N(CH3)3 175
0=CCH=CHSKOCH3)3 184 0C12H24 227 HO(CH2)2PO4(CH2)2N(CH3)3 281 296 - CH3 296
M(MPC) + 1 The structure of the complex nature of the film is confirmed by ToF-SIMS analysis as
given in table 2. The ToF-SIMS spectrum indicates, the presence of MPC, DMA and TMSPMA
5moieties in the copolymer obtained film. HPMA moigges are more difficult to detect as it is the

Example 9: Deposition of poly-HEMA thin films on NiTi (Nitinol} in the presence of 4-
nitrobenzenediazonium tetrafluoroborate.
In a mixiure of 240 mL of deionized water, coniaining 58.5 mg of NaCl{0,1 M as a
supporting electrolyte) one introduces 60 mb of hydroxyethyimetacrylate (HEMA, 20% in volume}
5  and 144 mg of 4-nitrobenzenediazonium tetrafluoroborate ('EO"ZM). This solution is introduced in a
two electrodes cell, the working electrode being a caupon of Nitinol, the counter elecirode a piece
of carbon paper. The potential of the Nitinol cathode is scanned 100 times from -0.7V fo -2,5V at &
rate of 100mV/s with Argon bubbling (2 Lmin™).
tn the IR spectrum of the film, the carbonyl and the C-OH vibrations of the
10 polyhydroxyethylmethacrylate are observed at 1728 and 1164 cm” respectively. The two
vibrations of the nitrophenyl group are hardly detectable. The surface of the electro-grafted

substrate is hydrophilic, as seen pe water droplet shape.

Exampie 10: deposition of poly-MPC/IBUMA copolymer thin films on stainless steel in the
15  presence of 4-nitrobenzenediazonium tetrafluoroborate
We have evaluated the mixing of monomers in the solution composition with variabie
quantity of 2Z-methacryloyloxyethyl- 2-  trimethylammoniummethylphosphate (or  2-
methacryloyloxyethyl phosphoryicholine, MPC):

|

o :
- -~ \,\ M RN I &
//k“\i e o E {JW(A\NM&E

20 This monomer was synthetized as described in Ishihara K, Ueda T, Nakabayashi N.
Polym J 1990; 22: 355-360.

This composition is based on a mixture of 210 mL of undistilied DMF, containing 640
mg of NalNQ; with a constant volume of butyimetacrylate (BUMA) approximately 30% and with an
increasing amount of MPC (see table 9-1) and 72 mg of 4-nifrobenzenediazonium

25  tetrafluoroborate (10°M). The volume solution was maintained at 300 mL. This solution is
introduced in a two electrodes cell, the working electrode being a coupon of polished stainless
steel, the counter electrode a piece of carbon paper. The potential of the stainless steel cathode is
scanned 50 times from -0.5 V to -3.2 V at a rate of 50 mV/s with Argon bubbling (2 Lmin™).



case also for 4-nitrophenylene residues. This later result is not specific to this co-polymer. Example 12:
Electrografting of a polybutylmethacrylate (poly-BUMA) film in the presence of 4-diazophenylcarboxylic
acid (DCOOH) tetrafluoroborate. 10The formation of films of diazo/vinyl is not limited to the
4-nitrobenzene tetrafluoroborate. Another example of diazo derivative which was tested successfully is
described below. A 100 mL solution was prepaked from 50 mL DMF (dimethylformamide) and
50 mL BUMA (butylmethacrylate, 0,31M), 211 mg of NaNO3 (25 mM) and 23.6 mg (1mM) of 4- 15
diazophenylcarboxylic acid (DCOOH) tetrafuoroborate. A polished stainless steel plate carefully
cleaned as previously described was introduced ion the electrochemical cell altogether with a piece of
carbon paper as the counter eIectrode and a SCE reference eIectrode The potential of the stainless
steel cathodepwas-scanneg-b0-times-betwe DEeR-CHE entia —3\Land-back at-100-mV/s.
The coupon v"gg;‘;ﬁﬁg i 7o BOIT Stilie ™ fiLeSpgne Use served on the
coupon, it cannot be rub| it with a fingerjonc ~ TinTd sured by
profilometry. {29 'I"f’l"éCIR @)ectrum is SJﬁi%Fﬁa?ﬁﬁeﬂ’meﬁable 3. As§Qﬁﬁﬂ@&k@f’/&he absorbance of
the C=0 band af BUMA!amCBCIOH have sinBla¢, Beighth #riS pOSSible kpeshmate that the film

contains approximately 30% DCOOH and 70%@%%@%@9@ 3: AIR}IR. gpectrum of a
ssionmentt2.3214.COQAH (n(‘nnH\_?QQ'-_\ 2936.CH3

polybutymethagry-ate-film "\'m'e'emm eml 3214.CO {
stretching (BLTr%Ja{) 2875 gﬁ% s?'e?cﬁlng (Bum 2%‘“5?“73%:‘{) gfretchlng I?fuhé;as)/

very homogenous IR: 3%
4 MPC = 8,3g Biue, 350-400 nm XPS: 3%
IR 1%
TOF SIMS: 4%
5 MPC = 80 mg Blue, »>200 nm, ver] 1R: 1%
homogenous

Table 1: comparison between the starfing electrografting composition solution and the MPC/BUMA
ratio into the obtained film on stainless steel substrates
The contact angle measurement on different layers (sample 1, 3 and 5) reveals an
5 increasing of the hydrophobic character.
The interest of this monomer mixing is the possibility to adjust with the monomer ratio,
the surface energy of the obtained film.

Example 11: deposition of poly-MPC/DMA/HPMAITMSPMA copoiyvmer thin flms on
10  stainiess steel in the presence of 4-nitrobenzenediazonium tetrafiuoroborate
More complex co-polymer can also be obtained as this is iliustrated by the following
example. In 10 mlL of undistilled DMF, containing 21 mg of NaNO3 (2.5 10*M as a supporting
electroiyte) one infroduces 2-methacryloyloxyethyl phosphoryicholine (MPC, 0.1M), dodecyl
methacryiate {DMA, 0.11), hydroxypropyimethacrylate (HPMA, G.1M)
16 timethyisilylpropyimethacrylate (TMSPMA, 0.1 M) and 236 mg of 4-nitrobenzenediazonium
tetrafluoroborate (10*M). This solution is introduced in a three electrodes cell, the working
electrode being a coupon of polished stainless steel, the counter elecirode a piece of carbon
paper and the reference an Ag/AgCl electrode. The potential of the stainless steel cathode is
scanned 20 times from -0.0 V to -2.5 V at a rate of 100 mV/s with Argon bﬁbb!ing (2 Lmin™).
20 Based on of the infra-red vibrations characteristics of each monomer, and of the
mixture the composition of obtained fiim is as follows: MPC = 25%, DMA =10 %, TMSPMA = 21
%, HPMA not estimated, 4-nitrophenylene noi estimated.

Table 2. ToF SIMS of the poly-MPC/DMA/HPMA/TMSPMA copolymer thin films on stainfess
25  steel



1716 shoulder C=0 stretching (DCOOH) 1425 C-0Ostretching,(Buma),011 deformation (DCOOH) 1148
C-0 stretching (Bums) 749, 699 AromaticsCHoutd plane(DCOOH) 1DO000H bands deriving from the
diazonium salt, poly-BUMA deriving from the butylmethacrylate. 2 By comparison with the spectra of
polybutylmethacryiate/DCOOH and DCOOH. 10The Tot-Sims spectrum is gathered in Table 4. Table
4:ToF-SIMS spectrum of a polybutylmethacrylate/DC&OH film m/z Assignment 41 C2HO- (Buma) 55
-CH2=CHCH2 CH3- or isomer (Buma) 71 -OCH2CH=CHCH3- or isomer (Buma)

Negative ions

85 HC=CH{CH,)C(=D)O
87 CHaN(CH;)s
123 SHOCH;);+ 2
183 M{DMA} — CeH350 - 2
253/255 | M(DMA) -1/+1
Posgitive ions
41 HC=CH{CHj)
69 HC=CH{CHZC(=0)
26 HaC=CH{CH3)C(=0)0 + 1
121 Si{OCH3)3
166 PO CH2).N(CHg)s
175 O=CCH=CHSI{OCH.)3
184 OCq2Ha4
227 HO{CHL ) POL{CH:).N{CH;3)4
281 296 ~ CH,
2098 MMPC) + 1

The structure of the complex nature of the film is confirmed by ToF-SIMS analysis as
given in table 2. The ToF-SIMS spectrum indicates, the presence of MPC, DMA and TMSPMA
5 moieties in the copaolymer obtained film. HPMA moieties are more difficult to detect as it is the

case also for 4-nitrophenylene residues. This later result is not specific {o this co-polymer.
p

Exampie 12: Electrografting of a polybutylmethacrylate (poly-BUMA) film in the presence of
4-diazophenylcarboxyiic acid (DCOQOH) tetrafluoroborate.

10 The formation of fims of diazoivinyl is not limited to the 4-nitrobenzene
tetrafiuoroborate. Another example of diazo derivative which was tested successfully is described
below.

A 100 ml. solution was prepared from 50 mL DMF (dimethyiformamide) and 50 mL
BUMA (butylmethacrylate, 0.31M), 211 mg of NaNO; (25 mM) and 23.6 mg (1mM) of 4-

15 diazophenylcarboxyiic acid (DCOOH) tetrafucroborate. A polished stainless stesl plate carefully
cleaned as previously described was introduced ion the electrochemical cell altogether with a
piece of carbon paper as the counter electrode and a SCE reference electrode. The potential of
the stainless steel cathode was scanned 50 times between open circuit potential and -3V and
back at 100 mV/s. The coupon was rinsed with water and then acetone and dried.

20 A grey film is easily observed on the coupon, it cannot be rubbed out with a finger

once dried. #s heightis 87 = 5 nm as measured by profilometry.



73 -0Bu- (Buma) 85 -CH2-C(CH3)C(=0)0-(Buma) 183 CH2C(CH3)(CO0Bu)CH20(CH31 (Bums) 269
C15H2504- (Buma) 76 -C6h14- (DCOOH) 121 -C6H4000H- (DCOOH) Therefore both spectra
confirm the presence of polybutylmethacrylate an phenylcarboxylic groups on the film surface. 30
The same procedure as that given in example 12 was employed except that the final potential was
limited to -1V. After rinsing with acetone, no film can g observed on the surface, its height cannot be
measured (<10 nm). 5SExample 14: Dependence of film thickness of a polybutylmethacrylate (Buma)
film on 316L stainless steel as a function of cathodic potential. The same device setup as that
used in example 1 was employed. The concentration of Buma monomer was 3.5 mo1/1, the
concentration in 4-nitropheryRdigzaniom detrafliredob vaateanss expiorediat dGddhand dGH2 0301/1,

respectively. The.gxpesimenianerecarnied o fAME asthedbsr\erhanger Boiassigabihood. All
reagents were %gg%ﬁﬁ&%%%ﬁ%%%@ﬁ Yt pusificaion nor even water content control. In each

experiment, a fresh 3161. stainless steel coupon was dipped into the electrolytic solution, and the
electrode potential was scanned 50 times between the open circuit potential and - 0.8, -1, -1.5, -2, -2.5

and -3 V/SCE, redirettidely Nredtipd dPaets fdireiaedi?o min in DMF under ultra-sounds, dried.

Their thickness was then measuseddayciBprofilometry. [Thsigasishs are summarized in the Figures 3
and 4: 3214 | COOH (DCOOH)

2895-2936 CHj stretching (Buma)

2875 CH; stretching (Buma)

1727 C=0 stretching (Buma)

1716 shouider C=0 sfretching (DCOOH})

1425 C-0O stretching, (Buma), O

deformation (DCOOH)
1148 C-0O sfretching (Buma)
749, 699 Aromatics CH out aq
| plfane(DCOOH)

'DCOOH bands deriving from the diazonium salt, poly-BUMA deriving from the butyimethacrylate.
2 By comparison with the spectra of polybutylmethacryiate/DCOOH and DCOOH.

10  The Tof-Sims spectrum is gathered in Table 4.
Table 4:ToF-SIMS spectrum of a polybutylmethacrylate/DCOOH film

m/z Assignment

41 C,HO (Buma)

55 “CH,=CHCH, CHa or isomer (Buma)

71 ~QCH,CH=CHCH; or isomer (Bumay)

73 -OBu (Buma)

85 -CH-C{CH3)C{(=0)0(Buma)

183 CHC{CH{COOBUCH,C{CH,Y (Buma)
269 CisHa50Q4 (Buma)

76 -CgHy  (DCOCH)

121 -CaH.COOH (DCOOH)

Therefore both spectra confirm  the presence of polybutylmethacrylate and

phenylcarboxyiic groups on the film surface.

15  Example 13 : Electrografting of a polybutyimethacryiate {(Buma) film in the presence of 4-
diazophenylcarboxylic acid (COOH) tetrafiuoroborate with a potential lmit at -1V,



Figure 3:: Thickness of p-BUMA film on 316L as a function of cathodic end potential (DNO2
concentration is 10-2 mo1/1). Figure 4:: Thickness of p-BUMA film on 316L as a function of
cathodic end potential (ONO2 concentration is 10-3 mo1/1). 20These results show that virtually no
polymer film (i.e. a film with a thickness which is non detectable by profilometry. The sensitivity of the
profilometer as given by the supplier is ca. 5 nm) is fggmed when the cathodic end potential of the
voltamperometric experiment is lower (in absolute value) than - 1 V/SCE, which is significantly more
cathodic than the reduction potential of the diazonium salt in the same conditions, which is ca. - 0.4
V/SCE. This result is obtained both 25at 10-3 and at 10-2 mo1/1 in diazonium, showing the
consistency of the observaiiaame procedife PatieUALrONG SRS iakiinas phtheigarel adamhundreds

of nanometers, w@mai% iRlRuARL 29 Weleraday s [0LIoR layars..are.oblaingd anlyuhendhg scanning
protocol has excursions af otentials mi%%c thodic than - 2 V/SCE. 30Example 15 : Quality of a

polybutylmethacr)ﬂatga? umaT??rsrl ror[§1(3 tainless steel as a function of cathodic potential.

The same device setup and protocols as those used in example 14 were employed. The polymer films
were analy2ed ByetriRRAS DERentRrssadtfiimtivhiovesscoCronbdmtyiarethacr i 7R mea EteriutaBle to the
carbonyl groupgﬁﬂ!&sBkm@cﬁymeﬁparw:ﬂmaH:N@i’ebmds around 1345 35and 1520 cm-1.

One can define a "qualityrpatametsliets mﬁpfétmhlavu%éalm@ygxgpx@@ o@atéoe%ﬁ%;sawn@@oﬁ%wsm the C=0
peak and the N (%tg telsrl: 3'17;9{]?]%?153%”3& n'l(oqfﬁsg% %irﬁtngn Iglgh rrotri]w%nc c{jaz il t(grﬁﬂ h}tb karger the

rate of electro- re u |azon| m as a re uc on otential mucn less Ca%OdIC that

any other spec?@%ﬁ?f‘ﬂ'%%&fﬁ%ﬁﬁ@%n@?ﬂdﬁ?&ﬁ@’ﬂé HifRREmSTIs WRte AETEH RO Y iEhe film
are an indiBatiowvfthendee d oniniari dowt teslertowese ustibes ofthicediatoniupriésriagrowsver the
nitro-phenylenesen dihemsealves, ysdhe nitiatiomob pelnesizationseaaiippsupbiheBtippadmanomer.

This competmoméseﬁéyma&egswoth%r(@m@éﬁmaa w@ﬁlan%@%@amw@m% Blina filg issquaht for,
the higher the ratlo th 5he félmlls |s S qyygclg the figur S and 6 as a fu{Ectmn of the

cathodic end potentl ?en (=S ors Were

ure as A funehon of cathodic en po ential.
DNO2 concentf&iith 1§ 1o ‘Pn&gﬁ it U'ﬁgﬁ.‘i’f@‘@ (é ){ROZ "’(‘fpﬁsés"‘ﬁ%ﬁ%‘ffldﬁeé?%%‘ih%lc end

potential. BNOPreipeeimEiieddtd exgsmun#izek0T Hedtofigareanddow that the best polymeric films (in
the sense defined abeug)ase :obtained; far BRLBXCESIEN 11atatiadiratiaboutatbid StEpddpesshall note
that this corresm@%gqcm@,@g;ggwh F@gyge for the reduction of the vinylic monomers themselves. This

result also shows thagl a|l.'t IS poor & F@a c%thodlg% tentla# qnd very poor at more cgthodlc
3 h i
potentials. 15Example 16° nguc li.lcré1 5’ tylmet%acry ate fBﬁrﬁé "fifm onogf Stain ?—:'?s steel.

The same dew%“?éﬁ?ﬁcﬁgtﬁﬁf‘&% i'ﬁog ample 1 was employed. The concentration of Buma
monomerWas 3.5 mol/1T¢Re cennite peation ivirdaiitroptebmpr dieZbaigrimetitfia drioberatehivals 10-2
mol/1. The experimentshiwescnedisiecouthnsohdi asdthe: sotventtangdasia classicalipoads &l seagents

were used as rgqeiveshwdinondnpyefication Bey EM@H.HV%F%&Q&I&%&%H@& J@@ru@&ﬁ%bﬁ@t%was a
316L stainless SDSO I coup gtans\gétb%ed m%o the e ect{olx‘tlc solé@gn,t k;[gl?e Ugticotrr]oc(i) o}ential

ute va which is s[gnifica of e
was scanned 3 times et en the open circult pot n lal a % e coupons vgf/ere ﬁ1en rinsed

10 mm in DMF%WS@PEW?&’%B?JHB@W ‘ﬁﬁdlﬁ'ﬁPé ﬂ‘nﬁ'ﬁﬁﬁao’r" {hé Grier ShEsemm 'Fsoaﬁt%ﬁﬁ@?n‘ which
enables @8horetih’ arhayds’ sralirfdiseons btk ssitioristsheelfing dbyeargia resolved XPS. The
N1s and Cis spectra arelcoaparedonvhsrcobedtingptiie eleatronssal hundreds of nanometers, which

are relevant as Veicro tayers for top layers, are obtained only when the scanning protocol has

excursions at potentials more cathodic than - 2 VWSCE.

30 Example 15 : Quality of a polybutylmethacryiate (Buma) film on 316L stainless steel as a
funetion of cathodic potential.

The same device setup and protocols as those used in exampie 14 were empioyed,
The polymer films were analyzed by IRRAS. The IR spectrum shows a C=0 band around 1720
om” atiributable to the carbonyl group of the Buma polymer, and small NO, bands around 1345

35  and 1520 cm™.

One can define a “guality parameter” of the film by estimating the ratio of intensities
between the C=0 peak and the NO, peak at 1345 cm™', (C=0)( NOQ,). The higher the cathodic
potential, the larger the raie of eiectro-reduction of the diazonium salt, which has a reduction
potential much less cathodic that any other species in the hath. Thus, one may consider that the



25close to normal (15) and grazing (60) angles, in order to compare the chemical structure of the bulk
vs the surface of the polymer film, respectively. The Nis region of the XPS spectrum shows two
major contributions ca. 399.7 and 405.8 eV, stemming from the nitrogen atoms of hydroxylamine or
amine groups and from those of nitro groups, respectively (the hydroxylamine or nitro groups are
thought to be the result of the 30 reduction of the niteg groups, either during the electrochemical
process or under the electron beam during the XPS analysis). The Cis region shows in particular a
contribution at 286.2 eV stemming from an aromatic carbon bearing a NO2 ,or NH2 group, and is thus
attributable to the nitrophenyl group obtained by reduction of the diazonium salt. The comparison of
XPS spectra at ®otsnahant grasng aeglessrevealdbal (b aropialie. dh&asbonsiaseomasthapsesent at
the interface, asytheiLRGAlS MHChWRRKET AL IFRERAANIIE, S SuFfacedi bl the averallsignayin the
N1s region is cog‘sg,gt%%% mucgsgvealf?gre aggzmg}g%p %Q%romaét, _ollectlop. 'I't§§ rattlg b%wein the
399.7 and 405.8 pea S, 59, fi( 0 gé IS also smaller at grP Z|H§na'ﬁg &R |c§ﬁngetlg1 T tHere are
comparatively I858/5ito 8o aDe TARETGiRiRtyBithis sreedfRn drfaseHbast e &ates fiedisuter surface
of the film. This latter resiiftistatios thertiveth8 fodrgsl Foxyl & av Rduasidrashinecgtiodpssad @aeast:probably
stemming from the very elgotsoshemical procesm)due © theRrxcursimaiipalpntialewhichase very
cathodic which grouakaithe redugtipn of the NO2 groups. On the whole, the results of this example
show that the electro-grafted palymeric film.5, is_not hompgeneous in a direction perpendicular to the
surface: close to the me_te&ﬁﬁ%{&ﬂ‘fa e_,éﬁrq{e %Prﬁ) i§ Iﬁkhaesr h ﬁlﬁ%% eonyf%%’%nﬁjnré]) gﬁtgqﬁg'- DNO:
electro-reductidi 5§ PrIAtEEY Wil farther from the surface, the film is richer in poly-BUMA. This
suggests 1Rat the electrolgestifigieskepldee Pervestiyoliastielisledinargradting Gfitke diazarivms, some
of the electro-rethactianobyrpsadisets iotwivich arsvactuallystartmg theipdymerizationsgastions at very
cathodic potenijialgkiiaxanielfdie AeRaiian vl DRt aRRiallers-iaeldnihe DIAseas S8l
4-n|trodmzomu(gpa;%}raﬂu%{ogogao},% loss cattSSL0S é',ka Sbg% {f%%etgylgr}%%%gg]l gn%@a,c[%/late PEG
(875) was use 5 P ‘given in

as an llustration o} nano-o%jgé)t gra'ﬁlrig. Safne procedure as tia
example 1 was used except that poly(ethyleneglycol) dimethacrylate (PEG 875, 50 mL, 0.6M)) was
used in plete dPiamyle tnitrgiare of a polyltyiytinetbdontiatel Bwhit Filis theti @astliulbssisteet! DMF, water
and air dried is present arB@an dhick, sspmageaceis, beuwis filas. 2 e thesprsrumaf the film,
tThhe ctarbongl a;,rz}@l éhﬁ%h 'c?nwhrr;@é'@.?Wiit,ﬂﬁ&%}%&’}%ﬁqﬁﬁW«ﬁbﬁ?nﬁ'}hy%gi%qiv}r}f‘gr%{ﬂbrﬁﬁ:?ﬁguvfly'I

e two vibratigns of the pi enyl grqup are har e e xample 18: deposition of poly
c-caprolactonewgﬁ gegnﬁ]@@’s@%gﬁ% 'ﬂ?‘ér%rg’%fé’n"@é”Sa %_,.% ﬁﬁfﬁﬁ%ﬁ’%ﬁ%’a@z‘b’%m Efﬁé%%%?%%orate

Another class &Y BESEIMEFe €35/ ae rasiis e B MRRFEHIR P WAIEh WRiEHCaREBT59akGkal Brigin, but
polylactoRBs afdPpEliAaEEdes! fbetaisieamphe! 1oYrom Stivatatinaerimp drtasiewiasicobbyinthetitthe
biodegradable galysiesitdriim svabtainesfsam - capralacions-and-di pitephanzenecsiazoniume
tetrafluoroboragg,gans hzeRianeddn & IoNIRARMACRHAIEds, dried. An dltra-thin film of the order
of 15 nm is obtained, which enables a thorough analysis of surface vs bulk composition of the film
by angle resolved XPS. The N1is and C1s specira are compared when coliecting the efecirons at
25  close to normal (15°) and grazing (60°) angles, in order fo compare the chemical structure of the
bulk vs the surface of the polymer film, respectively. |
The N1s region of the XPS spectrum shows two major contributions ca. 399.7 and
405.8 eV, stemming from the nitrogen atoms of hydroxylamine ar amine groups and from those of
nitro groups, respectively (the hydroxylamine or nitro groups are thought to be the result of the
30 reduction of the nitro groups, either during the electrochemical process or under the electron
beam during the XPS analysis). The Cts region shows in particular a coniribuiion at 286.2 eV
stemming from an aromatic carbon bearing a NO2 or NH2 group, and is thus attributable to the
nitrophenyl group obtained by reduction of the diazonium salt.
The comparison of XPS spectra at normal and grazing angles reveal that: (i) aromatic
35 carbons are mostly present at the interface, as their peak is much weaker at grazing angle (=
surface); (i) the overall signal in the N1s region is consistently much weaker at grazing than at
normal collection. The ratio between the 399.7 and 405.8 peaks, 1{399.7)/{405.8), is also smaller
at grazing angle, indicating that there are comparatively less nitro groups in the vicinity of the

metallic surface as compared to the outer surface of the fim. This latter result shows that the



30 In 100 ML of undistilled DMF, containing 210 mg of NaNO3 (2.5 10-2M as a supporting electrolyte)
one introduces 55.4 mL of E-caprolactone (5M) and 236 mg of 4- nitrobenzenediazonium
tetrafluoroborate. This solution is introduced in a two electrodes cell, the working electrode being a
coupon of polished stainless steel and the counter electrode a piece of carbon paper. The potential of
the stainless steel cathode is scanned 40 times from39.15 to -2.8 V 35at a rate of 100 mVis with Argon
bubbling (2 Lmin-1). The electrode is then carefully rinsed and presents a thick, homogeneous, bluish
film. A blank experiment in absence of diazonium salt does not permit to obtain any film formation. 33
In the IR spectrum of the film, the carbonyl vibration of the polyester is observed at 1725 cm-1 and the
two symmetric anctapksymBeliic Minatipnpotibenbiropiheny! geaumatibil@anshl 346:6Mehical

respectively. From.the intensity SLIRSDaNMRR0E SARSSLINAISARARUNRQ%, e AMeuntof poly

s-caprolactone %reiggt gn the film. 5 Example 19: deposition of polylactide thin films on stainless steel

in the presence ot 4- 1 ftrobenzenediazo n ium tetrafluoroborate Films obtained from polylactide

and 4-nitrobenzenediazoMufetiidfiBr SB e’ Exdh R Bl ity the denmmirgosraeueie oA
solution is Frepéree fromsEoem (inR MSOi6 0gFntidastite(é Sattidei¢8S) dis-Bdalidimetivygl hel-dioxan
2,5-dione: 3.47 ) j23beng af-domitipbrpzens giazevisuteisatisanghnsate{OMidhinRd-pmouNaNO3
(0.025M). The sfainlessstarl catpdeds aaanad aff LYshateenOdandi2:f o aile salition being

deoxygenated and a.wea%hg%%lglig% .nltrgqen ein%;lJ maintained in tEe solution dgrln%)the electrolysis
g

0
; | ; - i .
(2 Lmin-5. 15A Vellow, homogenaots dascent-fim e obanad 2diterentUisis NiBB g hth a

finger. The thickEELEAHPHITIALH BSRAEBEAIRD MBHRPFateY satbedrptentals. | the IR spectrum of
the film, offé observes, both, the signature of the polylactide through the carbonyl band at 1758 cm-1
and of the 4-nitexpeiyphenydepssiiougrie MOR-aaysereaisicnmck yrauneisicbandsalespactively
1519 and 1346 gmvh.dreRbthis spectrum, it is 20possible to estimate a 55% content of polylactide in

iy s o SR TG SO R SR Py TR TS S
iltusiration of nano-object grafting.

15 The same procedure as that given in example 1 was used except that
poly(ethylenegtycol) dimethacrylate (PEG 875, 50 ml, 0.6M)) was used in place of
butylmethacrytate.

On the electrode which is then carefully rinsed DMF, water and air dried is present a
300 nm thick, homogeneous, brownish film.

20 in the IR spectrum of the film, the carbonytl and the CH2-0 vibrations of the PEG are

observed at 1729 and 1146 em™ respectively. The two vibrations of the nifrophenyl group are

hardly detectable.

Exampie 18: deposition of poly c-caprolactone on stainless steel in the presence of 4-

25  nitrobenzenediazonium tetrafluoroborate

Another class of biopolymers is biodegradable polymers among which many are of
natural origin, but polylactones and polylactides (see example 19) constitules an important ciass
of synthetic biodegradable polymers. Fims obtained from e-caprolactone and  4-
nitrobenzenediazonium tetrafluoroborate can be obtained in the following procedure,

30 in 100 ML of undistiled DMF, containing 210 mg of NaNO3 (2.5 10°M as a
supporling electrolyte} one infroduces 554 mbL of e-caprolactone (5M) and 236 mg of 4-
nitrobenzenediazonium tetrafluorcborate. This soiution is infroduced in a two electrodes cell, the
warking electrode being a coupon of polished stainless steel and the counter electrode a piece of
carbon paper. The potential of the stainless steel cathode is scanned 40 times from -0.15t0 -2.8 V

35  atarate of 100 mVis with Argon bubbling (2 Lmin™).

The electrode is then carefully rinsed and presents a thick, homogeneous, bluish film.

A blank experiment in absence of diazonium sait does not permit to obtain any film

formation.



55, 56 CH(OH3)C(=0) 1 71, 73 0-CH (CH3)-C(=0)- 1 87, 89 0-0H (0OF13)-C(=0) 0 199, 100
C(=0)0-CH(OH3)C(=0)+ et -1 159, 161 [0-CH (CH34C(=0)0-CH (OH3)-C(=0) 0 - 1 221
CH3SOCH2C(=0) CH(CH3)00(=0)CH(OH3)0- 215, 217 [0-CH (OH3)-C(=0)13- 1 265, 267
NO2C6H4C(=0)CH(CH3)0C(=0 CH(CH3)0+ 1 358, 361 [0-CH (OH3)-C(=0)15 - 1 34 Example 20:
Electrochemical Impedance Spectroscopy (EIS) meagyrements of a (water soluble) poly-FIEMA film
electro-grafted on TiN, showing that the film is swollen by water. The EIS spectra are
interpreted by using a simple model consisting of the double-layer capacitance in parallel with the
polarisation resistance, in addition to the electrolyte

In the IR specirum of the film, the carbony! vibration of the polyesier is ohserved at

1725 cm™ and the two symmetric and antisymeiric vibrations of the nitfrophenyl group at 1522 and
1346 om ", respectively. From the intensity of the bands, one can estimate to aboutl 50% the

amount of poly e-caprolactone present in the film.

Example 19: deposition of pelylactide thin films on stainless steel in the presence of 4-
nitrobenzenediazonium tetrafluorchorate

Fitms obiained from poiviactide and 4-nitrobenzenediazonium tetrafluoroborate can
be obtained in the following proceéure.

10 A solution is prepared. from 100 mL DMSO, 50g of L-actide (L4actide: (38) cis-3,6-
dimethyl 1,4-dioxan 2.5-dione: 3.47 M), 236 mg of 4-nitrobenzene diazonium tetrafluoroborate
{0.07M), 210 mg NaNO; (0.025M). The stainless steel cathede is scanned at 0.1V/s between -0.2
and -2.8 V, the solution being deoxygenated and a weak bubbling of nitrogen being maintained in
the solution during the electrolysis (2 Lmin™).

15 A yellow, homogeneaus, iridescent, fiim is observed adherent under rubbing with a
finger. The thickness of the film is measured by profilometry at 1.1 + 0.3pm.

In the IR spectrum of the film, one observes, both, the signature of the polviactide
through the carbonyl band at 1758 cm™ and of the 4-nifropolyphenylene through the NO,
asymmetric and symmetric bands at respectively 1519 and 1346 cm™'. From this spectrum, it is

20  possible to estimate a 55% content of polylactide in the film.

The structure is confirmed by ToF-SIMS anaiysis as given in tahle 1.

Table 5. ToF-SIMS Specirum of a polylactide film

m/Z Adtribution

46 NG,

55, 56 CH(CHZ)C(=0) £ 1

71,73 O-CH (CH3)-C(=0) % 1

87, 89 O-CH (CH3)-C(=0) O £ 1

99, 100 C{=0)0-CH{CH:)C{(=0)+ et -1

159, 161 [O-CH (CHa)C{=0Y0-CH (CHa)-C(=0) O £ 1
221 CHLSOCH,C(=0) CH{CH3}OCI=O)YCH{CH O
215, 217 [G-CH {CH3)-C{(=O}; £ 1

265, 267 NO,CeH,C{=O)CH(CHZ)0C(=0 CH{CH)O™ + 1
358, 361 fO-CH (CH3)-C{(=O}]s £ 1

The ToF-8IMS spectrum indicates, both the presence of polyiactide and that of 4-
25  nitrophenylene.



5 resistance. The model can be represented by the equivalent electrical circuit shown Figure 7, where
Rs is the electrolyte resistance, Rp is the polarisation resistance of the sample in the electrolyte. Q is
the constant phase element; it is used instead of a capacitance to account for the non-ideal capacitive
response stemming from the presence of diffusion phenomena in the vicinity of the electrode (see for
example : C. GabriellL Technical Report. Intro Elect.4gp. Tech. 10CSB/A01 (1990), Edt.
Schlumberger Technologies Instrument Division Farnborough. Hampshire. England.) Both the
characteristics of the constant phase element and the polarisation resistance give indication on how
much the diffusion and thus ionic conduction are being modified in the vicinity of the surface upon
coating it with apxetety 2@ rafted kdMicdayasedb\ie Sirve docd ilETPraceneNatt 80 makadhis follow
up by evaluatinngHMﬁ%WMQE@F@@%ténﬁmi%m%%#a@%mﬁ{m:en by wa@fpical

spectra giving the modul Z%gn chase %functlon of lengy,are given in
Figures 8 and 9. 20Fig ur omgearrlggﬁeo tngre?fan%as%%éuﬁim gadr%%g %r%hteo{% at of a

coupon coated FAth 5%%78?’19?HEI@I?i"i‘ﬁe;ni’t’f@pﬁ@n%ﬁ%ﬁ?ufﬁ%@ﬁ%ﬁu&o%f%% tﬁn’ﬂetoe'ﬁfﬁ%ﬁethe same
coated coupon #ftelethsinggor@iehcan 36 Cepisdetiee didee] prewieresipdyseisesu i sbqueiiguHertz);
Ordinate: moduled@ % i )efeigungelretiampargon: el basesanglessefzacharetldNpaugpentte that of a

coupon coaged mm@%Sda%%%!;@%as@ %rgg@%%%@i@?mé{gﬁ%ﬁ@ﬂé&%@bﬁy@@a%&%ﬁhﬁé of the
same coated co 0 ter arvin or at un [ reguce ressure SCISSa. kre uency
(Horts) om.naéﬁ’i’i CSBaclle b Borsi dhtne fi (i, Wocers &F Gy b Hé%néatfﬂg:ﬁm PN Y urface

ase an
infitlence over

ree
with an HEMA/AL RiErGSEERTdt é%rg RS U SToBBPHEY pORIATSA BB KRS ki
the globall80 in%SEHPCE Hoth & Settorter®ndeshutlogistenbiztrinet Sipierspatipeohatvétatysitseen
recorded after dingiagdthe coated electrodes for 24h at 30C at 700 mbar reduced pressure in a vacuum

oven: Figures 8 and 9 shgwtmmm%meermﬂﬁa%@%ﬁmgmegmm%}e@u&g of the

HEMA/4- nltrophggykgl%gﬂlgmhtoe&r% (%)rge § ﬁt&f flln;% an tk}gﬂgl%g;(}r U%Iieos is rEbversmlg Ef]é :E}]ke this
comparison quantltatlve we have extracted the electrical parameters o of 35Fg igu fe y performlng a

numerical non S84 ?é%%ﬁ%‘?@%&?fﬂ‘@é%’é‘r%@ﬁ?ﬁ? ARICOHEMOIRY: Typical results of spectra
fitting are bﬁven\/ﬁq @gméogpdg@ngaﬁm}@nﬁp COoHe dhs2yiev opRy evaluating how much the polarisation

resistance is modified upon grafting.

Typical spectra giving the modulus (Z) and phase angle as a function of sampling
frequency are given in iFigures 8 and 9.

20  Figure 8: Comparison of impedance moduii of a bare TiN coupon to that of a coupon coated with
a tayer of HEMA/4-nitrophenyldiazonium tetrafluoroborate, and to that of the same coated coupon
after drying for 24h at 30°C under reduced pressure. Abscissa: Freguency (Hertz): Ordinate:
module (Ohm.cm*)

Figure 9: Comparison of phase angles of a bare TiN coupon to that of 2 coupon coated with a

25  Jayer of HEMA/4-nitrophenyldiazonium tetrafluoroborate, and to that of the same coated coupon
after drying for 24h at 30°C under reduced pressure. Abscissa: Freguency (Hertz); Ordinate:
phase angle (degree)

These highlight that the fact of coating the TiN surface with an HEMA/4-
nitrophenyldiazonium tetraflucrohorate polymer layer only has a slight influence over the global

30 impedance of the electrode. One shall note that the same specira have alsg been recorded after
drying the coated electrodes for 24h at 30°C at 700 mbar reduced pressure in a vacuum oven:
Figures 8 and 9 show that the impedance remains identical, evidencing that the swelling of the
HEMA/4-nitrophenyldiazonjum tetrafluorgborate films on the elecirodes is reversible.

To make this comparison quantitative, we have exiracted the electrical parameters of

35  Figure 8 by performing a numerical non linear least square fit of the experimental data of Figure 9.
Typical resulis of spectra fitling are given in table 6.



Bare TIN 4.10 TiNafter diazonium deposition HEMA/4-nitrophen tetrafluoroboratefil 3.91 Table-6
Fitting results for the TiN material samples 10The percentage of variation A of the polarisation
resistance is given by: After coating the TIN electrode with an electrografted with a HEMA/4-
nitrophenyldiazonium tetrafluoroborate film according to the present invention, the low polarisation 15
resistance very slightly differs from that of the bare Tid coupon. This argument indicates that the
polymer is not an electrical insulator i.e. that it is permeable to the ions and consequently is perfectly
swollen by the electrolyte. Even though it is fully swollen by the electrolyte, the
HEMAJ4-nitrophenyldiazonium tetrafluoroborate film does not dissolve in water, which is a good
indication in favour of the strong 20grafting of said film onto the TiN surface. Example 21: The grafted
polymer layers can be used as adhesion primers for much thicker layers sprayed over them. 25A 7 x 1

cm x 1 mm electropolishedadpg-bone shaped, 316L Stﬁiihlﬁmrﬁteﬁ‘f &omﬁon is unlformly coated with a
phgivenimexampte-1—The film has a thickness

poly-BUMA electro-graft cg@y@maccorumg totheprotoc
of 150 nm. The m 4 m » Wh 5 pm of PLA
(polylactide®acid) by spr "Thiis achieve %km}g ﬁe two wider extremities of the dog-bone 30

shaped coupon and spra W?g’;%%\’th é@@fﬁﬂﬁi’?‘lﬁ?‘?&ﬁf th chloroform (3% w/w). Thelcoupon is vacuum
dried until constant mass. $eeegtmmall dots are drawn wijth an ink pen on top of the PLA layer.

Table-6 Fitting results for the TIN material sampies

10 The percentage of variation A of the polarigation resistance is given by
R, 3.91.10°
A=]1- barg TiN x100% = | = ———=|x100 = 4.6%
TiN after eG HEMA 4‘ 1.1 0

After coating the TiN electrode with an electrografied with a HEMA/M-

nitrophenyldiazonium tetrafluoroborate film according to the present invention, the low polarisation

15 resistance very slightly differs from that of the bare TiN coupon. This argument indicates that the

potymer is not an electrical insulator i.e. that it is permeable to the ions and consequently is
perfectly swollen by the electrolyte.

Even though i is fully swollen by the electrolyie, the HEMA/4-nitrophenyidiazoniurm

tetrafluoroborate film does not dissoive in water, which is a good indication in favour of the strong

20 grafting of said film onto the TiN surface.

Example 21: The grafted polymer iayers can be used as adhesion primers for much thicker

layers sprayed over them.

25 A7 x1cm x 1 mm electropotished, dog-bone shaped, 3161 stainiess steel coupon is
uniformiy coated with a poly-BUMA electro-grafted layer according to the protocol given in
example 1. The film has a thickness of 150 nm.

The middle (thinner) part of the coupon is coated on one side with 5 pm of PLA
{polyiactide acid) by spray. This is achieved by masking the two wider extremities of the dog-bone

30 shaped coupon and spraying it with a solution of PLA in chioroform (3% wiw). The coupon is
vacuum drted until constant mass. Four small dots are drawn with an ink pen on top of the PLA
layer,

The coupon is then placed in an INSTRON (5 kN capacity, &' = 10 ™) machine and
pulled apart at the two edges. The deformation of the dots on the surface is followed by a video

35  camera which informs as to the deformation speed of the dots is identical to that imposed by the
INSTRON machine. In case it is not, then it means that some delamination is occurring within the

sandwich layer:



The coupon is then placed in an INSTRON (5 kN capacity, s' = le s-1) machine and pulled apart at the
two edges. The deformation of the dots on the surface is followed by a video 35 camera which informs
as to the deformation speed of the dots is identical to that imposed by the INSTRON machine. In case
it is not, then it means that some delamination is occurring within the sandwich layer: 36 Figure
10 shows the corrected strain/stress response of theggpupon in the INSTRON machine and compares
with and without a poly-BUMA electro-grafted underlayer. The black curve is identical for all trials, with
or without electro-grafted layer, and shows the elastic, inelastic and breaking regimes of the metallic

coupon itself, which is little affected by the overall 5 pm coating. 5 The numbered dots on the curve are
indicative of the informatipgugiverchythe £asnesasviiethesteskinheipomestospad Rntanarsprecisely
indicative of whendhie, camera.getests hatArlamipAIB0NR QReHI NG undend )28 1ESUILAI g testis
that without elegstggé&ggﬁt%cri qptgaqua\ﬁ,errg the PL,tA Igfxe[ delaminates %)n 316Ifhsta}|nl,ess stetel fO{j
moderate stress and strain ?poinfs TECAnd T8 A |g”f1rgéa.ﬂf5ji@§?{w IS RR SRR L&t affy"hever
delaminates, upPtSthe Rt oreresilitspirmdiiein diet i ditf afieripel o PBaifvis weipas the
underlayer§points #11, 1PhelBinb4retiGiolstomtiigemeelie R)dicative of thd isrsiationssitive sigmifrearta
improvement achieved ey the-elggtitoaralied dayse arerulingtaiheprasanhinwnriins:esemipough it is
very thin as comparedo, ieepmylayer 15which sits on top of it. 37 Claims: I. A method for grafting
an organic film onto an e ctrirg%l"y cfoglductive otrhstemg ortldl{ctgve_z s%ggce? Ielect{o-rg(glkcition of a
solution, comprising the fo ﬁ)wmg s?epse: 58 5‘o’rep%1ra jon of & soldtior con afr%eé alfeast oRE"
diazonium salt SHA e RShoIRerBBERh §ief fengoarate ARSI HET A9 i e oA d Pdroigyranat are
precursor$(bf s orgariie flandEyelestaly rivgr stdsioitsionint@mhelectiodysisheeteisingtmesconducting
or semiconduckrgisryfaes teybeocootgd aswoddng eleciade @hgiaideast aneeounterelagiiade, so as
to result, by apﬁ)lfig:ﬂtion of at least one protocole consisting of an electrical polarization of the surface
by 10 applying a variable potential gver at least a range of values whjch are more cathodic that the
reduction or peak potentﬁé’ﬁ%f%ﬁﬁa%gnﬁj TS iwpég‘?ﬁmseo tut?éﬁ?‘l’ﬁ\ga 2 ra'ﬁeede '(?Sté?i‘ﬂbggfﬁgsqﬁﬁerorganic

film on said sufSt&ng to her FESRIA RS U0 GBI Fim el S apreranet Bhitfr 81 Ryain
aryldiazofifim sdich3itTeretenefffod according to claim 1 or 2, wherein said monomer is a vinylic

monomer. 4. The method according to claim 3, wherein the vinylic monomer is a polyatomic
species bearing a vinylic group. 5. The method according to claims 3 or 4, wherein the vinylic group is
an acrylate or a methacrylate. 6. The method according to claim any one of the preceding claims,

wherein said monomer is a



25cyclic monomer which undergoes polymerization by nucleophilic attack cleavage. 7. The method
according to claim 6, wherein said cyclic monomer is selected from the group consisting of lactic acid,
glycolic acid and e-caprolactone. 308. The method according to any one of the preceding claims,
wherein at least one protocol is applied in cyclic voltammetry scanning (CVS) mode. 9. The method
according to any one of the preceding claims, whereigy in at least one protocol, a variable working
current is applied to the surface. 35 10. The method according to any one of the preceding claims,
wherein the film is obtained by successive application of several protocols selected independently from
protocols with variable applied working potential and protocols with variable applied working current,
each protocol beiggs38 applied to the surface for a given duration that is identical to or different from
that of the other protocols. 11. The method according to any one of the preceding claims, wherein the
surface is select‘eg 5 f{omfthe oup con&sﬂp&of a surface of a noble metal, a surface containing
reducible oxide, & grapite sarace 2 SRNG R e S & ﬁ?%?ﬁ%gﬁ%”g%%?ﬂEegﬁ??ﬁg‘é“'éesﬁh‘ﬁadc@e of an
alloy, a surface &f %P?H@f‘é‘@éﬁ@@'H’ﬂRﬂha‘Prﬁﬁ’Wﬂ%@MVﬁ@?@) a surface of an intrinsic or doped
semicondubtor, ameewatibinzdtiosmutiverenfaitidg 2: Bhe mettiadbacoordingtoanyoneaithepreceding
claims, further cemmprisingithRisiepRbeppiyibg:eRRYLCARIRGUrsokD Adlalggtilcally conducting or
semiconducting, suelace AIAINAG b IMPIRMEHNG o Msibarl ASdsing B LAk a0esef ths,preceding

claims and al Ieast one {a e of which is covered with a an organic film. he sur ace

according to clam 13 ARerSin' tﬁk'q‘ﬂ A8 A 8kﬁe§§%f%'§t\ﬁ%‘§ﬁeff’ﬁ oadtﬁdsfoaﬁrﬁo S,
surface accordl?fﬁ"tfi"?ffﬁlﬁi 13RS ANSuPTalRIC R RIRHS thElRgtiisah palaAaiper dflffe surfags, bSl’he
surface ad€ordimgplitnamyveimslofotats d8rtet isssivherain thediles istidcompatiblethodic #hal. fidie surface

according to angdesebelpiamspd@iails, wherindhesfitaidissan asbesIon Rrakd22a.t48 of Bgssurface
according to any.ofe ff,Jains 410,15, wherein the film is a coating with electrical conduction and/or
electrically insulating properties. 19. A method for grafting an organic film onto an electrically

conductive or semiconductive surface
2. The method according to claim 1, wherein the diazonium salt is an aryldiazonium sait.

15
3. The method according to claim 1 or 2, wherein said monomer is a vinylic monomer.
4. The method according to claim 3, wherein the vinylic monomer is a polyatomic species bearing
a vinylic group.

20

5. The method according to claims 3 or 4, wherein the vinylic group is an acrylate or a

methacrylate.

6. The method according to claim any one of the preceding claims, wherein said monomer is a

25 cyclic monomer which undergoes polymerization by nucleophific attack cleavage.

7. The method according to claim 6, wherein said cyclic monomer is selected from the group

consisting of lactic acid, glycolic acid and s-caprolatione.

30 8. The method according to any ene of the preceding claims, wherein at least one protocol is

appiied in cyclic voltammetry scanning {CVS) mode.

9. The method according to any one of the preceding claims, wherein, in at least one protocol, a
variable working current is applied to the surface.

35
10. The method according to any one of the preceding claims, wherein the fiim is obtained by
successive application of several protocols selected independently from protocols with variable

applied working potential and protocols with variable applied working current, each protocol being



30by electro-reduction of a solution, comprising the following steps: a) preparation of a solution
containing at least one diazonium salt and one macro-objects, that are precursors of said organic film,
b) electrolyzing said solution in an electrolysis cell using the conducting or semiconducting surface to
be coated as working electrode and at least one counterelectrode, so as to result, by 35 application
ofat least one protocole consisting of an electrical polgtization of the surface by applying a variable
potential over at least a range of values which are more cathodic that the reduction or peak potential of
all diazonium salts in the said solution, in a grafted coating of said organic film on said surface. 39 20
An electrolytic composition comprising at least one diazonium salt, one monomer bearing at least one

chain polymerizghleduactio satgeoup » anersuppatingelerctatyieioav@niuallyaspimenthangeventually
a surfactant. 21, Jhg composition according to claim 20, wherein the monomer is chosen from the

group consisting of butylmethacrylate, hydroxyethylmethacrylate, lactic acid, glycolic acid and
s1Ocaprolactone. 22 An electrolytic composition comprising - a monomer chosen from the group
consisting of butyIneEHERAPAES QPRI B FirHstREERTIAgSANS: P Rsgietmaudrgsdnrnipcedlt,
preferably &n afirdiheemuprcsedistrg stipportieg Gleceolytestpreferdhty NaNI@BIoPTENP peitr & a
solvent, preferapbpiabiu:123:, Ancelectkelyticsanropasitiengampiiging, 20ubtybnethasyylaiemeonomer,
at a concentratign 9f1 tQRMAAidmMCerakaha mgﬁt@%%&@%{oaﬁ MaillsDimathy

Formamide as th% iggrl%\ée&t?- Aii]-jnitro%ha%nxsl g.laarégflﬁium tetrafluoroborate at a concentration of 5.10-4 to
ra?é? aNO 3 at a concentration of 10-3 to 5.10-2 MOI /I.

$
10-1 mol /1 - sodium ni
10 12. The method according to any one of the preceding claims, further comprising the step of

applying an outer coating.

13. An electricaliy conducting or semiconducting surface obtained by implementing the method as
defined in any one of the preceding claims and al least one face of which is covered with 2 grafted

15 anorganic film.

14. The surface according to claim 13, wherein the film has a thickness of between 1 nm and 10

um.
20 15. The surface according to claim 13 or 14, wherein the film is included in a multiiayer film,
18. The surface according fe any one of claims 13 to 15, wherein the film is biocompatible.

17. The surface according to any one of claims 13 to 15, wherein the film is an adhesion primer.
25
18. The surface according to any one of claims 13 to 15, wherein the fim is a coating with

elecirical conduction and/or elecirically insulating properties,

19. A method for grafting an organic film onto an electrically conductive or semiconductive surface
30 by eleciro-reduction of a solution, comprising the following steps:

a) preparation of & soiution containing at least one diazonium satt and one macro-objects, that are

precursors of said organic film,

b} electrolyzing said solution in an electrolysis cell using the conducting or semiconducting surface

to be coated as working elecirode and at least one counterelectrode, so as to resulf, by
35  application ofat least one protocole consisting of an electrical polarization of the surface by

applying a variable potential over at least a range of values which are more cathodic that the

reduction or peak potential of all diazonium salts in the said solution, in a grafted coating of said

organic film on said surface.



25 24. A method for preparing a formulation for electografting comprising the following successive
steps a) preparation of a composition comprising butylmethacrylate monomer, at a concentration of
1.5 to 2 mo1/1 30- glycerol (5% of the total volume), at a concentration of 0.01 to 1 mol/1 - Dimethyl
Formamide as the solvent, sodium nitrate (NaNO3) at a concentration of 10-3 to 5.10-2 mol /1. b)
addition to said composition, prior to use, 4-nitrophenyq diazonium tetrafluoroborate, at a concentration
of 5.1e to 10-1 mol /I. 35 25. An electrolytic composition comprising - hydroxyethylmethacrylate
monomer, at a concentration of 1.5 to 2 mo1/1 - glycerol, at a concentration of 0.01 to 1 mol1/1 -
Dimethyl Formamide as the solvent, 40 - 4-nitrophenyl diazonium tetrafluoroborate at a concentration

of 5.10-4. to 104, male{w@@g&mfwmtﬁ Blap@}) at a concentration of 10-3 to 5.10-2 mot /1. 26. A
method for preparing %zfigggmj%tbqg}gg["glgg{ograftlng comprising the following successive 5steps a)
preparation of a composmon com rls droxyeth Imethacr late monomer, at a concentration of
1.5 to 2 mo1/1 - glycefof APHCOhEE ﬂgﬁt R ?)(ih?fiy fcriﬁ'?ﬁ/'fa BIREIRY ESHharnide as the solvent,
10- sodium nitrate (wa%ﬁ‘%éﬁé@ﬂﬁtlon of 10-3 to 5.10-2 MOI /I b) addition to said
compositiof, prior to usentatijteapivenyadiazonium tetrafluoroborate, at a concentration of 5.10-4 to

10-1 mol /L eventually a surfactant.

21. The compaosition according to claim 20, wherein the monomer is chosen from the group
consisting of butyimethacrylate, hydroxyethvimethacrylate, iactic acid, givcolic acid and e~

10 caprolactone.

22. An electrolytic compasition comprising
- a monomer chosen from the group consisting of butyimethacrylate and
hydroxyethyimethacrylate,
15 - at least one diazonium sall, preferably an aryl diazonium salt
- a supporting electrolyte, preferably NaNC; or TEAP, and
~ @ solveri, preferably DMF.

23. An elecirolytic composition comprising
20 ~ butylmethacrylate monomer, at a concentration of 1.5 to 2 molfl
- glycerel, at a concentration of 0.01 to 1 molf
- Dimethyi Formamide as the solvent,
- 4-nitrophenyl diazonium tetrafiuorobarate at a concentration of 5.10™ to 107" mol
- sodium nitrate (NaNO3) at a concentration of 107 to 5.40° mot /1.
25
24. A method for preparing a formulation for electografting comprising the following successive
steps
a) preparation of a composition comprising
- hutyimethacrylate monomer, at a concentration of 1.5 {¢ 2 mo¥l
30 - glycerol {5% of the total volume), at a concentration of 0.01 to 1 molft
- Dimethy!l Formamide as the soivent,
- sodium nitrate (NaNO3) at a concentration of 10° to 5.107 mol /1.
b) addition to said composition, prior to use, 4-nitrophenyl diazonium teirafiucroborate, at a
concentration of 5.10™ to 107 mot /1.
35
25. An electrolytic composition comprising
- hydroxyethylmethacrylaie monomer, at a concentration of 1.5 to 2 molfi
- glycerol, at a concentration of 0.01 to 1 moift
- Dimethyi Formamide as the solvent,



27. A process of coating a stent with an electro-grafted layer of poly-Hydroxyethylmethacrylate
15comprising the following steps: Cleaning with Detergent with Ultra-sonic 35kHz power 90% for 10 to
20 min; Rinsing with DI Water with Ultra-sonic 35kHz power 90% for 10 to 90 mm; Drying; Contacting
the stent with cathode of a power supply; 20Dipping in electrolytic solution of claim 25 with argon
bubbling for 5 to 20 min; Polarizing stent via a cyclicygoltammetry protocol, scanning between 5 and
75 times from open circuit potential to -3 VICE (CE = counterelectrode = the anode) at a scanning rate
of 100 mV/s, with argon bubbling at 8 I/min; First rinsing in DMF with argon bubbling for 5 to 20 min;
25Second rinsing in with argon bubbling DMF for 5 to 20 mm; Rinsing in DI Water for 5 to 20 min;

Drying in Vacuum ovenzalifd fend Qimbiars tef30.180L 808 MR concerdBiidh HIOSE58,9HCRRNRY a stent with
an elect ro-gratted ayer,gf pp ELMIG RGN als comprsia e faloying steps: Cleaning with

Detergent with Ultra-sonic 35kHz power 90% for 10 to 20 min; Rinsing with DI Water with Ultra-sonic
35kHz power 90% for 10 to 90 min; Drying; Contacting the stent with cathode of a power supply;
35Dipping in ele®rIyiRthss|iridrcer Elairn @B ry sletiembling for B2 nfriovPokudetgvstent via a
cyclic voltafmmetmpprotocol, scanning between 5 and 75 times from open circuit potential to - 3.2 V/ICE
(CE = counterelgciigdpmihg 2000RkaAs6amNgg rate of 50 mV/s, with argon bubbling at 8 I/min;

First rinsing in DMF wimtpyg!r&g&%p%i&gy[% %390%%5%% C(é)lr;ilcesr%ggor}]dogmgitgg in yith argon bubbling
ater

DMF for 5 to 20 mm; Rinsing in for 5 to 20 min; Drying in Vacuum oven at 4000 10 mbars for

30 to 180 min. 529. ThE P SONTHEPEIMEY&ING L¥4st one diazonium salt and a cyclic monomer
which - Dimethyl Formamide as the solvent,

10 - sodium nitrate (NaNO3) at a concentration of 10~ 0 5.10° mol /1.
b} addition to said composition, prior to use, 4-nitrophenyl diazonium tetrafluoroborate, at a

concentration of 5.10™ to 107 mol /.

27. A process of coating a stent with an electro-grafted layer of poly-Hydroxyethyimethacrylate
15 comprising the following steps:

- Cleaning with Detergent with Ultra-sonic 35kHz power 90% for 10 to 20 min;

- Rinsing with Dt Water with Ultra-scnic 35kHz power 90% for 10 to 90 min;

- Drying;

- Contacting the stent with cathode of a power supply;

20 - Dipping in electrolytic solution of claim 25 with argon bubbling for 5 to 20 min;

- Polarizing stent via a cyclic voltammetry protocol, scanning between 5 and 75 times
from open circuit potential to — 3 V/CE {CE = counterelectrode = the anode) at &
scanning rate of 100 mV/s, with argon bubbling at 8 /min:;

- First rinsing in DMF with argon bubbling for 5 1o 20 min;

25 - Second rinsing in with argon bubbling DMF for 5 to 20 min;
- Rinsing in DI Water for 5 to 20 min;
- Drying in Vacuum oven at 40 °C, 10 mbars for 30 to 180 min.

28. A process of coating a stent with an electro-grafted layer of poly-Butylmethacrylate comprising

30 the foliowing steps:

- Cleaning with Detergent with Ultra-sonic 35kHz power 90% for 10 to 20 min;

- Rinsing with DI Water with Ultra-sonic 35kHz power 90% for 10 to 90 mir;

- Brying;

- Contacting the stent with cathade of a power supply;
35 - Dipping in electrolytic solution of claim 23 with argon bubbiling for 5 to 20 min;

- Polarizing stent via a cyclic voltammeiry protocol, scanning between 5 and 75 times
from open circuit potential to — 3.2 V/ICE (CE = countereiectrode = the anode) at a
scanning rate of 50 mV/s, with argon bubbling at 8 ¥/min;

First rinsing in DMF with argon bubbling for 5 o 20 min;

t



undergoes polymerization by nucleophilic attack cleavage, for the electrografting of an organic film
onto an electrically conductive or semiconductive surface. 30. The use according to claim 29,
wherein the monomer is chosen from the group consisting of 10lactic acid, glycolic acid and

e-caprolactone.
41

- Second rinsing in with argon bubbling DMF for 5 to 20 min;
- Rinsing in DI Water for 5 to 20 miry;
- Drying in Vacuum oven at 40 °C, 10 mbars for 30 to 180 min.

5 29, The use of a solution comprising at least one diazonium salt and a cyclic monomer which
undergoes polymerization by nucleophilic attack cleavage, for the electrografting of an organic

film onto an electrically conductive or semiconductive surface,

30. The use according to claim 28, wherein the monomer is chosen from the group consisting of

10 lactic acid, glycolic acid and s-caprolactone.



