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Selective Functionalization of Gold Microsrructurcs with
Ferrocenyl Derivatives via Reaction with Thiols or Disulfides:
Characterization by Electrochcmistry
Spectroscopy

Schcrnc l. Sclccrivc Fuacrionrlisrion of Au Misrclccrrodcr
lr
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to  i t s  rc la r ive  l rb i l i r y  rnd . i t s  morc  negt t i ve  tq71 va lus  comprrcd
to  rhc  E, r2  fo r  rcagcnrs  l l  cnd  l i l .  

-  ' t

Erpcrimanrel Secrion

9*i l9 Ttrc (a.Bu.NlpF. sar obrr incd from AtrJrich end rc.cr-wtrllizcd from EtOH. CX,C,.V -lr obrlincd from Omnirolv rnrldi l i l lcd from C:H..

. 
( t.r\lcrcrpro.J.&ithioh.pl.ayllocnncrt-vlfctroccac (l) wrr ryn-thcrircd rccord i n3 to lit cra t u rc prcaj urcr. I 

j

. - I l -(I}iorcctyt)undccrnoylf,rracn I l. Bromoundccarrcyl fcrr616 r t
(6.5J j" lJ nmol) var combincd wirh NaOMcii.Ol g:Ornrnorl .^a
ili"J.T. 

sc'd (106 3. 2? mrnot) ia 60 mi of r,i.Ox rnd rcflurcd forrc n. I nc rnrtturc rlr cooccntntcd rnd purrficd by chromrtography(rilica. JB rccronc/hc'ncr) ro yicrd rrc i-irJ proaud iu : rcddirh

- ( | ) L:tbiair P. L Hictnu_a.^J. -J.: wri3hroa..M. S; whirsidcr G. M.Say1c.!.\cstiastoa. D.C-I rrt|. 21't, s.5-ii;. 
"" --

(2) Hidraral. J.: Zou..C; Or*. b; H.;;. p. D.: writhroo. M. S.:
lii?jrtir" 8ria. c D; wrrirc*oiG i-.'i:;;.'ih-,.*. iil.';t.
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This sclccrive adrorprion altow3 !6llylrization of Au wirh redoxrcrgcnr!. hrving diflcrcnr redor porcnr;rts. uolccutcs l_ti l ailrclc.ctivcly fursionalirc rhe Au. U"r ii. ,-"frin3 sr*"rurcr fro,l l or l l l  rrc fnr morc ru-g.ged ,rr.n ,r,., i^-orit rro,n r. usc otI attows invcs1igl1lsn ofii, ,.f i i i .r; 'rri, i ' ; rurfice. owing

;.1grttr. corrcrgorro-fr rhcre rurhon.
, ;r':'lTiil,t 

Inrrirure of Tcchaobjy.

and Auger Electron

Jrmcs J' Hickmrn.t Drvid ofc7.? clrrofcng Zou,t Merk s. wrighton,..r paul L l: ibinis.rznd Gcorgc M. Whitcsidcs.J

c^onrribu.tion lrom the D!1,::!t of chcnistry, Mossochusctts rnsriture of rcchnotogr,conbridge. Massochuscris 02t39, o7a ti.. Dclt'artmcat-riCii^irry, Hamard lJniwrsiry.con$ridge, Massochuserrs 02r3E. Rcceiocld Augnst tl,'ticd 
'-"

A brtrrct: Au3cr ctecrron spcqrorcopy rnd clearochcmisrry rhou rhlr fcrroctnyl thiols or dirulfid6 crn bc urcd ro modify:ercurivcly rhc Au microctccrlodcr (-2'ym, i 
^,.:1 :-::,:{ :;; 

ii,fv. _t,.,ii tt,; A;;;hniquc showr rhc scrcoiviryof  chcmisorpt ionof  th io l  ( -sH)oic i lu l i io t t - i t - l  8toupronAurct i r ivero-rh.e i rphysisorprrononsi ;N.robcatrcasr r0o: i -Intntcrs ion of  n u c lecrrodcr inro ro lur iont  conr- . in i ig t f  -m- ' - : . i j j ,h . : f :pt rnyl )ocrrncrhyl fc loccnc 
( l ) .  l l .rrcrtrprr.rundr"ernoytfcrroccnc (ll). or bis(lG(fcrr.amyl=iOonyllO."yii lfufna. (l l l) yicldi modified Au clccrrods rhowinsJDrrur onc rtrunol.vcr of r rcvcnibly rcdoi rctive fcrrocenc rE,gGnr. cohpound I yictds r! Ernabout i50 mv morc n.ga,i"ll l r : rn t l tat  f r ' r r  l l  or  l l l  (which both hrve rhc r lmc g,n r . ru i t ] - r l . - . i . " i r*o ive l rycr  f rom' ion Au i r  f r r  more.bi lc  rhrnrh ' : t  f r r rn r  l l o r  t l t '  Lo r r . f . l . t : r l cs  p r . . . * l i i ' o  t , 1 r ' o f  -2 r r ' a r : s i -K - i i .  t , . r . n . so ru r ion : r i r r r co rno roc ro f  c rcc r r - . , i r ltttrlcrtrl dcrtvcd frunr l l or lt l occun on thc rame rlmc scalc. wt.i au.r"c,rodcs modificd *i, i r ,r. immercd in hcranc:olutionr ol lt '  rcplrccmcnt of l.by ll acun .ioiiy rnd ar r rare rhar ; ,;;,.r. :r rcs of I in herane oniy. Dan'cd prardurts

.'i.'1,'i,'.l,iiilt1l?#:il,?,:iilT:f *?:;l*iri;h'-rjifr';;iu,ion t-o.r ,,) 0,. p,.,.nred. cnd ruch map: givc

Wc rcport  rhc sclect ive dcr ivcr iz t t ion of  Au mrcrocJccrrodc
:I"-it :: itg 

rcdor active molcculcs rhar have rhior or disulficjcrunctronar groups.  Thc resul t ing microsrruc!urcs havc becnchancrcrrzr:d \ Augcr ctccrro.n ,;.. i;;;;; i (AEs) .io cr..i;.vorrrmmcr ry. T'tris pr ocr incl udcs ile ocu ili ;i"r, ;J;;.i;;;itrr hi gh tr r cra I rcsoiurion a rS iia;;;;;";"rr ycr-dcriva r izedmrcrostructurc, Wc hrvc prwior,rsly reponcd such rcsults withoutfullv dcrerting. rhc proccdir.." . i iroy-J.if 
'

I  nc torm:1tron and s l ructurc of  molecular  monobycrs on Audcr ivcd f rom alkane th io ls snd-diru lnO.s ta""  bcen crrensivciv:r udicd on macrorrrusl g1g5.)-r I ;ncf uO i[ ;;;;;; ' ;;;; i l  :;:t rchmcnt of  c lcctro:rcrrve grou[x to Au v i !  rcrct ton wirh rh io lgrouix.rt Our work focuscs on ihe scleqi"e dcri"ariz^arion of Au
:Ij."_iT:,:ting Si1N. subsrrarc tsctrcrnc i). 

-iroriouslv. 
wc hrveshown 3ush sclccrive chernisrry for rtkancihiofr, ,nc r,1". ,r,J*nthrt rcdor :rcrive isonirri ls cai U" U"""ai. pimicrosrrucrures.:

Our rim is ro combinc microfcbrice,;"i . i i  
"lrcinarion 

chcm-
i:::f.,.".1,,-r,: la 

l ly. funcrion:r r ; ic rurr;"cs. ;; wc show rhe sc..cstrvc tunst ton:r i iz : r t i t ln  of  Au on Si lN.  wi th molcculcs t_ l l l .
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tl I l.oc & G.: Athn _D . L J. Art. (aca. Jc. t)lr. I 0 r,4,rt t.{.! j.(.1 NH. t- G.: Furco. F. ! Ahn. D . L i:A^.'O;i;. inJ@,215t-2J6r.
(J) Erir\ C D: Trorhror._E gi_Tlo. y..T; Enlt. J.: Whheidcr. G. M;Ngrro._R. a. r. ta. c;,-..s;. iri;.)ii.'itT:lji.(6) Diqr. T.: r.. ib. 8.: wcblr. l.: i.rd. !: LL tar. o,,'a. Sq.. (trc-to8. $nre93.

tt 
t]l#'" C D; &cbrFt H. A.: wlireidcr G. M. basttuir ,tt'. J.
(l) Pqcr. M. D.: Brirht T. 8-; Attrrl D. L: Cbirhry. C. L D. J. tn.Clca..Sc. t 11. tO9. f5:rlfer.
(9) Sttar& k Whirsdcr 

!. Xl. tt,l.'luie ttt!. r. t.6-Jrt. Chidrcyrttd Lrtoprr hrrc recarly r-!arlyrcd i'lc drrr of irron3 lad \yhirctidarr{ crrULtrd ti* rrrc hu; of rh. rrrr;i;d;;;d;r i. ,",.,J u]l0' rirt rcrpa ro thc ( t t | )Ar llril
( f 0l Bria. C. D; Whireitcr G. M. j. th7t. Chea. trt . Lr.t57(Ft 6D.(f f ) Chitry. C. E D.: bS*jn, O. xi-li,i-"i nn.6. 6n_6et.(f l) Nurro. R. G; Dubrn L H.: euen.-OlU'i')^. Cti^.'Sgj i{i'., r t  55r-J69.

. (lll C1tidrsr. C. E D.: 1T,::1, C-R; hrviruri. T. M.: Mujrcc. A. M.J. ta. Chca. Jc. t9e0. llf. rfOiJt'Oi
\ l : !  4. Q; wri jhroa. y. 11. Aa. Ctca.joc. teeo. t  t  2.7r7r-15t..

- -( l5) OfrUrr. Y; F-naq G.: Talclg*hi. X. .L Ci.-. S* _ f*Lia Troat.,  t t | ' .  t JF t { t .
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t ' , . , t .  t tur , . t t t :u t ron oJ uotu hrrcror l luc luf  c ,

: j.,, i i : :1,.,. i l.SO s. t2.! mmot. EJ.s yierrt): mp 55-56 .C: ,i l NMRr L U r r , r  e i  / { ,  ( r .  J  -  2  l l t . l  l t ) . {  t 1  ( t , J _  2  H r t  H } . { . 1 ?  ( r .  Jf  f ) .  :  x r  1 . .  r  -  7  t i 1 . ]  r ! ) ,  : . o t  t r . r  -  ? ' i i ;  t , 1 ) .  L l -o i i J  H i .  j . ; ;( r r r .  I  t i l .  r .6 (m. t .H! :  l : l_ ! , .  im. r2 H).- .enar.  Crk i l  i i *^ j f  r " ,C11tt , ;FcOi- ;  C.  6. t . {u (6{ . j0) :  X.  l .Sl  f  i . i ry ;  p"  t  j . tx  t t2. j0) :  S.? . { x  (7 .x9 } .
I l -A lerca proondrrnol.lfcrroccr ( t | ). | | . (Thioocty')rndcca noyl.fcrrrruns_(1.(N g.. I l.E mrnol) -u, .olniinJ rrrh jO nL of dca:rcd:rbrrlurc lirOH aad i mL of conccnrorcd HO lad rtlhrcd ,, 2 h. Tl,crolutron !ilr oohccnr6rcd. lnd lt rar obtaincrt by Gluurutorrlohy

{{i1. Sr :reronc/hcr:ncr) in 6lt. yicld (li6 ; ?.i'r;l;;;;:;;' C r  r l l  N M R  ( C D C t , l  |  { . ? 6  ( r .  , ,  :  I  f . i i  i  H ) .  { . . ?  ( L . ,  _  2  H L  2, l ) . { . 1 ?  ( r . . r  1 1 1 . 2 . 6 7  t r , J  r  I  H L :  X t . i S - 0 1 q . . / -  ?  t i a l  f f .  r f i( n t .  I  l l ) .  l . l l  ( n r . :  l t ) . ^ t . l t  ( r . J  -  7  H r -  |  H ) .  t J _ t . . i . .  i i  H i .Anrl.  Calcrj  ( found) f trr C;,t tpFcOS: C.65.2t (65.! l l :  r f-  i j i  i i .ei i ,f  c .  l J . r J  (  t . l . t 6 ) :  S .  s . l o  ( S . t 9 ) .
Ui{ l t j . ( fcrrrrcrr lcrrhooyl)drcyl l  dirul6dc (t t t) .  I  l -Mcrcapro-undsr:rruylfcrrrrrnc (0.56 g. l.4J mrnoll rrr dirolrcd ia eblsrc BOll:rnrj rrrrarc{ :irh rn ErOH/t1 rolurion unril r brovn corc prlecd. Thcxllurirrn w:rl concanlr:trc\r. rad lil v:rr obraincd Uy cf;.ofqrgpiy(rrlrc:.r. f?, uetronc/hcrirnr: frrltorcd by 5A lcrtoac/bcurcr) in 751y ic ld  (0 . .12  s .0 .5J  nrnr r r l ) :  n rp  6J-6J  . t :  ' t t  NUn tCOCfr i i i . i e i iJ  -  2  | f z . . t  l l ) .  {  4 ?  ( r . . /  -  I  H r _ . r  H ) . { . t 7  ( r .  t 0  H l .  i t  t t - l  - ' i

f  f  z -  {  i l t .  t .66  t t .  J  -  
]  l t z .  {  H) .  t .6J  ( rn .  t 'H) .  l . } t .a  f ln . - i l  X l .An:r l .  CalcrJ (found) for C.lHrrFc;O$r: C. 6j.1j (6t-9i),  X. l . i i(  ? . . :  J  ) .

Eccrrtdo rad Ssrtrc? Modificrrion" Thc micrccjecrrdc a6.rimcnrsrcrs carrrcd uut on rrr:rvr of ci3ht, individual ly addrcrrablc anr: i lct Aunucrrx-iccr rrdcr ( - I r.m .iUc. - 99 rrn lo^g,. _ 0. | ,, rfiti ep.r, ,Jfroru c:rch orhcr bv - l . l  rm on I f lur SirN."i". i .A Si rub*tzrc-rr ThersJu\ crrnncclrng rhc micrrrlcctrodcr ro rnJcroa@prc borrdi4 Srldr rcrccncrgxulrrrr,{  bcnc:rrh :rn addir ion:l  l :rvcr of Si1N.. U.#f.crr*a,
cunrrstcd of 1000 A ,rf n u (9g.999S.) 

""pora,J 
oaro tsrnar dorncrcrSr * '1fg15 crlrcd wirh r 100-A :rdhsioi trvcr-of Cr. Thc Au.cotrcdwufrin wcrc cur rnro lFFrorirnrtcly t  cm i l  a, p."o. Conrrct forr; isurrusircrrr ir : l  cr6nmcnrs *o, . id. by uring al l igaror <f ip_ gorf i  r icnlrcrrt{lcctr{xjcr :rnd nrrcrrx,lcctrodc 

"rr"y, 
.io clcrncd by firt rcni-errrng t'or - l0 nrin in cech of thc rhrcc roivcnu ii rt c otcr d incresing

;xrl :rr iry (hr.unc. rcctonc.:nd CHlOH). Tt. ron,srion rer fol lor.cdby u pl:r:rrra rr i : i j rrncnr rn l  Hrrr icl  pDC.iJC ptrrmr .r_acr: rhcclcslruJcr rcrc rrrlrsd for I nrrn rn :r flo-ii3 b1 pUtne. 0-.J Torr :rrrrr('rJiunr F,rcr (J0 w). lnrJ I rrrin in :l no.in! it, p,.r... O-J Torr rrl ,w pergl (J0 w). Tlru prctrerrnrcnt proccrlurc urG.d ro cba rhc Autsullr rn rcpmducrblc dcrrvarir:rion uiri f-ttt toi rucr*tq1Ucs. FormrcrrrlR.lrrr,icr. hopercr. lcsr rcproducibiliry ir found. *i"3 ro aiin.cu'igr ia rrnroving rsiirls:rr phororrri' frorn rtre ii.-rru.o.*;-;
Inrrrrsdi:rrcly uJrrn ,"nr*ui lrorn rhc frtr.i-J.rn.r. cfccrndcr u.crc
::t:']:rt",J 

ia r druygcrurc.d.t ,nM rrlsrion of l. ll. rr f U n if.," .p.prrrprrrrc xrlvcnr lhcr.rnc for l. rcrrrhydrofuran (THF) la tt. anO-:Oifhcr.rnc/F.rOll lor iltl for aqrr-orirnarity tif,. if,r, dcrirrrierrbn. rhcc'-rrr*Jcs uarr rinrrd *irh cHlcN lnd;h!n;;r< by dcrorcrnicatmcthuJr :rnd rurf:rcc rF.cl r6con),.
. Elccrrochclricrl Mcrhodr El.rrrtxhcmiel nc*urcnni r:crr c3r.rrcrJ qrr *irh a pinc lasrrunenrl Modcl RDii l;po,alr*rrrr_ Volram.mcrris r:rc\r wcrc rccordsd by uring, X,pp oJ-Zonca Mdcl gD 9lXl' rccordcr. Linr:rr 5rg.cp rTclil voltrrom.iry : Ffcrncd inct t,cN/0.r rrr l*Br,r.Nlpr. r,ili- iil"i ' i" i.p"6"o *iurrons.Pt g:rur.c rlr u*{ .rr r cosntc, cleorodc rnd ortdi:ed A3 :irc ar aquJrr.rcfsrcncc. Tlrc clstrrqjcr rcrc thcn riucd wirh CHICN andpl:rcr.rJ.in rhc:rpprcJrrirrc deoryScalrcd ,ofrrion o, pr.pond f6 rsrficcI n:r I vrt r.

, 
Aqcr Ek<ron Spccrccopy. Autc, GlecrrDrl rpcrruofr' {AES} nrdrrnc bv uring a pHl 660,r,inln3-arl., ,;'6_U.. Sr+lcr rcrc

S:,rrr.tdsJ ru crrptxr r:r;x :irh n3 finr.iaO ,f,. rifr ru etfrrod ro rhcrt!'L1r'rncrcr rtlgc rith nrull *or. obtlinia3 eq.,at-- rgrnlrbta lor tnol€cut!r rorohFr\ prriorirly crcrilnirrnr rr ta brcal
11lluttn 

(-0..t rml. pto".c io x uirr,iuii.-Cmoiri(n, EFFi-ry rorultrc nplstulrr nxrnol.rl.cn by AC€ er higi lsrcnt rodrrion arcprocnrcd ia rhc roulrr rcction (virJc infra).

Rerultr und t) ls3'.r ion

- r. Ecctroclsnicrl llcharior of As MrcG srd Mirrcfctrodcs
tvlodin-cd by Rcrcrion r irh t-t t t .  i ; ; ,b l ' i  f .  f  f .  r  i l f  wirh
Au rurfacs rcsulrr in rhc Frirlcnr.ro"f-crriof -"-ilt-J;
:rclivc.molcculcs. Thc prscncc of rcdor aaive rnoteolrr can bccrtrbl irhed by t incar reccp q.ct ic 

"ohaimcriy 
i"  CH;CN/bJ

J.7, , .  Clrcm. Soc. .  Vot .  l tJ .  No.  1.  l99l

I  r . . ! f ( c x 2  ( 3 c x 2 c x 2  l  s l r

o .  o E
V  v t  4 9  : r r 1

P o r ? n l r O t ,  V  v t  A O  r r r r

ICr t :_ !  Cvc l i c  vo l rammcrry  (J0O mV/s :  in  C l l ,CN/O. t  M In -Bu.N lPF.  r r  l5 t  K)  o f  c ighr  Au mrcror : i cc r rq jo  dcr rv : r r rzcd  * . r rh : r  I
mM roiurron of I  in hcranc for l . l  h.

l c l ( F c C 0 { C x l } r o S i :

cr tcN/o r  ra  t  (n-gvL i l !  pFe 5f fmvzrrc

Fr3wc L Cyclic volremnclry of cighl Au micrclccrrqJcr dcrinrircdrirh e I mM xrlurion of l i l  in 20:ihcraac/ErOH lor at h.

M {a-Bu.NJPF.. Frgurcs I ard 2 rhorr dru for Au micrclcrrrodc
arrryr mq,ificd by rcacrion rirh I and ti l. rcspccrivcly. Modi-
ficirtion of Au microclccrrodcr rith t| 3ivcs a rcsponrc indisrin.
3uirhablc from rhar found for lll wirh rcrpccr ro eovcritgc and
Elplor thc surfrct-conlinc{ rcdor molcsulc. eualirrrivc irudicr
rhov. howcvsr. thst l l rcaiu more rrpidly rhan ltt. oonrirrcnt
with carlicr rtudicr cqrccrnint rhc rctarivc rtaoiviry of rhiob aod
diculfidca rowsrd Au.tt Elccrrochcmical bchlvibr of Au m!-
croclcctrodcr ir thc smc r rhat for Au microclccrrodcr and

c

c

t

L*.J
fu ia^t rot .  V v t  A9 wc

( l6) Kirrloca. G. p.: Whirc. ll. S; tVrif hron. M. S. J. rr- Clra. Sor.trt t .  t(N. ?)sF?te6.
(l?) 8rin. C. D.: rvhircridcr. G. M. bagrlwir trtt. J. 72t-12j.
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l D 0  J . Chent .  Soc . ,  Yo l .  t  I  J '  No '  a '  l99 l

( t ! l  Eundins Lcc.  X.  A. :  Mot t t .  R. :  McLcnun'  G' :  f in t le '  H '  O'  / '

E lccrnnaol .  CArn.  l9 t l l ,  . 'ad.  : l?-21. .

co^rirrcnr wrrh rcvcrirblc cl(r'lrchcmirtry found. for Fc(CH:)'5H

or  FcCO;1CH.) , ,SH ( fc - .  f c r roccny l )  bondcd to  Au macr r

clcctrodet.rr Thc clcctrochcmical relpontc tn Fi8ur6 I rnd 2

sho*r r sonrcwhat r"ts*;-;iii*t*itr than mitht bc 
1ryj

Thc largcr charging crlrnBnt 
's-rrirbutcd to cepdunce lslctated

wirh ths SirN. cncaFdii;; iny., -"t the lcads urcd to rddrcss

thc micralcctrodcs.
p"r, of thc r i3nif iqrncc of rhc dltr  in Figurcs I cnd 2 is thc

dcmonrtr l t ion ol '  thc cGrrodc't tr-clccrrodc rcproducibi l i ty,of

;;;;, ;;- ;i .l""rr*.r i"i' tiiiia r' Eactr of the ci rht i"{io:i' 
ll

iaaroi.ur. microclcctrodg ghowr ncarly thc lrmc smounl ol

;ilt;*-;t. ,irrcrl.t foti gittn dcrintizing ragcnt'- barcd on

rhc intcgrul o[ lhc currcnt 'Jircnrial currc cortcrponding to the

F:lrrdric cutrcnt l ' , rr  oridai ion :rnd reduction of thc fcrroccne

ccntcrr.  ln Figutc t  t trc cight microclcctrodcr 6tt1v1112gd with

I shrrw Jn :.rvcnrBc *t-. t ' i ' " i  t i ' t  * o' l t  x t trro mol/cm:'

whr..rc.s rhc drrr ior tll in Figure 2 shsrv romarhat largcr avcragc

.o ' . r .g "  o f  (4 .6  *  0 .2 )  x  l t r ro  mo l /cm: ' .  Thc  c lec t rodc ' to -

clccrrrrdc v:tr iut ion ir  moacsr. but i t  should bc cnrphasized that

i i .  i t . i i . t , t t tcnt .r f  nr icrrxlcctrodc 3rrayi docs not r lwayr suc'

. ; tr i r l l t  i . .o'" rcsidurl  photoresist from thc microfabrication'

iup.t iot rcproducibi l i ty is found for Au mrcroclcctrodcl '  com'

;; IJ t ;  microclcctrod6. with tcspcct to consistcncy of covcngc

of  rcc io r  : rc l rve  mi lcn t l ,  The l l rgc r  covcragc  o f  redox  mr tcna i

f r o r r r  l l  t r r  l l l c o m p u r c d  t o  t h a r  f i o m  I  i s  r  g c n e r a l  f i n d i n g  a n d

i ,  * rp . . , r . t  un  lhc  b : :s r i  o f  ! t c r l c  con i idc r r t ions '  Howsvcr '  thc

iry*r 'rn Au from rhc long<hrin molccu.lcs l l  or l l l  might disrcive

sor r rc  : rdd i t ion ' . r l  l l  o r  l l -1 .  rhcrcby  g iv ing  somc edd i t ionr l  c lec '

t rouc t ivc  r t tu tc r i l l  nor  bound Uy ' r  ' ru -S in tc rac t ion ' ' l  Such

bch: , rv io r  i r  l ss  l i kc ly  fo r  mo lcc l i l r  la1 'en  f rom l '  ow ing  to  thc

shor t  ch : r in .  Thc  abso lu tc  covcraSc o f  a  c losc 'pcckcd mono iaycr

o i l . r n n - . f , " i n : r l k v l  t h i o l  o n  ( t l  l i A u  c r y s t r l s  i s  c s t i m a t c d  t o  b c

;: i ; ' j ; ; ;oi / ; t . t  orherworlcrs havc found that ferrccnvl

aikyl rhiots gir" 
" 

ronoi i" l i . -*g.-oi - '1-5 x lg.ro mol/crr: . ' t

i n  c lo rc : rccurd  rv i th  our  da t r  io r  s i r faces  dcr ivs t i zcd  w i th  l l  o r

t l l

" 'Th. 
.y. l i .  volt lmmctry of Au cicqrocjcs dcrivatizcd with l '

r r .  o i - r i f  in  cHICN/o. l  M [ r r 'Bu.N]PF.  r t  29t  K shows Pcr '
,;,."a.,,.. i.t,n*n, ui r hc fcrroccn yl-based- rct Bcnt3. R cpct t t ivc

cycfing bclwccn the reduced and oiidized forms of thc molcculcs

Lrtu-ln littlc or no lcs of clcctrocrive matcrial on thc time scalc

oi i f,. uu, long'tcrm changc do Gtur (vidc infn)' Thc dunbiiity

"i 
.rl. i.o* itolin"a *litr t. l l. or l lt is sufficicntly grcat that

;;i* clcctrochcmic.rl chlnctcriz:tion is possiblc' Thc frr:

virlus. t:rkcn to bc lhc avenBe poition of thc anodic :nd cathodic

;;;: ur.r +0.1. +0.t. rni +o'E v vs Ag quasi'rcfcrcncc for

,urf"".-.onnncd fcrroccn.vl ccntcn 6siived from l' l l '  rnd ll l '

isnccritcly. Thc more ncgati"c valuc o[ Erpfor I is consistent

*;,i ,tc pi.r.n.. of thc cight clcctron'rcleasinS.Mc S.rouf 9n
if,. 

"y"fri""tudicn1l 
ringr'- For clcctrodcs modificd with l ' thc

,nJi. and r:rhodlc p.lU n.". diffcrcnt shapcs (Flturc l).

consistcnt rvith ch:rngcs in rhc srrucrurc of thc elcctrorctivc

ion.ll irycr fitm upon 
-oridarion. 

tn contrrst' the cyclic voltlm.'

; it;; for l i and ltl rre morc symrnctricrl ' *nt;t131t with

,tnrfiat changcs in monobycr film strucrurc upon oridrtion' The

dif"r.n.o *t,"."n clccrrodcs modificd with lrr l l or l l l  could

bc duc to rhc inrprrrtlncs of shlin-chain intcractionr in mrin'

t:rining I sonlitrnt nronullycr fi lm rtructurc'^Thc psak'to'pca.k

*p..if"^ l" rhc cvclic volirmmognrrs at 500 mV/s is <60 mV

rnd clo* ro 0 rnV rt 100 mV/s' Thc pcrl currcntt 3rc pro-

mrtit ln:rl lo lwccp rrtc up to .i lcatt I V/r' in gccord with frst

l"tit"" ,t.^rfcr frrlnt thc bound molcculcr to thc clccrtodcs'

i ir"stt dct:ri lcd comparironl hrvc. not bccn madc' thc cyclic

voltumnl€try rcsgrnrc in i lquca,ut clcorolytc.(pH 0-10),of Au

.i*J_i"aificd wirh il or i l l  ir qualirarivcly rhc:am.e.(rhrpc

in l ' f i i , iont  ar  thr t  in CH;CN/O.1 M [rBu.NlPF. '  Vc con'

.i"l l ir,r, rcagcnu l-l lt rit rcPrctcnt virblc rcrScnts for the

i"*,loi.rit riin of Au clecrrodcs virh wcll'bchgvcd' fcrroccnc'

brrcd rcrlrrr tYltcmr.

6 0 r  d
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Figurr 3. Scanning clcctron microSnph- (sEM) and :enning Augcr

.;;:;;t; 
"f 

Au-. s. and Si lor r Au micctcclrodc rrnv dcrtvattred

.i,i f . ni dcricc is thc s:mc onc cheractcrizcd by rhc cyclic voltrm'

mctry in Fijurc l.

b. Proof ofsclrtite Einding of l-t lt lo Au vtSi3Nl: Auger

Elcoron Sgcororcopy. n utcs tttcr-n spcdrccoPy (AES) has

;;.;i;;; uscfui icchni{uc for chrrectcrizrtion of clecrrodcs

modificd with molccular rnrtcrialr'tt Wc hrvc uscd AES to

cstrblish thar molcculi l-ttt bind selectivcly to th.c 1Y ti '

crclcctrodcs and not to thc SilN. substratc' as.shown in Scheme

l. Thit rcsulr b qPcctcd. on th; b$is of orr carlier dcmortrrtion

;i ff i , l ir i". binding oititplt rlLancthiolr on Au rc 9i'N..' '
F 

"t 
o".it*ti"c 'rES rrudics on thc Au and SilN' sficr d.c'

;i l; i l ; i i  i. l l . 
"t 

lt l vc find that thG sclectivelv for rhc

Au is rt lcast 100 to l.'-brtc 
poniorlarly comPcllin-g rnrllical mcthod is to record thc

rcl,rri"c conccntmrion of rulf-ur o"cr thc surfrcc of thc microc'

icci;;; array. Socllcd Auger ctcmcnt T"lT 
t-?-l 

1!:-l=-tlT
of surfacc-onfincd molculcr rchtivc to thc Au mlcroltructurqt'

Ficure 3 rhowr a maP for S. Si':rnd Au along with 1 1calni.nF

"t.iit* 
tJ*.il ;i" A" miqalectrodc rnry dcrivrtiecd.with

i:- i l; i i igr,i.t ' t.g;ons in r Sivcn.mrp corrcspond to highcr

inoiindJnr of rhi elcmcnt 
"L)-d' 

Thc irnPortrnr conclusion

tiil rh. S rhows hi3h conccntntion in thc rame rcgion whcre

;; ;;;;; ard s iinor dacaablc in thc rcgion whcrc Si (from

!jlx-.ii, oitJ wc rhns conctudc rhar I rcecu sclccritrly wirh

nu rurfrccr and not with thc Si1N.'

T
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Figurc 5. Cyclic rolomrncrry (CH1CN/0.t M [a.8u.NlCtO.: 5@
nv/s) of r Au clccrrodc dcrirarrzrd vitb t tlefr) lnd rhcn cr96cd ro
s I mM rolurion of l l in heunc for t.25 h (middlc) lnd rhc smc
clsttrodc aftcr J.25 h in r hcrrnc plurion of lt (righr). Ar l9 h. l l hr.l
conplctcly rcplaccd I on the rutfacc.

En Ar ion bcam to rctnovc the S-conraining molcculc. The pro
ccdure uscd in mappng S is ro frrst rccord thc counts 3t thc cncrgy
corrcponding to thc S pcaf. P1 in Figurc 4. for cach pircl of a
linc- Thc oouns on thc high.cnergy side of lhc S pcak !r !n encrgy
choscn to corrcrpond to a maximum in thc Au rpccrrum, P2 in
Figurc 4. rrc thcn recorded for cach pircl of rhc linc. P1 and P.
in thc rpcctrum for clcan Au corrcspond to mrrima for rhc in-
tcr.fcring Au pcaks. P, for clcan Au is alwrys lowcr 11trn ,,. ,t '
rs rmportlnt to norc that the comparison of P2 and P1 is mrdc
rftcr basc.line corrccrion. Accordingly. whcn P1 ) P1. wc concludc
S to bc prcscnt for a givcn pirct. and rhc brightncss in rhe map
is proponir.rnal rc P,/P7. Thc Si3N. surfacc has no inrcrfcring
Auger rignab. and derecrion (or lack) of S ir unrnbiguous. Thc
importanl  point  is  rhat  by sclccr ing P;  to be at  thc mrr imum ol
r Au pcak th:rt is largcr lhtn thc inrerfcring Au pcah at Ps, wc
en unarnbiguously derccr S on Au by concluding S ro bc prcscnr
to thc crtcnt P1 crcecds P2. lf anyhing. our procc.durcs uncicr.
cat;mrtc thc amount of S on Au. Thur. the clcmcnt meps shown
in Figurc 3,  and thore rcquircd car i icrr  for  a lkancthio ls on
Au/Si;N., are rclieblc imagcs of thc disrriburion of S<onrrining
molcculcs wcr the surfrct.

It is significant that our Augcr mapping rechniquc reprccns
r vuy lo obrain clcmcnnl compcirion of a rnolcculrr monolaycr
on a surf rc.c at  vcry h igh latcrr l  rcsoiut ion (-0.  1 rm).  In
principlc. rceondrry ion mass rpccrromerry (SIMS) could yicrd
simiirr rcsolutioq but ruch crpenmcnu hrlr not yct been reporrcd.
X-ray photoclcsron rpccrroscopy (XPS) could likewisc bc
worlablc in principla bur rcchniqug ro faus an X.rlv bcam ro
rmrll rpot tizcs src rri l l bcing devclopcd. Scanning Ramln
micrccopy end FTIR micrccopy. imponant rols for cstablishing
molcctrler Etrusturc on lurfrccl. arc limired in brcral rcsolurton
by the wrvclength of l ighr- Thur. rhc Auger mrpping rcchnique
sunds rs an imporunt mqhod for dcrcrminin3 surfrcc dirrriburion
of molccular rergenu.

c. Rcecriviry of Surficcs Funcionelizcd rirh t or Il. As nored
rbovs Au clcctrodcs funqionalizcd wirh l. ll. or ltl yield durablc"
rcrriblc rrdor rlrrcrnr Thc dunbiliry of clcctrodcs dcrirari:cd
with I rnr ho*srar. much lcss thrn that of clcerrodcs dcrivarizcd
vith l l or l l l . Wc havc carricd out 3ome prcliminary rrudics of
crchrngc chcmisrry vith t and ll ro bcain ro ctrablish facrors
controlling nrcl lnd cquilibrium poirionr in ruch rytrcms.

One ri3nificanr rct of rcsulu ir rumrnarizcd by rhc dara in
Fi3urcr 5 ud 6. Figurc 5 rhrr rhc bchavior of a Au elccrrodc
lint modilicd rith I and rhcn crpoecd ro t mM ll in hcrane rr
29t K. Thc cyrlic voltlrnrncrry indicatcs los of rhc rcrponrc
rttributcd ro I end 3rourb of e ri3nal for l l. lmponanrly. rhc
ntc of lcr (t172 -2 h) of I ir rhc smc for rn clccrrodc crpoecd
to hcunc only (Figure 6). For rhc elcctrode finr crpoccd ro I
rnd rbca crpccd to ll. thc r:sponr€ b ulrin:rcly only rhrr of lt.
rbovin3 th€ rsmc corcn3c that vould bc found for an clccrrodc
dcriradzcd iniGlly wirh crly ll. Derirarizarion of r Au clcsrrodc
rirh r t:t hcrene rolution of I rnd ll yicldr gn clccrrahcmical
rcsporc rhorin3 mrinly (>95%) ll. cvcn rr rhort (- | h) dc-
rivrtizrtion tino. For Au initiafly dcrinrizcd yirh l l and thcn

I

4300

Figurt ' l Aulcr !€nr (90-lJ0 ev) of r Ati micrc(iscrrodc rurfrcc
0crrvrrrzcd * i rh CH1(CH1),7SH l top).  c ic :n Au (middl : ) .  rad g c lc:n
Si lN.  rur f rcc (bonom).  Norc di f fcrcnr vcnrcal  te lct  for  rhc Au rnd
SirN.. P, rnC P; rrc rhe poinu urcd in mapping S tcf. Frgerc 3 end rcrr).

Augcr c lcmcnr mrpping ar  h igh lareral  rcsolur ion for  orsanic
monol lycrs is  d i f f icuh.  owing ro low s ignal .  ro c-  bcam-induccd
ocgr:rdarion from high belm cr.rrrent dcnsiric and high volrages.
and to drifr of rhe instrumenr during rhc timc (-2-* h) rcouircd
lo mrp r  -30 x 30 sm rcgion at  -0. t -sm rcrolur ion.  The
rurfrcc spccrroscopy is also complicarcd by surfrcr charging of
thc insularing subctr.rrc. Surfacc charging ir a proUcrn corn,ion
In Auger clcsron micrccopy. and vc hlrc minimizrd thb problcm
! l  , j l ls  thc srmplc such rhr t  rhc c-  bcrm rnskes an rngic of
.10-60% rrirh rhe plane of rhe surfrcc.! Samplc dcandrrio-n has
bccn minimircd by usc of low bcam c-ttrrens (O.t-s ;) virh bcam
voltagcs of 8-10 lV. Lo* bcam voltagcs rnininizc danagc. bur
thc highcr valucs help ro ovcrcome suiface charging- Alihough
cr:rct p3nmctcn uscd vary somevhal from srmplc ro ramplc at
h igh latcr : r l  resolur ion rhc bcam diamercr is  a luay5 -  tOO nm.
Thir diamcrcr rcsulrs in a lrrgc bcam currcnt dcruirl: - l-65
A/cm:. Thc asual dcc ro a given semplc ercr ob,rbodv depcnds
on thc timc ro acguire an adcguare signal.tonoirc nrir To obuin
our clcmcnt m:lfts. thc -30 x 30 tm region to bc invcstigared
was rypically scrnnqJ in a linc-by-linc fashion uking t ?0 cq-ually
spaccd dan poinr pcr l inc. Gcncrally. t?0 lincs .-r: scanned.
giving a roral of 2t 900 pircts in the mrp. The rime ro obtein 3oodsignal-ronoisc rnap for clemcnu unigue ro thc dlnnic -o*l-iy.,
(c.8.. S) vrricd..bur rypically recording rhc cnriie nrap rcquiied
2-a h. Thut. rhc rcsidcncr rimc for cach pirct of rL nrp is
0.15{.5 t. Thc condirioru uscd rhus m€n rhlt cactr frcl ofihc
mup could hlrvc rcccived r dosc of ar nuch 13 2 X thr. mot of
clcctronr. whilc c.rch pircl pould havc at nct -t X I(|E mol
ot a motcculrr monohvcr from l. lt. or l l l . Clcarly. cquivrrlcnr
Augcr sign:rf.t lnoirc ntios for-rout;n. anrfni, of molccular
tnonolatrr: on m:rcroscopic surfaccs yill inrotra qullharir=ty lcss
doic Jrcr molecule thrn nec{ed for our high tarcnt rsoturion
mapping. Thc virbiliry of our merhodology has becn csrablishcd
by dcmonrrrarion of samplc-ro.:amplc rlpcenbiliry-

Mlppin3 S on Au ir funhcr compticared by rhc 
-orcrlap 

of a
Au Jrrl rirh rhc:rrongct pcak for S. Fi3urc i rlroq rhc iu3cr
:pcctT of thc Si;N. and Au rcaionr of ln-rrny dcrinrizcd *irh
I lnd includcs thc rFccrrum foi rhc Au afrcr it ru ctcancd rirh

(201-8ri33t D.: &etr. M. P. prccticot Su{occ Aeclvtit ly Argtr td
.l.mt, l/,rec/fftrca SFnmtco?f. wilcp Ncv yorf. ictl;i Jf_Ul.
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f igurc  6 .  T imc dcpcndcncc  o f  rhc  ru r f tcc  covcngc  o f  |  (a l  3nd t t  ( ^ )
f r r r : r  Au  m]croc i r .c r rodc  in i r i r l l y  c ic r i va t r red  . , i f ,  l l  rnJ  p i .a .O ; r .
hc r rnc / l  mM |  )o lu r ron  ( top l  Jnd  fo r  r  Au  m!cre lcc r rodc  in i r i r i l y
dcriv.rrr lrd wrrh l i rnd crFccd ro hcr:ncl l  mM lt  (borrom). Thc borron
plncl :rlwr rncludsi d;rtl for rn rndcfrrrdcnt crrFrhcn( thoernB covcngc
of  l r rn  Au uJ ln  c rFr tu rs  to  hcr i rnc  on ly  (A) .  n l l  covcr rse ,  rc rg
nrsnurcd by cvcl ic votr:rmmcrry in CHrCN/O. I  M [a-gu.N,ipF. ;rr 5OO

>olLcd-in hcunc unlv. wc f ind some init ial  los of cover: lge. _i Jx  r0 - '0  ro  - i  x  t0 - io  mof /cm, .  bu i  ; " ; ; ; r r . ,  i :m n .  rdd j r ionr i
lot. .  . .r f  rcdur :rel ivc rnrlcr ir l  docr not rxcur. Si lni i .r i f .  , i  r i
c luc t rq jc  i r  l i r r r  dc r rvur iz r : r j  wr rh  l t lnd  thcn  erposcd r j  t  m l t
I  in  l rcunc .  rhcrc  i . s  somc in i r i r l  loss  o f  l tand  a  imr l l  upr r \c  o f
l .  but t l rr :rr: :r f tcr vi .uxl l_v no chtngcs trke pl3cc ovcr: perixl  . f
r l  l c ! ) r  i00  h  (  f igurc  6 ) ,

Thc apcrimcnrr summarized by Figurc 5 tnd 6 rhov thi
lurfaccr dcrivrrizcd wirh I to bc bbilc.-wirh r rtrc of lcr of I
unaffcsrcd by rhc prcrGncrc of ll in hcrana Ther Au rurfaccs
ocnntrzcd with I rrc molr labilc rhan rhosc dcrivrrizcd virh lt
(or  l l l )  i r  ccrrr in.

Cooclusion
Fcrrenyl thiots and dbutfidcr cen bc urcd ro modify rcrcstivcrv

thc Au micrortrucrurer on r SilN, rurfrcc. Sirnplc'immcnioi
of r prctrerred Au micrelccrrode array inro a soiurion of l. I l.
or l l l  yicl& Au elcsrrodcr funaionrrizcd with about onc,nono
laycr of thc ferrccne rqtgcnt: no molec'rer rnltcrial b dctcctabrc
on thc Si1N.. Auger clcmcnr mapping can bc uscd to obrain rhc
high larcrrl rcsorurion ncs"'o'ry io chiractcrize rniqrfabricered
rrructurcr modificd with r molccuhr monolaycr. Thc ocra-
mcrhylfcrrccnyl sylcm (t) rhows r.relrrivcly ncgarive f,n ;t;
consisrent wirh rhc clccrron-rcl..sing narurc o7 rf,. Cfjf, *U
stitucnr<. Wirh rcspccr ro pcnisrencc o?clccrrahemical rcsbnsc
all crperimcnu show il or l l l  ro yicld more durablc modified au
surfaccs rhan l. Thc ,lrrgc sizc of rhc -hced group. of t rnd rhe
shorr  rether ro rhe Au arc l ikc ly facrors i imi i in3 ' thc durabi l i r f
of Au modified with l. in comparison ro Au rnoaifi"a wirh ll or
i l r .

Wc can draw s6s mcchanisric conclusion regrrding the surfaccs
modified wirh l: rhc rcplaccment of I by il ippcan ro procccd
by a mcchanism involv ing losr  of  I  fo l lowcd by upratc of  l l .  a
proccss analoS0us to an S*l subsriturion mechanism for discrcrcqrc.rdinarion complcrcs. This conclusion is brscd on rhc obscr-
vation rhat rhc rarc of loss of t is unaffccrcd by rhc prcsencc of
ll. Y. €urion againsr gcnenlizrrion of this simplc mechanisric
hyporhcsis. bccausc thc loss of l l. for erampic. from rhc surf".c
(Figure 6) appctr: ro bc quirc diffcrenr: rcme mrrcrirl is wcaHy
bound. whilc rhe majoriry is firmly bound. Addirional *orf is
necded to crrblish factors governing ntcs. mcchanisms. and
thcrmodynamics for rhc coordinrrion ind crchangc proccsscs of
th io ls in ro lut ion and rh io larcs on Au surf iccs.

_ Acknowlcdgmcnr.  M-S.W. rhanks rhc U.S. Dcpanmenr of
_Encrgy. Officc of Basic Encrgy Scienccs. Division of Clcrn;cai
S91c.nccs. for suppon of rhir rcscarch. G.M.W. rhanks rhc Olficc
of Naval Rcscrrch rnd the Dcfcnsc Advanccd prolccu Ai.;;t
for.panial suppon of rhir rcscarch. Wc rcknowtcdgc usc of-XPS
and Augcr lac i l i r ies rcquired rhrough rhc jo inr  Hanrard/Ml i
Univeniry Rescarch Iniriarive fundci by rhc Dcfcnsc AdvancJ
Rcscarch Prolccrs Agcncy.
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