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Absrract - This paper describes research in tw'o areas: heterogeneous catalysis and
molecular self-asiembly. The work in heterogeneous catalysis used the platinum-catalyzed
hydrogenation of diolefin(dialkyl)platinum(ll) complexes to generate platinum surface
alkyls of known structure. The structure and rcactrvity of these surface alkyls were inferred
from characteristic processes occurring on the surface. The incorporation of deuterium
from isotopically labelled protic soivents (e.g. EIOD) w'as puticularly useful mechanistically.
The technique of self-assembly rvas used to fonn organic monolayers by coordination of a ligand to a
metal or me[al oxide surface. In addition to the chernisorption of alkyl thiols on gold (as alkyl

thiolates, RS-Au+), a nuntber of othcr svste nrs n'ere demonstrated to gi.,'o ordered organic sutface
species.

I N T R O D U C T I O N

This paper describes our recer)t *ork rn the lreas of heterogeneous catalysis on piat inun-r and self-assentbled
monolayers on the surfaces of metals and nre tal oxides. In hete rogeneous catalysis, we wish 1o characterize the
reactivi t ies of surface aLkyls (R*) on plaunum. The reduction of diolef in(dialkyl)plat inunr(l l )  contplexes gencratc\
R* moieties having well-defined initial structures. We infer the reactivities of these specie s usrng, as a prinra.rv
tool, deuterium labellin g.

In self-assernbly, we wish to prepare structural ly well-defined interfaces. The self-asscrnblv ol '  Iong-chain alkr I
thiols (and disulf ides) on the surfaces of goid and si lver, and of other species on thc surtuces of ot i tcr ntctals und
metal oxides, generates appropriate interfaces. We have also used dif f  erences in coordirutt ion to dcvelop svstcnts
for theformar ionof in ter facespat temedintheplaneof thesur face.  

- I 'h is t1 'peofprcrcessprov idesarouteto*c l l -

defined surface organometallic structures, and iilustrates the sinrilarities and differences between analogous
coordination chemistries in solution and at surfaces.

H E T E R O G E N E O U S  C A T A L Y S I S :  S T U D I E S  O F  T H E  R E A C T I O N S  O F
H Y D R O C A R B O N  S P E C I E S  O N  T H E  S U R F A C E  O F  P L A T I N U M

The heterogeneous hy,drogenation of olef ins is one of the simplest reac:t ions in heterogeneous catalysis; many
components of the reaction are, however, not we l i  understood- Perhaps the most fundamental (and most elusive)
goalof reseuch in heterogeneous catalysis is to understand the stmcture and reactivi ty of the hycirocarbon species
(R*) that are derived from olefins, and exist as intermediates on the surflace of the catalyst. We have developed a
system that generates R* of known initial structure under conditions similar to those employed in heterogeneous
catalysis in synthetic organic chemistry: the reduction of diolefin(dialkyl)platinum(lI) complexes (DOPtRz) by
dihydrogen and platinum black catalyst suspended in organic solvents (eq 1) (ref. 1-6). The reaction occurs by

Pt  +  2RH ( 1 )

adsorption of the components of DoptR, 
";; 

Ju-nl"o_ il;;, with consequent generation of surface alkyls
(R* and DO*). The surtace alkyls react with surface hydrides and produce alkanes, and the platinum atom in the
complex becomes part of the surface of the catalyst. We believe that the R* moieties produced from these
complexes are related to those produced in the heterogeneous hydrogenation of olefins (Scheme 1). In addition,
the hydrogenation of DOPIR2 complexes can be used to generate R* that cannot be generated via the
hydrogenation of olef ins (e.g. methyl*, phenyl*, 1-norbornyl*).

Note a: The National Science Foundation (Grant CHE-88-12709), the Office of Naval Research, and the Defense
Advanced Research Projects Agency supported this work.
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Scheme I

Proposed Analogv between the Et* Moieties Derived
from Ethylene (left) and Those Derived from
DOPIEt2 (nght).
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TABLE I. SLandarcl C,,r:,:
and  RRL  ConJ . : : . ' : .

Parameter

r Rcductions under MTL

: r'; br Il:lOZ titration
: , ' : - l i ton of  magnet ic

. t r r h u t l 0 x 6 m n r )

Subsrate (mg)
Solvent (mL)
Vessel (mL)
Pg, (atm)

rfc)
Catalyst (mg)
Sp1(pg-atom)
Stirring (RPM)

i\flI.

1-5 -  .10
1

20
0 . 1 7
40
40
20
I 800

The kinetics of the reductions of DOPTR: complexes are characterized by two distiir. r :'i-- - . ' :'. :runsport
l imi ted(MTL)andreacnon-ra te l inr i ted(RRL)( re f .  1 ,6) .  Table lg ivesthereact ior i  \ - r , i . - . r .  ; '  ' : : r ' : ' .  .c t i  ineach
regime. In the MTL regime, the rate of delivery of H2 to the surface of the catal),st liin.:: '.r 'j r.:i-- : :.:.,,'tion. In
the RRL regime, the rate of an unspecified reaction on the surface of the catalyst lirrrit: ri.: :.,:: : :.,' :, .,.n. The
rate of C-H bond acrivation of R* moietres relative to the rate of reductive eliminauon r5 ;-r..:r-..: . - : . . :l: :nder
MTL than under RRL conditions.

Three pieces of evidence characterize this reaction as heterogeneous rather than homoge retr,,r: F.:.: : ': :rte of
reduction is negligible in the absence of platinum catalyst (ref. 1). Second, the reduction stops ',\ i 'r:. : .:.-d

HTlPr

@CPD-dt2)PtMe2 N{ethanes-dn

n-I leptane

D found in methanes
MTL O.5O
RRL O.O4

H2lPr

CODPT(CD.)., Cyclooctanes-dn
n-Heptane

D found in cyclooctanes
MTL 1.25
RRL O.O8

poisons (e.g. group V and VI l-ewis bases, Hg(0), mercury compounds) are added to the catalr ': :'; '
t ransferofdeuter iumoccurSbetweenpQ*andR*whenthecata lys t issuspendedinhydrocarbt . t :
hydrogenation of (dicyclopentadiene-dp)dimethylplatinum(Il), (DCPD-d12)PtMe2, produces nrc'.r .::'- '.

contain deuterium (eq 2), and the hydrogenation of ( 1,5-cyclooctadiene)(dimethyl-d3)platinunrr II . t : l
produces cyclooctanes that contain deuterium (eq 3) (ref. 6). The transfer of deuterium descnL^-- . ' : . -
undoubtedly occurs on the surface of the catalyst.

i )

We designed two experiments to clarify the mechanism by which DOPIR2 complexes adsorb oir ::.J . . : ,. j : the
catalyst. Equations 4 and 5 show that the reduction of norbornadiene (NBD) by Dzincorporat.-: .r':..r- r ."
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Heterogeneous catalysis and molecular self-assemblv

predominantly into the exo positions of norbornane; analogous reduction of (norbomadiene)dimethylplatinum(II)
(NBDPIMe2) incorporates deuterium predominantly into the end.o positions of norbomane (ref. 2). Similarly, eq
6 and 7 show that the reduction of homohyposffophene (FIOP) by Dz incorporates deuterium into the e;o

D)

D2
-...*

Pt (0)

( 2 . 1  D )

(6)D)

( 7 )

(3.e

positions of homohypostrophane (I{OPH), but analosous re ducuon of (homohypostrophene)neopentl ll2-
norbornyl)platinum(II) complexes incorporates deutenum predominantly into the en^do posirions of HOPII (ref.
6). These results argue that the adsorption of DOPIR2 conrplexes occurs by initial adsorption of the platrnum atr-rrl
in the complex.

Acisorption of DOPIR2 on the surface of plltinum o!.curs *rrhout loss of the regiochemistry initially defined bv rhe
bonding of R to platinum in the soluble orsanrrnretrllic conrplex. The following experiments summarize the
support for this conclusion (ref. 2). The reduction of propylene by D2 incorporates deuterium into the I and 2
positions of propane. In contrast, the reductron by, D2 of CODPT(n-propyl)2 produces exclusively l-propane-d1,
and that of CODPT(iso-prop y, I ) 2 prod uce s predonrinantiy 2- propa ne- d1.

A P P L I C A T I O  N S

We used this system to explore the relative rates of c, F, y, 6, e and ( C-H bond activation of surface alkyls (ref.
3). We synthesized a series of platinum complexes, CODPT(CD:)2, CODPT(CHzCD:)2, CODPT(CH2C(CD3)3)2,
CODPT(CHzC(CH:)z(CH2)1CD3)2 (n = 1-3), and hydrogenated them under MTL conditions over platinum black
in n-heptane. The extent of incorporation of deuterium into the cyclooctanes provided a measure of the rates of o,
F, Y, 6, €, and ( C-H bond activation of surface alkyls relative to the rate of reductive elimination as alkanes. The
fo l lowingorderof  ra tes was observed:  cx ,>> B > 6>1 =E=C.This  ordercont rasts  wi th  thatobserved forC-FI
bondactivation in homogeneous plat inum(Il)  complexes in solut ion: P > 6 >y= € >> a (notobserved) (ref.
7-10). The relative orders on the surface and in solution are similar except for a C-H bond activation. This
difference probably arises from the fact that facile a activation on platinum requires more than one metal center.

With this system, we were able to provide the most definitive description currently available of the stereochemistry
of reduction of C* bonds (ref. 5). hevious studies of this reaction iocussed, for 

-example, 
on the hydrogenation 

'

of olefins. In these studies, however, the initial stereochemisrry of bonding of the olefin to the surface was not
known; thus, the stereochemistry of the reduction of C* bonds in these reacrions could be determined only by
inference. Since the reduction of DOPIR2 complexes generates R* of known initial stereochemisrry, these
reductions provide a direct determination of the stereochemistry of the reduction of C* bonds.

We synthesized samples containing predominantly (homohyposffophene)neopentyl(exo-2-norbornyl)platinum(II)
(Exo), and those containing predominantly (homohypostrophene)neopen tyl(endo-2-norbomyl)platinum(II)
(Endo). Equations 8 and 9 summarize the results from the reductions of these samples by Dz Equation 8

Endo

describes, for example, the reduction of a mixture of 90Vo Exo and 10% Endo. In summary, the reduction of
Exo_ incorporates deuterium into the ero position of norbornane; reduction of Endo incorpoiates deuterium
predominantly into the endo position of norbomane. These results argue that the reduction of C* bonds occurs
with predominant retention of configuration.

+J
Exo
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FIGURE 1. A plot of d"u vs dps for tirt:
cyclooalkanes produced in the heterogeneous
reduction of unsubstituted cycloolefins using
H2 and D2OIIHF (1:1, v:v; pD1or6; = 1).
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R E D U C T I O N S  I N  P R O T I C  S O L V E N T S

Our initial investigations of the reduction of DOPIR2 complexes- ln protic solvents demonstrated that the isotopic
exchange-of FI/D between.the OH(D) grolp of lhe sotueni and I1(D). was fasr (eq 10) (ref.6). Foiexample,
when the hydrogenations described in eq 2'and3 were camed out in eth1,l alcohol^GIOA) ruthe. than n-heptane,

H * + R O D : p * + R O H (10)
neither the methanes (eq. 2) nor the cyclooctanes (eq 3) contained deurenunr. The mechanism of the exchange
shown in eq 10 has not been resolved.

To demonstrate the utility of.the_rapid exchange of isotopes of hl,drogen benr e en thc protic solvent and the surface
of.platinum, we reduced, under MtL conditio-ns (75 oC iather thin ab oC), a series oi'unsubstrtuted cvcloolefins
using H2 as the reductant and D2Ofl-HF (1:1, v:v; pH(D)DZO = l) as rhe solr enr rref.  5 r.  Frgure 1 summanzes
theresu l ts .  Weuse duurodescr ibetheaveragecontentof  d6uter iumina lkanes(eq 1 l ) .  I r r : rcnrerk lb lerhar

d o u  =  1 / 1 0 0  i  
n ( % a l k a n e - d n )  ( ' )

n=l
extensive incorporation of deuterium can be ach.ieved.using dihydrogen to reduce cycloolefins over plarrnurn black
in a deuterated solvent-(RoD). The content of deuteriu. in the'cyct"oattanes-p.wides a measure of 

'the 
rare of

C-H bond activation of the intermediate cycloalkyl* moieties relative to the rate of reductive eliminarion as
cycloalkanes. Interestingly, the rate of C-H activation (as measured by durld^*) correlates wirh the srrain
energies o! th.e cycloalkanes: the greater the strain energy of a cycloatturi., di#utt., the rate of C-H bond
activation (relative to the rate of reductive elimination fr"om the slrface).

The rapid.isotopic.exchange between ri(P)l and ROII(D) was a useful tool in conrpurirg rhc ::irr'rrcc crhr Imoieties (Et*) derived from ethylene with those derived from cooFtgtii*i oi. 
'i-h. 

'.,,r..,1,. .ii,r.,u,,iirns of r5eethaLe.s produced from the reductions of ethylene and CODPTEt2byD2in'grotj r.,,,.]cr ItRL iondirions and NITL
condirions are shown r.n Fr.g.qre 2. Under RRL conditions, the d-istiiUuiion of crhr:rr-: i,\i;11'..6 irorl the reduction
of ethylene. appears to be shifted by_o,ne additional deuterium to that obtained froi:: tl:: rr.lucrio. of CODptEt2.
T.q. results sugge.st that, under t iRL condit ions, the relat ive rates of C-l{ bond i . i t .r i \ . ,rror a'd reducdve
elimination are similar for the Et* moieties derived from these two substrares.

30

20

l 0

[ : t l rerrcs- r/n

RRL 
n J coDPrEt2 kt^v= 1.2)

f l ntnylene (r/uu = 1.t)y

0 1 2 3 4 5 6

Number  o f  Deuter iums

FIGURE 2. The ethanes produced under RRL conditions (top)
and MTL conditions (bottom) front the reductions of CODpttrr,
and ethylene using D2 and EIOD.

.t) 80

E 6 0

€ 4 0(t)

t s 2 0

E 0
q

a 8 0

E 6 0

8 4 0

or zo

3020l 0

I\ITL I CODprEt2 (r/sy= l.g)

E Ethy lene ( t lou  =  4 . ' t1



Heterogeneous catalysis and molecular self-assembly 825

Under MTL conditions, however, the ethanes produced from ethylene and CODPGIz are markedly different.
This difference probably arises from the presence of the coadsorbed cycloocryl*, moieties in the reduction of
CODPIEI2. Under MTL conditions, the concentration of H@)* is low relative to that under RRL conditions. We
hypothesize that the cyclooctyl* moieties provide a source H(D)* that increases the rate of reductive elimination for
Et* moieties derived from CODPIEI2 relative to that for Et* moieties derived from ethylene. Supporting evidence
for this hypothesis is summarized in eq 1 2 and 1 3. The content of deuterium in the cyclooctanes produced in the

CODPIEI 2 + Dz

CoD + Dz 
tff- 

Cyclooctanes-d n (13)
MTL dau = r3'2

reduction of CODPIEI2 is greater than that produced in the reduction of COD; this difference probably corresponds
to loss of H from cyclooctyl* moieties to coadsorbed Et* moieties in the reduction of CODPIEI2.

F U T U  R E

These studies have demonstrated a new paradigm for determining the mechanisms of heterogeneous catalytic
reactions by using a combination of organometallic chemistry and catalysis to generate surface alkyls of known
structure. This type of investigation should be directly applicable to studies of a wide range of hydrogenation
reactions. To what extent it can be applied to other reactions of substantial interest---Fischer-Tropsch catalysis,
Ziegler-N att a polymeri zatron, reformin g- - -remain s to be e stab li shed.

O R G A N I C  M O N O L A Y E R  F I L M S

Interest in structurally well-defined organic monolayer films supported on surfaces has been accelerated by
advances in surface analytical instrumentation, and focussed by interest in adhesion and wetting and by relevance
to electronic device fabrication (ref. 11). There are curently two methods commonly used for generating organic
monolayers: Langmuir-Blodgen and self-assembly figure 3). The Langmuir-Blodgett method involves the
careful transfer of a monolayer from the liquid-air interface onto a solid support, using a relatively slow,

Self-Assembled

1,ft-ZF;
M = Au, Ag,  Cu, -o = RSH, RSSR, RNC, R3P

Pt, AlrO' etc. RCO2H, etc.; R = n-alkyl

FIGURE 3. Two methods of forrnation of supported organic monolayers.

mechanical dipping process. Langmuir-Blodgett films are generally attached to the substrate solely by
physisorprion. It is difficult to make crack-free monolayers from systems that crystallize easily using Langmuir-
Blodgett techniques. The technique of self-assembly relies on a chemical reaction between the surface and the
adsorbate, requires no specialized apparatus, and provides a rapid, forgiving route to robust, chemisorbed films.
A wide range of self-assembling systems have been deveioped: dialkyl sulfides and disulfides on gold; alkyl thiols
on copper, silver, and gold; alkanoic acids on alumina; alkyl trichlorosilanes on silica; amines on chromium;
isonitriles on platinum (ref. 12).

S E L F - A S S E M B L E D  O R G A N O S U L F U R  M O N O L A Y E R S  O N  G O L D

The most thoroughly studied of the self-assembly processes has been the adsorption of alkyl thiols and disulfides
on gold. Under ultra-high vacuum (UHV) conditions, exposure of the ( 1 1 1) face of single crystal gold (Au( 1 1 1))
to an alkyl thiol generates a weakly adsorbed layer of the thiol; this process is reversible at low temperature (eq
14). Exposure of Au(l 11) to a dialkyl disulfide results in cleavage of the sulfur-sulfur bond and formation of a
strongly bound alkanethiolate species on the surface (eq 15) (ref. 13). In contrast, monolayers formed from either
thiols or disulfides in solution attach to the surface via a common species, the thiolate (eq 16). Neither the
mechanism of conversion of alkanethiols to gold(I) alkanethiolates, nor the species that desorbs at elevated
tenlperatures in solution---thiol, disulfide, or gold(I) thiolate---has been identified. On gold, thiols are preferred
over disulfides (-75:1) (ref. l4), even though the rates of formation of monolayers formed from either thiols or
disulfides from solution are comoarable (ref. 15).

EtOD/Pt'^ L- Cyclooctanes- d n
MTL

dav = l4'8

(12)

Langmuir-BlodCett  

1
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The structure of long-chain alkanethiolate monolayers on gold has been probc-d b., l w ide range of techniques
including IR, XPS, and electron and helium diffraction (ref. 12). The conclusirrrs rh.it enrerge from these studies
are: the alkanethiolate monolayer forms a ./l*fiRlOo epitaxial layer on rle go.J s:rt;r'e . the hvdrocarbon chains
are densely packed with a cant of -30o relarive to the surface norma-l; the chuns ,;c ^rgeir rans zig-zag extended;
thefew gauche interactions that exist are locatedpredominantly nearthe ai.r-nrt-xtr ' . . , ' ,3r:n.: l . lcr ' 'Figure 4).

krK

a = 4.0?8 A +.qgs A
l
I

A u  ( 1 1 1 )  .  A u S R
,{3 x,{3 R 30o

FIGURE 4. Structure of n-alkanethiolate monolavers fornred on Au( I 1 1). The adsorbed alkanethiol
forms an epitaxial layer on gold (left) generating a denselr packed hy,drocarbon layer that is canted
-30o from the surface normal (right).

One noteworthy anribute of the organosulfur chemistry on gold is ir.s abilir,v to accorrunodate both polar and non-
polar tail grcups, and to permit formation of interfaces *'irh a ranse of functionaliries: organic goups that can be
presented at the surface include carboxylic acids, amides, and alcohols and many non-polar groups. These
surfaces have served as substrates for many studies of wetting (ref. 16).

The formation of the monolayer is rapid (exposure of clean gold to a I mM solution of octadecanethiol in ethanol
results in the formation of a complete monolayer in less than fir'e seconds) (ref. 17). When a complete monolayer
is immersed in a solution containing a different thiol or disulfide, the monolayer exchanges its components for
those in solution. The mechanism of this exchange is complex and remains unresolved. Exchange appea-rs to
occur rapidly at first and then more slowly, never going to completion (ref. 15,18,19). This observation suggests
that exchange may be occurring predominantly at grain boundaries or defect sites.

S E L F - A S S E M B L E D  M O N O L A Y E R S  O N  C O P P E R  A N D  S I L V E R

We and others have extended these studies to silver and copper (ref. 20). Silver and copper (especially) oxidize
more rapidly than gold on exposure to oxygen. The resulting oxide surfaces remain active toward thiols (although
much less so toward disulfides). The mechanism of formation of these monolayers is not clear, but does occur
with a reduction in the amount of oxide on the metal surface. Whether this decrlase is due to displacement or
reduction of the surface oxide by thiol has not been established mechanistically, and is probably not important: the
final_ surface species is almost certainly RSM(I) for gold, silver, and copper. Monolayers on copper and silver
exhibit many similarities to those formed on gold: they are ordered and d-ensely packed; the surfiie species is a
thiolate;.both non-polar and pofar tail groups can be accommodated to generate surfaces spanning a wide range of
wettabilities; the monolayer will exchange with thiols in solution. The most important difierencJis that the alkyl
chains of monolayers on copper and silver are oriented almost perpendicular tothe surface.

ffi +



Many substrates other than copper, silver, and gold are able to support the formation of ordered, self-assembled
monolayers. Considering the chemistry occurring at the interface between the monolayer an_{$9 s}pport in terms
of coordination chemisury, a wide range of other self-assembling systems can be imagrned, We believed that
differences in coordinati6n chemistries betrveen various ligands and surfaces could be used to generate interfaces
patterned on the molecular level. With this goal in mind, we have recently begun a study of the self-asse_mbling
bhemistries of various surfaces, noting trends and preferences, and looking for hints towards new metayligand
combinations. We wished 1) to identify organic ligands that would form ordered monolayers on important
surfaces and predict appropriate ligands for new ones, and 2) to design "orthogonal" self-assembling systems; that
is, systems in which twb tigands RL1 and R'L2 present in the same solution would associate sponlaneously and
selectively with two subsrates S1 and Sz (eq 17). The technique of orthogonal self-assembly is potentialiy
valuable in replicating photolithographically-formed patterns in the plane of the surface in the monolayer adsorbed

Heterogeneous catalysis and molecular self-assembly

O R T H O G O N A L  S E L F - A S S E M B L E D  M O N O L A Y E R S :  B A C K G R O U N D  A N D
E X A M P L E S

X  X X Y Y Y

-
S .

' ' : l  : i " '

on thess patterns. Table 2 summarizes the results from our study (ref. 21). In general, the results follow the
Hard Soft Acid Base (HSAB) classification: carboxylic and phosphonic acids adsorb on any metal oxide; thiols
and isonitriles adsorb on soft metals (Cu, Ag, Au, Pt). Surprisingly, phosphines, generally considered soft
ligands, form monolayen on all of the surfaces surveyed. This result may reflect conversion of phosphine to
phosphine oxide in many circumstances. Figure 5 illusrates the application of the information from these surveys
of relative suengths of adsorption in a representative orthogonal system: a perfluorinated acid adsorbing on
alumina and an alkanethiol on gold, respectively, on a microlithographed anay (Figure 5) (ref .22).

We are now exploiting other differerrces in coordination chemistry. One example is based on the fact that, upon
exposure to air, silver oxidizes and gold does not. This difference makes it possible to adsorb thiols onto silver
anil disutfides onro gold selectively(ref. 23). While the degree of segregation is not as high as that-observed in
the gold/alumina syitem, this system has the important characteristic that it permits the wettability of the
monolayers formed on silver and gold to be individually tailored by changing the tail goups of the thiol and
disulfid-e, respecrively. The ability to make interfaces containing areas differing in polariry and weftabtJiff bY
water will bguseful in fundamental studies of wetting and of adhesion. Another example is based on differences
in the adsorption of thiols or disulfides and isonitriles on gold and platinum. Gold exhibits a high affiry1y {or
organosulfui compounds. Platinum is less discriminating, but shows some preference for isonitriles. We have
prepared orthogonal monolayers on gold and platinum, and characterized the segregation by wetting,
electrochemistry, and XPS (ref. 19). This system should be widely useful in electrochemistry.

The gold/alumina example is not unique. Many hard metal oxides (zirconia, silica, etc.) can be substituted for
alumina as substrates foi carboxylic acids. Although carboxylic acids and thiols will each adsorb on the native
oxide surfaces of copper and silver, a pure monolayer of the alkanethiol is formed when copper or silver is
exposed to a solution containin g both ligands. Thus, it is possible to obtain orthogonal monolayers of the type
illusrated in Figure 5, by expc'sing any combination of a soft metal (or metal oxide) and a hard metal oxide to a
solution containing a thiol and a carboxylic acid (ref. 19).

FIGURE 5. SEM and Auger elements maps for a microlithographed
array of gold and alumina strips in Si3Na exposed to a solution of

HS(CHz)r1Cl and CFr(CFz)sCOzH. The data show that the thiol
is localized solely on the gold wires, the acid on the alumina, and
neither present on the Si3Na.
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TABLE II. Adsorption of Various Alkylated Ligands onto Various Metal and
Metal Oxide Surfaces

RSH RSSR
RSR

RNC R'CO2H ROH
RPO3H2 RNH2

R'CONHT

Zr, Nb, Cr,
Mo, Fe, Ni,
AI

Pt

Cu, Ag

Au

7n

R = C1gH37, R'= Cl7H35, R" = CAHtz b + = stable monolayer formerl
I - = tto monolayer formed c blank Spac€ = no data currently ar aillirlc

F U T U  R E

Orthogonal self-assembly is an important step towa-rds the development of nanostructures, and provides ne\4
systems with which to study wetting and electron transfer. The design of these systems, we stress, has been
based on analogies drawnfrom solution coordination chemistry. This technique is still in its infancy, &nd nranr
issues remain to be resolved. Thus, in the last two examples of orthogonal systems, the kinetics of exchange are
important to the selectivity. Rates of formation and of exchange are crucial to designing (and optimizing)
orthogonal systems, and our understanding of these kinetic features is very limited. Comparisons between rates
of exchange (on surfaces) and rates of substitution (in solution) may clarify the selectivities in these systems and
the design of other orthogonal combinations.
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