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Abstract: Long-chain alkanethiols, HS(CH2)nX, adsorb from solut ion onto gold and form oriented. ordered monolayers.
Monolayers exposing more than one functional group at the surface can be generated by coadsorption of t* 'o or more thiols
from solut ion. In general,  the rat io of the concentrat ion of the t\r 'o components in a mixed monolayer is not the same as in
solut ion but ref lects the relat ive solubi l i t ies of the components in solut ion and interactions between the tai l  groups, X, in the
monolayers. Mult icomponent monolayers do not phase-segregate into single-component domains large enough to inf luence
the contact angle (a few tens of angstroms across) and also do not act as ideal two.dimensional solutions. In the two-component
system HS(CH2)J/HS(CH2)"CH3 in ethanol, where X is a polar tail group such as CH2OH or CN, adsorption of the polar
component is particularly disfavored at low concentrations of the polar component in the monolayer. These isotherms may
arise from poor solvation of the polar tail groups in the quasi-two-dimensional alkane solution provided by the methyl tail
groups. From dilute solutions in alkanes, adsorption of HS(CH2)r9CH2OH is strongly preferred over HS(CHz)roCHr, probably
due to the stabilization afforded by intramonolayer hydrogen bonds between the hydroxyl tail groups. The wettability of mixed
monolayers is not linear in the composition of the surface. [n a surface comprised of a polar and a nonpolar component, the
polar component is more hydrophilic when its concentration in the monolayer is low than when the monolayer is composed
largely of the polar component.

The formation of oriented monolayer films on a surface by the
spontaneous adsorption of molecules from solution has become
known as self-assembly. Of all the types of self-assembled
monolayers that have been studied,3 two systems have shown the
greatest promise as a means of controlling the chemical structure
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of organic surfaces: adsorption of organosulfur compounds on
noble metals such as goldl-s and silver,e and reaction of alkyl-
trichlorosilanes with silicon or glass.l0 Our research has con-
centrated on the first of these systems.ll In a previous paper,s
we presented a study of the formation, characterization, and
properties of monolayers generated by the adsorption of n-alka-
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nethrt.r is. HSrCHr.tr\ .  on gold. In these monolayers, the chemistrr,
i tructure. and propert ies of the surface were control led by' varr ing
rhc t . r i i  g roup.  X.  The range of  proper t ies  that  can be obta ined
I lg6eg€neous monolayers of a single thiol is, however. l imitcd.

( i :e . r ter  cont ro l  over  the s t ructure o f  the monolayer  is  a i iorded
br  coadsorpt ion o f  two or  more th io ls  that  d i f fer  in  the naturc
oi the tai l  groupr2 or the length of the hydrocarbon chain.r r Th i :

taper is the f irst of two that examine monolayers formed br the
coadsorpt ion o f  two spec ies that  d i f fer  in  the cha in  length.  the
ta i l  group,  or  the nature o f  the head group that  b inds thc conr-

n(lnents oi the monolayer to the gold surface.
In  th is  paper ,  we present  a  br ie f  survey of  organic  funct iona l

groups. other than thiols, that coordinate to gold and form stablc
monolayers. Then we examine monolayers formed from mixturet
of nvo thiols with the same chain length but with dif ferent tai l
groups. Finally, we address the effect of solvent on the composition
of the monolayers and i ts implications for the mechanism tr1.
adsorption. In the companion paper,we discuss mixed monolarers
,:omposed of two thiols having dif ferent chain lengths.ra

We had three broad aims in this study. First,  we wished t ' ,
understand how the composit ion of a monolayer is related to thc
relat ive concentrat ions of thiols in the adsorption solut ion and.
in particular, whether the formation of monolayers is under kinetic
or thermodynamic control.  I f  the monolayers are in thermodr -

namic equi l ibr ium with the adsorption solut ions, i t  should bc
possible to derive thermodynamic propert ies of the monolarcrs
from the adsorption isotherms. A quanti tat ive analysis of the
adsorption isotherms is beyond the scope of these papers. Here
we discuss qualitatively the impact of excess entropy and enthalpr
on the composit ion of the monolayers. ls

Second, we wished to elucidate the structure of the mixed
monolayers. In part icular, we wanted to establ ish whether the
two components in the monolayer segregate into macroscopic.
single-component domains and, i f  not, to what extent the com-
ponents do aggregate into small clusters on the surface.16 In this
context, we use "macroscopic" to mean sufficiently large such that
the properties of the monolayer are dominated by molecules that
are in an environment indist inguishable from that in a pure ( i .e..
single-component) monolayer. In the absence of long-range
electrostatic interactions, macroscopic probably applies to islands
more than a few tens of angstroms across. We wil l  present the
data in this paper under the assumptions that thermodynamics
controls the composit ion of the mixed monolayers and that the
monolayers are not phase-segregated and then discuss the evidence
that lends support to these assumptions. We will also trv to define
more closely the extent of aggregation of the t\ ,r 'o components in
the monolayer,

Th i rd ,  rve wished to  invest igate  ho*  the macroscopic  phrs ica l
properties of an interface-particularll the wettabilin-are related
to the microscopic  chemica l  s t ructure o f  the sur face.

The general strategy' in these studies was to prepare solut ions
containing two thiols. HS(CH2)"X and HS(CH2).Y dif fering in
the nature o f  the ta i l  g roup (X.  Y)  and/or  the cha in  length (m,
n), in a range of mole fract ions but with the same total concen-
trat ion of thiol moiet ies in solut ion. Gold sl ides were immersed
in these solut ions overnight under ambient condit ions of tem-
perature and pressure. The formation of strong, coordinative
gold-sulfur bonds drives the spontaneous assembly of the mon-
olayers. We then used el l ipsometry and X-ray photoelectron
spectroscopy (XPS) to determine the composition of the monolayer
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and used contact  ang les,  d ,  to  measure i ts  wet tabr l in .
We bel ieve8't ; ' t8 16u1 the species ult imately formed on the gold

surface by adsorption of thiols from solution is a thiolate {Au-SR)'
The mechanism by which an initially physisorbed thiol is converted
to a chemisorbed thiolate remains unclear. In this pape r. r're will
use phrases such as *monolayer of an alkanethiol '  to indicate the
precursor from which the monolayer was formed, even though
thc actual species at the gold surface is probably a thiolate. We
u i l l  designate monolayers adsorbed from pairs of thiols as X/Y
I r r  tnd icate  the pa i r  o f  ta i l  g roups,  X and Y,  that  are exposed at
rhc .url 'ace of the monolayers. Thus, for example, the monolayer

t 'cp.rrcd bv adsorption of thiols from a solut ion containing HS-
, (  l l . r  C t l rOH and  HS(CH2) ' oCH,  wou ld  be  des igna ted
()t i  \1c \\ 'e * ' i l l  also use terms such as *methyl surface'to refer
:, i:rc \L:l.rcc trl'a monolayer that exposes primarily methyl groups

. , i  i i .e  r - r , , r , ' l i . l \e r -a i r  or  monolayer- l iqu id  in ter face.
l :  : :u.:  :r . i i rcrs. u'e general ly plot contact angles on axes that

. : :c  . r : . . : r  . r  r , r :  r i .  ps1 in  0  i tse l f .  cos d  is  re la ted to  sur face f ree
i : c : J . e  .  i l ' ,  , ^ r l  \  r r u n g ' s  e q U a t i O n 1 9

^ , r ,  C o S  d  =  7 r u  
-  

7 s l  ( l )

* : .c:. :  ,  . : :d ^, .  l rc the l iquid-vapor, sol id-vapor, and
: , , . . d  . -  - . J ,  : . . r i  : v !  t l ' c c  cne  r s i c - s .  r espec t i ve l y .  changes  i n  cos

".:rr l l - .  , .r .r .r . : i r ' ,  : , ' , . : lcd trr thC changes in interfacial freeenergies.
I : .  s e  : c : .
i l .  .L ' t , : - ( .1  . : : j '  : .cnec \ , t ln l3Ct  angles cannot  eas i ly  be used for

e L . : i ' . .1 . : i r  I  (  ' , : t i . rc t  ang ie :  do prov ide s t ructura l  in format ion
- r ] . ' - l  : : !  . L r l . : s J  . r l  . i  n rono la \e r .  The  con tac t  ang le  o f  wa te r

t \  \ c : \ ' : : . .  : , ,  l i c  no l . r r r t r  o f  t he  su r face ;  t he  con tac t  ang le  o f
f .c r . rdc . . : :c  :c : - ,c ' i .  thc  po lar izab i l i ty  and,  as we shal l  show'  the
d,cr:cc ,:  :dr ' :  r :r  lhc :url-ace. The contact angle of water is more
\ : ' : . . : . . :  r l - . : :  :he contact  ang le  o f  hexadecane to  the presence of

$ , . . : i  i - rs - . i r )n . . . .  gr r )ups bur ied be low the monolayer- l iqu id  in-

ic : : .1 . .  -  \  - , ' i t - .p . l r i \on o f  the contact  ang les o f  water  and
hc r , r t t c . . : r ,C  g . r r  i hus  p rov ide  cons ide rab le  i ns i gh t  i n to  t he
th : cc -d . : r c r - r , \ r . : .  . t r - uC tu r€  o f  a  mono laye r .  Hys te res i s  i n  t he
c i \ r^ : l ;s l  - r l { .c . : . : r ,s . : i l - tL-S ra luable  s t ructura l  in format ion,  but  i ts
rnrc i ' l :c1 .11. , . ' r .  . -  t - . , ' :  $c l1-unders tood.  In  th is  paper ,  we express
rhe hr \ ic :c . r :  i r .  : i - .c  coo l iCt  angle  as the d i f ference between the
minrnrun'.  :L'ccdr:. tg grrnl. ict angle and the advancing contact angle,
C \ p f C : : c ' t i . 1 \  a , \ \ l l l C \  C r l :  H ,  -  C O S  d . . r '

Thermodrnamic rersus Kinetic Control over the Formation of
\ Iono larers .  C)nc, r i ' lhc  cn lgmas in  these s tud ies,  which we have

not  \c t  fu l . r  rc . , . , l tcd .  i :  r rhether  the composi t ion o f  a  monolayer
adrorbcd l ' f t rnr . :  r t r iu l ion conta in ing two or  more th io ls  is  de-
tcrnr rncd br  c . lur i rbra t ion between the components  in  the mono-
i i rc r . rnd thc prccursors  to  the monolayer  in  so lu t ion or  bv the
k inct rc ,  t r i  adsorpt ion.  Th is  quest ion is  compl icated by exper i -
mcntal observations that, at f i rst sight, are mutual ly '  inconsistent '
Most of the data in this and the following paper can be rationalized
if the compositions of the mixed monolayers were at. or near, the
values we would expect from thermodynamic equilibrium between
the components of the monolayer and the adsorption solut ions.
It is difficult to construct a purely kinetic mechanism that accounts
for the observed compositions. For example , a monolayer adsorbed
f rom a mix ture o f  two l inear  th io ls  r . r i th  the same chain  length
may be composed almost erclusively oi the minor species in so-
lut ion. even when there rs no obvious kinetic preference for one

(17 )  Ba in .  C  D .  B rebuyck .  H .  A . ;  Wh i tes ides ,  G .  M.  Langmu i r  1989 ,  J ,
1 2 3 - 1 2 1 .

(18 )  Nuzzo ,  R .  G . ;  Zegarsk i .  B .  R . ;  Dubo is ,  L .H .  J .  Am.  Chem.  Soc .
t987 . 1 09. 1 33-1 10.

(19) Young, T.  Phi los.  Trans.  R.  Soc.  ( l 'ondon) 1805,9J,65-87.
(20) Cassie, A. B. D. Discuss. Faraday Soc. 1948, -1, l l-16.
(21) Bain,  C.  D. ;  Whi tesides,  G. M. J.  Am. Chem. Soc.  1988, 110,

5897-5898 .
(22) The maximum advancing and minimum receding contact angles are

defined as the angles between the surface and the tangent to the drop at the
three-phase line for a drop advancing or retreating quasistatically over a
motionless surface. The advancing contact angles reported in this paper were
obtained under controlled conditions in which the drop advanced rapidly over
the surface, and the contact angles were measured after the drop had come
to rest. For a more detailed discussion, see ref 8.
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we do not have firm evidence to support a particular mechanism'

and we prefer  not  to speculate fur ther.

Experimental Section

Mater ia ls.  Ethanol  (U.S.  Industr ia ls Co.)  was deoxygenated wi th

nitrogen before use. Hexadecane ( Aldrich, 99Vo), bicyclohexyl (Aldrich,

99Vo),decane (MCB).  and isooctane (Fluka,  HPLC grade) were s lowly

percolated twice through neutra l ,  grade I  a lumina.  Hexadecane and

bicyclohexyl passed the Bigelow test.2a Acetonitri le (Aldrich, gold label)

was st i r red over neutra l ,  grade I  a lumina for  I  day and then dist i l led

from calcium hydride. a-Bromonaphthalene (Aldrich, 987o) was passed

through sil ica gel and disti l led from P2O5 in vacuo. Water was deionized

and then disti l led in a glass and Teflon sti l l. octylisonitri le (Dixon Fine

Chemicals) was purified by flash chromatography on sil ica gel. Tri-

octylphosphine (Aldrich) was disti l led in vacuo and stored under N2.

I l -Mercaptoundecanol, bis( I I -hydroxyundecyl) disulfide, diundecyl di-

sul f ide,  I  l -mercaptoundecanoic acid,  I  l -bromoundecanethio l ,  9-

mercaptononanonitri le, nonanethiol, undecanethiol, dodecanethiol, hex-

adecanethio l .  nonadecanethio l ,  and docosanethio l  were avai lable f rom

prev ious  s tud ics .6  h  l 9 -Mercap to -  l -nonadecano l  was  syn thes ized  by

coup l rng  , r f  1 .8 -d ib romo( )c tane  and  I  l - undeceny lmagnes ium b romide

wr rh  ca t r r l r t r c  L , r -L  uC 1 " .  con re rs ion  t - r f  t he  te rm ina l  v iny l  g roup  to  a

r e r m r n a i  h r d r o r r l g r o u p  r r r r h  d i s i a m r l b o r a n e  f o l l o w e d  b y  a l k a l i n e  h y -

d rogen  pe r r ) \ rdc .  con \  c r \ ron  o f  the  b romide  to  the  th ioace ta te  w i th

th io lace t i c  ac rd .  and  h rd ro l l s i s  i n  ac id i c  me thano l  to  y ie ld  the  th io l .

De ta i l s  ma1  be  found  in  the  supp lementa r )  ma te r ia l .

Preparation of Gold Substrates. A thermal evaporator operating at

tO{-tb ? Torr was used to deposit 50 A of chromium and 1000-2000

A of gold (99.99Vo) onto polished ( I I I ) sil icon wafers (Monsanto)' The

wafers were stored in polypropylene containers (Fluoroware) and cut into

smaller slides ( I cm X 3 cm) before use.
Formation of Monolayers. Glassware was cleaned by heating for I

h in *piranha' solution (7:3 concentrated H2SOal30Vo H2O2 at 90 'C)

fo l lowed by exhaust ive r ins ing wi th d ist i l led water,  a f inal  r inse wi th

absolute ethanol .  and dry ing in an oven. Caut ion:  p i ranha solut ion

rea( ' ts  r io lent l t  v t th ntost  or{anic mater ia ls and must be handled wi th

€\ l r€f t t t '  t  t t r t '  ^ \d:orpl l , rn st l lu t ions contain ing two th io ls were prepared

in  g i . r : .  * c reh rng  b , r l t l cs  b r  d r lu t i ng  I  m !1  s tock  so lu t i ons  f rom 25-mL

\  o lume lnc  l l r r r k :  Thc  accurac i  o i  t he  concen t ra t i ons  o f  the  s tock  So-

iu t ron :  * l :  l r n r r t cd  b \  the  ana l r t r ca l  ba lance  used  to  we igh  the  so l i d

adsorba(c ' '  cs t tma ted  l im i t s  o i  e r ro r  equa l  * -57a  The  t rans fe rs  were

car r red  ou r  i n  gas - t i gh t  s r  r i nges  under  a i r .  The  t rans fe r  p rocedure  may

introduce errors up to *0.01 in the mole fraction. The total con@ntration

oi  th io l  in solut ion * 'as I  mM. In solut ions contain ing disul f ides,  each

molecule of the disulfide was counted twice so that the total mncentration

of sulfur-terminated alkyl chains in solution was I mM. Fresh solutions

were always employed. Gold slides were washed with ethanol, blown dry

with a stream of argon, and immersed in the solutions overnight at room

temperature.
Ellipsometry. Ell ipsometric measurements were made on a Rudolf

Reseaich fypi a:eO:-2008 ell ipsometer using a wavelength of 6328 A
(HrNe laser) and an incident angle of 70o. Details of the measurement

procedure have been given previously.6 The observed scatter in the data

was typical ly  +2 A,  ar is ing largely,  we bel ieve,  f rom di f ferences in the

amount of  advent i t ious mater ia l  adsorbed on the bare gold substrates

before format ion of  monolayers.
Contact  Angles.  Contact  angles were determined by the sessi le drop

technique on a Ram€-Hart  Model  100 goniometer at  room temperature

and 100% relar ive humidi ty for  water and ambient  humidi ty for  other

liquids. Advancing contact angles, d,, were measured by forming a l-pL

drop (2 pL for angles over 80o) at the end ofa PTFE-coated, blunt-ended

needle, lowering the drop to the surface and removing the needle.

Maximum advancing and minimum receding contact angles were mea-

sured using the technique of Dettre and Johnson.25
X-ray Photoelectron Spectroscopy. XPS spectra were obtained on an

SSX- 100 spectrometer (Surface Science Instruments) equipped with an

Al Ka source, quartz monochromator, concentric hemispherical analyzer

operating in fixed analyzer transmission mode, and multichannel detector.

The take-off angle was 35o, and the operating pressure was about l0-e

Torr. Acquisition times were sufficiently short that errors due to X-
ray-induced damage were small.T The seven or eight samples in each

experiment were mounted simultaneously on a multisample stage and
analyzed sequentially using the automatic rotation facility. Samples were

not focused individually. Variations in the vertical position of the sample
with respect to the focal plane of the spectrometer introduced a random

(24) Bigelow, W.C.;Pickett, D. L.; Zisman, W. A. J. Colloid Sci. 1946,
/ , 5 1 3 - 5 3 8 .

(25) Dettre ,  R. H.; Johnson, R. E. "/ .  Phys. Chem. 1965, 69, 1507-1515.
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Figure l .  Displacement of monolayers of thiols on gold. Advancing
contact angle of \ ,r 'ater as a function of the t ime of immersion of a pre-
formed monolayer  o i  HS(CH2) 'oCHr in  a  I  mM so lu t ion o f  HS-
(CH:) r0CHrOH in  e thanol  ( f i l led c i rc les)  and of  a  preformed monola ler
o f  HS(CH: ) r0CH:OH in  a  1  mM so lu t i on  o f  HS tCH l ) , c ,CH.  rn  e thano l
(open circles). \ote the change in the scale of the abscrssa aiter 100 min
and the ax is  break af ter  900 min.

species over the other. Similarll'. long-chain thiols were adsorbed
preferentially over shorter chains, a preference that is antithetical
to our intuit ion based on relat ive dif fusion rates and steric hin-
drance. The presumption of thermodynamic equilibrium requires
that a mechanism exist for reversible interchange of the compo-
nents of the monolayer with those in solution at some time during
the formation of the monolayer. Here a problem arises. The rate
of desorption of molecules into solution from fully formed mon-
olayers at room temperature is negligible, so equilibrium cannot
be establ ished by desorption and readsorption of monolayer
components in the complete monolayer. Similarl l ' .  displacement
of  components  in  a  preformed monola l 'e r  b l  th io ls  in  so lu t ion
(Figure I ) is too slow to account for the rapid equilibration tu ithin.
a t  most ,  a  few seconds)  requi red to  exp la in  the erper imenta l
resu l ts :  a f ter  l2  h  o i  immers ion in  a  I  m\ ' [  so lu t ion o f  HS-
(CHz)1sX,  less than ha l f  o f  a  preformed monola-v-er  o f  HS-
(CHz) roY  (X .  Y  =  CH3 .  CHrOH and  v i ce  ve rsa )  had  been  re -
p laced b l  HS(CH:) roX.  \ [ ' i th  monolayers  composed of  longer
chains.  d isp lacement  was even s lower .

This apparent paradox could be resolved i f  rapid equi l ibrat ion
were to occur at short t imes through some mechanism that was

not avai lable in the ful ly formed monolayer. One can postulate

several possibi l i t ies. First,  equi l ibrat ion could proceed through
the physisorbed thiol. Rapid equilibration between the physisorbed
thiol and the thiols in solution would be followed by relatively slow
conversion of the physisorbed thiols to chemisorbed thiolates. If
the rate constant for the conversion of thiol to surface thiolate
were independent of the structure of the thiol, which is likely, a
chemisorbed monolayer would be kinetical ly trapped with a
composit ion equal to the equil ibr ium value in the physisorbed

monolayer. Thus, even i f  the ful ly formed monolayer did not
equilibrate with the @mponents in solution, equilibration through
the physisorbed thiol could result in an equilibrium composition
of the components in the monolayer. This mechanism is consistent
with the observation that the activation barrier in UHV to de-
sorption of a physisorbed thiol is lower than the barrier to
chemisorption.rs Second, equi l ibrat ion during the early stages
of monolayer formation could also conceivably proceed through
the adsorbed thiolate. For example, the presence of surface
hy'drides (formed by dissociative chemisorption of the thiol) might
be required for reversible adsorption. Surface hydrides would be
lost rapidly aS H223 or H2O, shutt ing down this mechanism and
freezing in the equilibrium composition. Third, exchange between
the monolayer and the solution is somehow mediated by unoc-
cupied coordination sites on the gold. Clearly, it is important to
determine the mechanism of adsorption and equilibration during

the early stages of formation of a monolayer. As yet, however,

(23) L isowski ,  E. ;Stobinski ,  L. ;Dus,  R.  Suy'  Sci .  1987, j ,88,L735-741.
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e rror  into the peak areas of  approximately 3Vo. Al l  spectra * 'ere refer-
e n c e d  t o  e u ( 4 i -  2 )  a t  8 4 . 0 0 e V .  S p e c t r a o f  O ( l s ) ,  N ( l s ) ,  a n d  B r ( . 1 p r  1 t
used to quant i tate the composi t ion of  the monolayer were acquired u i th
a 100-eV pass energ) ' .  l -mm spot s ize,200-W anode power,  and l - i  - l t l
s c a n s  ( a p p r o x i m a t e l y  2 0 - 4 0 - m i n  a c q u i s i t i o n  t i m e ) .  T h e  O ( l s ) .  \ ( l : i .
and  Br (3p3 .2 )  s igna ls  were  f i t t ed  w i th  s ing le  80% Gauss ian /20?  Lo r
entz ian peaks,  which were good approximat ions to the peak shapes on
the monolayers wi th xp = 1.0.  To calculate the composi t ion of  thc
monolayer,  the area of  the residual  s ignal  ( i f  any) f rom the heteroatom
on the pure methyl-terminated monolayer was subtracted from the areas
of the peak from the monolayers containing the heteroatom. These areas
were normal ized to the corrected area f rom the pure monolayer der ived
irom HS(CH2)nX. The amount of  oxygen, n i t rogen, or  bromine in the
monolayer can also be determined by subtracting the spectrum obtained
on the pure methyl-terminted monolayer from the other spectra before
f i t t ing the peaks.  This procedure leads to a f lat  base l ine,  which aids
background subtraction, but also increases the noise by 40Vo and hence
increases the fitt ing errors. Compositions calculated by this technique
for the OH/Me monolayers adsorbed from ethanol agreed to within 2Vc
of a monolayer with those calculated from the unsubtracted peaks. The
Au(40 photoelectrons were detected under the same conditions as the
heteroatoms but with only two scans. Both peaks were fit by using a
Shirley background subtraction26 and a 807o Gaussianf 20Vo Lorcntzian
peak shape, but  only the area of  the Au(4f772) peak u 'as used for  quan-
t i tat ion.

The random error  in data acquis i t ion and peak f i t t ing was determined
for  monolayers adsorbed f rom a typical  solut ion of  0 6 nr \1 I {S-
( C H 2 ) r 0 C H 2 0 H  a n d  0 . 4  m M  H S ( C H : ) , n C H .  i n  e t h a n o l  [ : r g h t  g , r i d
s l i des  adsorbed  f rom the  same so lu t i on  ue re  ana l r zed  sequen t r . i l l r  : ' ,
us ing a mul t isample stage under the same condi t rons u\cc in Ure rn-1 . \ . . .
of  a ser ies of  samples of  var l ing composi t ion.  The standard e rr , , :  r : .  5r : :
t h e  O ( l s )  i n t e n s i t y  a n d  O / A u  r a t i o  w a s  3 ? .  T h e  O t  l : )  a n c  - \ u r - 1 ; ' -  .  '

intensities were partially correlated as expected if diffe rence, rn the t,ru.
of  the samples were a cause of  var iabi l i ty  in the measured areas,r f  :hc
photoelectron peaks.  The two samples that  had the highest  O{ Isr  :n-
tensi t ies a lso had the highest  Au(4f772) photoelectron intensi t ies Thc
composi t ions of  the monolayers presented in subsequent f igures uerc
ca lcu la ted  f rom the  in tens i t y  o f  t he  O( l s ) ,  N ( l s ) ,  o r  B r (3p )  pho toe lec -
t ron.  On one occasion in which the Au(4f77r)  intensi ty was abnormal l r
low ()3o deviat ion f rom the mean of  the other samples wi th in an e\-
periment), the intensity of the photoelectrons from the heteroatom was
corrected for the deviation in the gold intensity. This case arose in thc
Br/Me system, in which there was no plausib le cause of  the aberrat ion
other than instrumental  factors.

Results

Coordination to Gold. Potential head groups can be divided
into two broad categories: those that contain sulfur and those
that do not. We have surveyed a number of long-chain compounds
in the second category for their ability to form monolayers on gold
from di lute solut ions in ethanol (with the exception of tr ihexa-
decylphosphine, which was adsorbed from acetonitr i le). The
rationale for this survey was partly to find other stable monolayer
systems and part ly to determine whether part icular tai l  groups
are l ikely to compete strongly with a thiol in binding to the gold.
Our cri teria were that the monola) 'ers be stable to washing with
ethanol and have advancing contact angles. 0..  that are indicative
of  a  re la t ive ly  wel l -packed monolayer :  for  long-chain ,  methy l -
terminated adsorbates,  d" (H2O) > l00o and d. (HD) > 40o.
Stearamine, heptadecanol, stearic acid,27 stearamide. stearonitrile.
I -bromodocosane, ethyl hexadecanoate, and didodecr nl lmercurr
did not meet these criteria (see supplementary material for details ).
Tricosylisonitrile formed a stable monolayer with a thickness ( -10
A) close to that expected for a monolayer oriented approximatelr
normal to the surface, but the contact angles of water and hex-
adecane (102o and 28o, respectively) were substantially lower than
on monolayers of alkanethiols ( l  l20 and 47o). Of the molecules
surveyed, only trihexadecylphosphine passed all these tests (z =
2 l  A,0a(H2O) = 111o,  d . (HD) = 44o) .  The phosphorus s ignal
in XPS was too weak to be observed in this monolayer. In ir
monolayer of trioctylphosphine, an unresolved doublet arising from
the P(2p) photoelectrons was observed at a binding energy of 131.7
eV,28 confirming the presence of a phosphine in the monolayer.2e

(26) Shirley, D. A. Phys. Reu. B 1972, 5,4709-4714.
(27) Lai tenen, H.  A. ;  Chao, M. S.  Anal .  Chem. 1961. JJ,  1836-1838
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(  , ) n r p e t l t r \ c . r ( l : r ) i l ' t r t r n  r r l  . i  t h t o l  a n d  a  t r i a l k y l p h o s p h i n e  o r  a n
. r l k r  i r ' , r n r t n l c  r nd rc . r t cd  t ha l  adso rp t i on  o f  a  t h i o l  i s  s t r ong l y
prc l 'c r rcd t ) \  Cr  . rn  ts t tn i t r t lc  but  shor i  e  d  no s t rong preference be-
r \ \  c cn  a  rh ro i  r r nd  r t  phosph ine  ( scc  rupp l c rne  n ta r v  ma te r i a l  f o r
d c t a i i s  ) .

Given that "soft" nucleophiles such as phosphines and isonitr i les
coord inate to  go ld .  i t  i s  not  surpr is ing that  su l t 'u r  a lso b inds wel l .
The formation of self-assembled monolarers heis been reported
for  severa l  su l fur -conta in ing molecu les lo  o ther  than th io ls ,  in -
cluding disulf ides (RSSR),4rr sulf ides (RSR).6'r:  and thiophenes.33
There exists some disagreement over the relat ive binding eff i-
ciencies of thiols and dialki" l  sulf ides. Troughton et al.6 reported
that .  when a d i lu tc  so lu t ion o f  a  d ia lky l  su l f ide in  e thanol  was
doped to the cxtcnt of' I '7 u ith a thiol, a monolayer adsorbed from
the so lu t ion had thc runrc  proper t ies  as a  monolayer  formed in
a so lu t ion o l - thc  1111 'g  th i r r l  \ {ono layers  o f  d ia lky l  su l f ides were
a lso ther rna l l r  le . '  . tub lc  than monolayers  der ived f rom th io ls .
These t tbscr r  i r  i t ( ,n \  \usgc\ t  that  adsorpt ion o f  th io ls  is  s t rongly
prc l 'c r rcd ( ) \ r r  . ; ( i \ { r l ' f t i ( )n  , r l ' tu l f ldcs.  Rubenste in  e t  a l ' la  assumed,
f rom i nd r r c r l  e  , e ! i r \ ) c i r cn r r ce l  o  i dence ,  t ha t  t he  compos i t i on  o f
a  n r ( )n ' ) l . r \ c i . r d : i , : f c t i  , r n . r  s ( l l d  c l ec t rode  f r om a  so lu t i on  con -
t r r rn inr :  . rn  eqr . r : ' r ' ' i . : :  n l \ tu : 'c  t ) l 'an a lkv l th io l  and a d ia lky l  su l f ide
: 'c l lcc tc , i  :hc  - , ,nr : r ' \ r t : r )n  t r l ' thc  so lu t i t tn .  The actua l  composi t ion
L r l ' t hc ;11 , r1 , r , . 1  r c r  \ \ . r \  n r t t  de te rn t i ned .  houeve r ,  and  t he  con tac t
.rnr: lc. :c jrpl; ' i i  n ihc f\Jncr suggcst that the monolayer consisted
l l , : r . : : . . \  " l  : l a  t h 1 , r l  ; 1 r 1 1  p 1 r 1 g 1 l .

\ \  . :  : i . l  c . tu,. trcd thc relat ive binding eff iciencies of thiols and
d: .u . : - r r i r ' .  I ' i  .11, i : t r rb ing monolavers  f rom so lu t ions conta in ing
' , .11 ' : , ,L .  : ro i .  f ' r . re  t r ( ,n :  t r l  HS(CH")r0CH2OH and [S(CH2)r0CH3]2
. : r ' : l i - . , : , , i  Thc  c rpc r rmcn t  \ \ ' a s  repea ted  w i t h  HS(CH2) l0CH3
. :nd 

' \ r  (  I i -  ,  (  t  l -OH ] .  to  enable  us to  e l iminate the in f luence
, i : nc  l : r .  { r , r up  r rn  t hc  adso rp t i on  p rocess .  The  resu l t s  ( see

ruf  l .c : :c r r . r r - \  r r . i lCr i r r l  f t l r  deta i ls )  ind icated that  adsorpt ion o f
t hc  : h : ,  .  ' . r . i \  l r c l c r r cd  ( ) \ e r  t he  d i su l f i deby  2  o rde rs  o f  magn i -
l u c c

( 'ompe t i t i re {dsorption of Thiols with Different Tai l  Groups.
Trr  r f l \c . r tg . r r .  r i :c  c i l -cc t  t r f  the nature o f  the ta i l  g roup on the
Ct)adrr ) f f l1 , rp  ' r l  lh r . . r l . .  r rc  s tud ied four  two-component  systems,
cach d, ,nrn t ) :cd r r l  . r  nrc th l l - terminated th io l  and a th io l  w i th  a

;xrlar or prr iurrz.rbic tr i l  group. Two of the tai l  groups were polar
and capi rb le  t r l '  rn t r ln tonolay 'er  hvdrogen bonding (a lcohol  and
ca rbo ry i i c  ac id  ) .  r ) nc -  *1 .  d i po la r  ap ro t i c  ( n i t r i l e ) ,  and  one  was
a h igh l r  po lur izab lc  group that  does not  form hydrogen bonds
( b r o m i d e ) .  I l S t C  t J . r ,  C H .  a n d  H S ( C H 1 ) , n C 0 2 H ;  H S -
( C H z ) , o C H ,  a n d  H S t ( ' l - l , t , o C H : O H l  H S ( C H 2 ) r . C H r  a n d  H S -
(CH2)8CN. For each pair of compounds. a series of solutions were
prepared in  e thanol  u i th  a  to ta l  concent ra t ion o f  I  mM and
varying mole fract ions of the two components. Gold sl ides were
immersed in these solut ions overnight at room temperature, and
the monolayers were then analyzed by XPS and contact angle.

The compositions of the monolayers were determined from the
intensity of the photoelectron signal from the heteroatom in the
ta i l  group (O,  N,  or  Br ) ,  normal ized to  the in tens i ty  f rom the
monolayers composed solely of the thiol with a polar tai l  group.35

( 2 8 )  F o r  c o m p a r i s o n ,  [ ( C n t l . ) ' P ] , P t  g i v e s  r i s e  t o  a  P ( 2 p )  s i g n a l  a t  1 3 1 . 4

e \  ( R i g g s .  ' * ' .  \ ' l  . 4 n o l  (  h e m  1 9 1 2 . 1 1 .  8 - 1 0 ) .
( lg )  I t  rs  l i kc l r  rhar  r r rn rc  r ) ther  tnva len t  phosphorus  compounds (such as

p h t r s p h . r l l k r n c .  K , ' t , .  l .  t s .  u n p u b l r s h e d  r e s u l t s )  a l s o  c o o r d i n a t e  t o  g o l d .

t  . r ( )  i  Sur r , r . rn r l r .  , - re  tadccr  I  i :o th iocyanate  and ammonium dodecy ld i -

th r t ra rbr in r . r tc  t i r t j  no t  r  re ld  h rgh-qua l i t y  mono layers  (La ib in is ,  P . ,  unpub l ished
rc :u i t r  )  5 ,d runr  her . r , l cc r  I  ran tha te  d id ,  however ,  fo rm a  mono layer  ( r  =

I  l  \ .  , . r  l l . O r  =  l ( ) : i  " .  H o ( H D )  =  4 5 o ) .

1 - 1  l 1  \ u z z o .  R  ( i  :  F u s c o .  l -  A . ;  A l l a r a ,  D . L .  J .  A m .  C h e m .  S o c .  1 9 8 7 ,
11)9 .  l -_1  - i x  l - l6 r

t  1 l  )  I  r .  T  I  -T  .  Weaver .  M.  J .  " / .  Am.  Chem.  Soc .  1984,  106,  6107- {108.
t - r -1 t  L i .  T  I  -T  :  I - iu ,  H .  Y . ;  Weaver ,  M.  J .  " / .  Am.  Chem.  Soc .1984,  106,

l : I - 1 t 1 9
( -14)  Rubenstern .  I . ,  S te inberg ,  S . ;  Tor ,  Y . ;  Shanzer ,  A . ;  Sag iv ,  J .  Nature

1988. JJ2. 126-129. Monolayers were formed from solut ions containing 20
mM oc tadecaneth io l  and 20  mM 2,2 ' - th iob is (e thy l  ace toaceta te)  in  4 : l  b i -

cyclohexyl/chloroform. Contact angles of 0"(H20) = I08o, d"(bicyclohexyl)
=  59o,  and dr (HD)  =  57o were  repor ted  fo r  these mono layers .  The cor re -
sponding contact angles on monolayers of octadecanethiol are I 1 2o, 55o, and
47o.  respec t ive ly .n
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3.3 Figure 3. Composit ion of monolayers adsorbed from ethanolic mixtures
--{^y',-^.^-- xj..-yt 3 I "i"H'sjZ ri;,;ifu;;;;;si&;l;couH (circres), HS(cH2)scH, and
' ? " " - - ' - : t  \ ^ -an / rn - -o  z  t t s {C t l . ) i ( ' \  i c l ramt rnds ) .  HS(CH2) ,oCH,  and  HS(CH2)1oCH2Br

- .E ] -  - -  - -1 ' - *0 ,
s3E 534 5s2 s30 ::ii.tf:l,i:""$llrii:l:iilll,L:_'r'",,!,i'"lri"',*r'.lJ'::X1n,;.1;

B i n d i n g  E n e r g y  ( e v )

Fieure2.o{rr)peak:n,he\R; lDccrrumoi ' .o, 'orr \cr . . r -y. .d: , : :  - , " i i i . ' , i . , ;  . , { i l . ' l  i l " r i ) i . , f ; , ; l . . l i lT ' , } : ' f f i : : ; :J; : :
mi r tu res  o f  HS ICH: )nCH:OH and  HS ICH. : r "CH,  1 : .  r l h rn ' r L .  T . .  . , ^ , . . , , . , . f . " . . , . , . , , . r  r  t r .  :  r : r r t \ j r r  . j . r \ ) r . \  r t d r  r nvo t ved  i n  t he  ana l ys i s
dala were acqurred lr i th a pass energ) of 100 e\ and I \FJt \r7e,, i  L mrn . i  l i (  \1,5 ! t . , i . r
The spectra arc sho*n afrcr sublracrion of rhe baclground )p((rrum
acquired on rhe pure HS(CH:)rocHr monolayer. The dashed l ine in- - 0 . 5 - 1 2 0
dicates the peak posit ion for the monolayer of pure HS(CH2)r 'CH2OH

Typical XPS spectra of the O( I s) region are shown in Figure 2
for mixed monolayers of HS(CH2)'6CH2OH and HS(CHz),oCH:.
The spectra are plotted after subtraction of the spectrum obtained
from ihe monolayer ofpure undecanethiol. The lashed line shows cos0a 

| \ 
---'o.- 

T 
t"

the position of the peak maximum in the spectrum from the pure ^ - I a\ -----=-9=..-J

hydroxy l - terminated monolayer .  A s ign i f icant  sh i f t  ( -0 .4  eV)  u ' "  
1  

t \ . ,  
f  

uo

to higher binding energy occurred as the concentration ofhydroxyl { \ f
groups in thc monolayer decreased. This shift is not a consequence I 

--i\r- 
F ro

monolayer  adsorbed f rom a so lu t ion conta in ing on l l  HS-  I  A l -  .o
(CH2)r9CO2H. Second,  the ra t io  o f  the O( ls)  in tens i ty  to  the 0 .e  . l  .  I
intensity of the Au(4f772) photoelectrons from the substrate was I o o I zo

o f  d i f f e r e n t i a l  c h a r g i n g b e t u ' e e n s a m p l e s :  t h e p o s i t i o n o f  t h c  r . o  I  ,  ,  ,  ,  ,  ,  ,  , ) f : [
A u ( 4 f ' : ) p e a k \ \ a S c 0 n s t a n t t o \ \ i t h i n * 0 . 0 l e V . 0 6

\& 'e  assesscd  the  re l i ab i l i t r  and  accurac \  o i  XPS j  fo r  quan t i f ' r i ng  |  - ^__ .^^ -^^  j  a  B romide
t he  compos i r i on  o f  mono l i i - r e r s  b r  de te rm in ing  rhc  c . , n i p . r s i r r , , r ;  I  

Hexadecane  
]  ;  * ' " , . t " - -  |  

uo

o f  m i x e d  m o n o l a l e r s  o f  H S I C [ { , ) , . C O , H  . n J  H S , C H , r  , C ' H ,  o  7  1 . .  i  
r  A l c o h o l

in  three d i f ie rent  uars  (see tuppLr .n t " run. t . r ia l  f . r r  ic ra i i , )  f l  i  
t  carbory l i ,c

F i rs t ,  the in tens i t l 'o i the Ot ls i  photoe lecr ions i rom each sanrp le  ^  ̂  ?  t  ^  
L  ac id

was normal ized io  rhe inrensi iy  o i  t t re  o i i r t  p .J  i run i  i r ' , "  cosn"  08 
19 '  I  e"

used as a measure of the relative amount of acid-terminated thiol | .t a, ̂ -^ [ t o
i n c o r p o r a t e d i n t h e m o n o l a y e r . T h i r d , t h e i n t e n s i t y o f t h e h i g h - 1 . 0 f f i ) * - . - r r . 0
energy carbon peak at 289.3 eV arising from co2H was used to o o.2 0.4 0.6 o.a 1.0

calculate the composition, The agreement between the three yp
analyses was excellent, indicating that sample-tosampl€ variations ^surlace

in focus ofthe spectrometer orthe pres€nci of oxygen-containing Figure 4. Advancing co,'racr angles of warer (upper figure) and hcxa-
contaminants does not significantly influence the calculated deiane oower ljgurc-r on nronola-yers adsorbed fiom erhanol onto gold
composit ions. sl ides: HS(CHr)j0CHr and HS(CHtroCOrH (circles). HS(CH'sCH3

Figure 3 presents the relationship between the composition of and HS(CH,)sCN (diamonds). HS(cHrroCH3 and HS(CH2)10CH2Br
the solut ionl6 in ethanol and the composit ion of the monolayer (tr iangles). and HS(CHr)roCH, and HS(CHrroCHrOH (squares).

for the four s)stems under study. Only in the mixed Me/Br systern E-rrors in contact angl€s lie within the symbols. A repr€sentative error

did the comiosition of the monolaycr rcflect the condentrations ii:1,1T"'LrliUl 
'*"wn The lines in the upper fisure are purelv to

. (35) On scv-eral oc.arions, s small orygen p€ak (Trr6pondin-q ro <5% of in solution: the surfaces ofthe other monolayeN were methyl-rich.
thc intcnsitv of thc pcak from a monolavet of HS(cH2)'ocHroH) was ob' TLa -ivancing contact angles of water and irexadecane arishowns.rvcd on Sold slidcs thrl had b€cn immersei in the pure mcthyl-tcrminercd "'::"
rhiot. rn ri'.s. ces.s, the ares of this rcsidual oxyiin fii;;;;;i,";-;,"d i;; in Figure 4 as a function of the mole fraction of the polar com-
thc ar€as of all th. othc. samplcs. Thc rcsidual oxygen pcak was shifted 0.6 ponent in the monolayer, as determined by XPS. We remeasured
cv.ro lolJ,.,r lindjng cncrgy from tlc O( | s) pt{k arising from the monolaylr the contact angles on the monolayers adsorbed from mixed so.
or nsrLnz'roLrr:u'  ( ' rvgen Introoucco Into thc surracc or tnc golo bv r, ! ' i^nc of Hs{cH2}16cHloH and HS(cH2)l0cH3 after im-plasma tr.atmcnr giv6 risc toa pcak shifted a fu hcr I.5 cV !o lowcr encrgy: *"'""
ircncc. this rcsiduit oxygcn doci not arisc from sotd oxidcs. It",*iJiii mer$ion of the slides in thc adsorptiot solutions for a further 2
orygcn pek is, howcvdrl at r sirnilar cncrgy to thl photoclectrons otnerv€d months: the contact angles had not changed significantly,
from silicones and could arisc frcm trac€ contamination of thc samplcs by For the OH/Me system, we also measured the rgceding contact
si l iconc oi l .

(16) For clariry, wcdo not includc th€ solvent in the calq ation ofthc molc anglcs of water' Hysteresis in thc contact anglc of hctcrogeneous
fraition in solutioi. Ttrus, for two componcnts, i;i,-;d:-iAil/afAil systems is not well-understood but does give some indication of
+ [B]-r) the distribution of the two adsorbates within the monolayer, If
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Figure 5.  Maximum advancing (open c i rc les)  and minimum receding
contact angles (filled circles) on gold slides after immersion for 2 months
in solut ions contain ing mixtures of  HS(CH2)roCHr and HS(CH2),0-
cH2oH.
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Figure 7. ( ontp.rrt \()n () l  ntonolavers adsorbed onto gold from mixtures
, ' t  l lS r (  [ { : ,  (  l l ,  . r nd  } lS tCH, ) roCH:OH d i sso l ved  i n  i sooc tane  ( t r i -
. r . r . : .c .  .  .1r r ' l . r ,n : i : l .c  ,c i rc lcs t .  and ethanol  (squares) .  In tens i ty  o f  the
(  )  . ,  : i  : , ,c rcc l r , , r  pe lk  normal ized to  the monolayer  adsorbed f rom
. :  rL : .  . , , . - : . , , :  , , r  l l5 ,CH,r  .CF{ .OH (upper  f igure) ;advanc ing contact
.: : .r . t  ,  :  . \ . , :r . :  . , , '*  c: : lcurc r The sol id (ethanol, isooctane) and dotted
. l : r c .  i i , c :  , : . r : : . . .  . : : .  . : , . uJcd  r imp l r  as  gu ides  t o  t he  eye .

r C H ;  r  (  l { - ( ) l l  t l 5 r (  } { -  r  C H ,  a n d  t h e  l 9 - c a r b o n  a n a l o g u e s
t l S t C l - l . r  . (  l l - ( ) t l  l { S r C t { - r , . C ' H .  T h e  t $ o  s e t s  o f  d a t a  a g r e e
t o  u i t h r n  c \ p e n m e n t a l  e r r o r  T h e  a d r a n c i n g  c o n t a c t  a n g l e s  o f
$a te r  pub l r shed  p re r i ous l r l '  f o r  m ixed  mono lay ' e r s  o f  HS-
( C H . ) r . C ' O . H  a n d  H S ( C H , ) 1 5 C H 3  a r e  a l s o  i n  q u a l i t a t i v e
agreement  u i th  the resu l ts  repor ted here for  HS(CH2)r6CO2H
a n d  H S ( C H 2 ) r o c H 3 .

Inlluence of Solvent on Adsorption. The nature of the adsorption
solvent may influence the composition and structure of a mono-
layer in several ways. If the components of the monolayer are
at, or near, thermodynamic equi l ibr ium with the solut ion, then
a change of solvent will change the activities of the adsorbates
in solution and hence change the equilibrium composition of the
monolayer. The solvent may be incorporated into the adsorbed
monolayer.3e This problem is l ikely to be part icularly acute i f
there is geometrical matching between the solvent and the com-
ponents of the f i lm, e.g., l inear, long-chain adsorbates in hexa-
decane. Finally, if the tail groups are capable of strong, specific
interactions, part icularly hydrogen bonding. then interactions
among the tail groups and between the tail groups and the solvent
wil l  control the structure of the monolay,er- l iquid interface and
may affect the structure of the bulk oi the monolayer i tself .

Gold sl ides were immersed in solut ions containing mixtures of
HS(CH2)r3CHrOH and HS(CH.)10CH3 in  a  po lar ,  pro t ic  so lvent
te thanol ) .  a  po lar .  aprot ic  so lvent  (aceton i t r i le ) ,  and a nonpolar
so l " 'ent  ( isooctanc )  F igure I  p lo ts  the area of  the O(1s)  photo-
c lcc t ron pcak tnornra i rzcd to  the monolayer  adsorbed f rom a
solu t ron o i  purc  I  l -hrdrox lundecaneth io l )  and the advanc ing
contact angle. r) l-  \ \  ater against the mole fract ion of I  l -
hrdror rundecaneth io l  in  so lu t ion.  In  aceton i t r i le ,  the mole
fraction of the alcohol in the monolayer varied smoothly with the
composit ion of the solvent but was greater than with ethanol as
solvent, The contact angles of water on the monolayers adsorbed
from ethanol and acetonitr i le fal l  on the same l ine when plotted
against the composit ion of the monolayer, with the exception of

(39 )  Lev ine .  O . :  Z i sman ,  W.  A .  J .  Phys .  Chem.  1957 ,61 , l l 88 -1196 .
Bewig, K W.; Zisman, W. A. "/. Phys. Chem. 1963, 67,130-135. Bartell,
L.  S. ;  Bet ts,  J .  F.  J.  Phvs.  Chem. 1960, 64,1075-1076.
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Figure 6. Comparison of monolayers formed by immersion of gold slides
in ethanolic solut ions containing mixtures of HS(CH2)roCH: and HS-
(CH2)16CH2OH (open symbols) and mixtures of HS(CH2),sCH3 and
HS(CH,)r8CH2OH (sol id symbols) for 12-24 h: mole fract ion of the
alcohol-terminated thiol in the monolayer (circles) and advancing contact
angles of water (diamonds).

the two components were to segregate into macroscopic domains
(vide infra), the nonpolar islands would impede the edge of a drop
of water advancing across the surface and the polar islands would
likewise pin the edge of a receding drop. Consequently, we would
expect the hysteresis to be much greater on the mixed surfaces
than on monolayers comprising a single pure component. Figure
5 shows the maximum advancing and minimum receding contact
angles of water on OH/Me surfaces. Neither the hysteresis in
cos d nor the hysteresis in 0 was correlated with the composition
or the polari ty of the surface, Hy,steresis on the mixed surfaces
was only sl ightly greater than on the pure methyl surface. This
result agrees with a previous study,37 which showed that the
hysteresis in the contact angles of water pH 3 (so as not to ionize
the carboxyl ic acids) on mixed monolayers of HS(CH2)15C02H
and HS(CH2)lsCH3 was independent of the composit ion of the
monolayer in the regime where the receding angle was nonzero.

The chain lengths in these studies were chosen largel l ,  on rhe
grounds of solubility and ease of synthesis. Other studies8.38 have
shown that 9- and I l -carbon chains are in a transit ional regime
between the longer chains, where the properties of the monolayer
are largely independent of chain length, and the shorter chains,
where the wettability and the structure of the monolayers varv
with chain length. It is important to show that the results obtained
here are not an artifact of working in this transitional regime but
also hold for longer chains. Figure 6 compares the composition
of the monolayer and the contact angles obtained for HS-

(37) Holmes-Farley, S. R.;Bain, C. D.; Whitesides, G. M. Langmuir 1988,
4,92t -937.

(38) Nuzzo, R.G., personal communication.
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Figure 8. Advancing contact angle of water as a function of the time of
immers ion of  a  go ld  s l ide in  a  I  mM so lu t ion in  isooctane conta in ing a
4 : l  m i x tu re  o i  HS(CH, ) , oCHr , 'HS(CH: ) r0CHrOH.  The  open  c i r c l e
represents the contact angle of $ater on the gold sl ide before immersion
in  the so lu t ion o f  the th io ls  The f i rs t  data  pxr in t  sho*n br  a  i i l l cd  c i rc le
was obta ined b1 d ipp ing the go ld  s l ide rn  the thro l  so lu t ron and in :n te-
d ia te ly  removing the s l ide and r insrng r t  r r  i th  c lean ethan. r l

the pure monolayer  o f  HS(CH2)roCHrOH. *h ich uas more hr -
drophi l ic  when adsorbed f rom ethanol  (8 . (H20)  <  l0o)  than
acetonitrile (0"(H2o) = l9o). In isooctane, monolayers adsorbed
from two-component solutions were composed almost exclusivell'
of the hydroxyl-terminated thiol, Only in the most dilute solution
(10% HS(CH2)r6CH2OH, 90Vo HS(CH2)r6CHr) did the intensity
of the O( l s) peak in XPS or the contact angle of water indicate
any incorporation of the methyl-terminated species.

The strong preference for adsorption of HS(CH2)r6CH2OH
from isooctane was remarkable. The kinetics of the adsorption
process are shown in Figure 8 for a 4:l mixture of HS-
(CHt) r6CH3/HS(CH2)rgCH2OH. The predominance of  the
hydroxyl-terminated species in the monolayer was established at
very short times: the first data point, taken by dipping the slide
in the adsorbate solut ion and immediately r insing i t  with clean
ethanol, was already characteristic of a fairly polar surface despite
the probable kinetic preference for the methyl-terminated thiol
during the init ial  stage of adsorption onto clean gold.40

The nature of the solvent not only has a dramatic effect on the
composit ion of the mixed monolayers but also appears to have
more subtle effects on the structure of pure monolayers. Table
I presents a comparison of monolayers of pure HS(CH2)r6CH2OH
and HS(CHz)roCHl adsorbed from ethanol, acetonitrile, isctoctane,
and hexadecane. The differences in thickness, XPS data, and
contact angles of water are signif icant, but the structural im-
plications are unclear.al Comparison of the data for monolayers

(40) During the initial stages of formation of the monolayer, the coverage
of the surface and the composition of the monolayer are likely to be deter-
mined by the sticking coefficient of the thiol on the gold surface and by
diffusion of the adsorbates to the gold surface, rather than by interactions
between the tail groups of the thiols.

(41) Ulman has obtained a contact angle of 20o for monolayers of hy-
droxyl-terminated thiols on silver (Til lman, N.; Ulman, A.; Penner, T. L.
Langmuir 1989, J, l0l-l1l). The hydrocarbon chains in monolayers on silver
are less canted than on gold (-go versus 30o), resulting in a different ori-
entation of the hydroxyl groups at the interface with the supernatant water.
Clearly, the structure, and not merely the number density, of the hydroxyl
groups at the monolayer-liquid or monolayer-vapor interface is important in
determining wettability.

(,
o

0

80

60

40

20

0

'Advancing contact  angle of  water.  'Advancing contact  angle of  hcradccanc

o o o o o o o

1 o ' 1  1  1 o  1 o  
2  

1 0 3  1 o a  1 o  
5

Time (mins)

1 . 2

1 . 0

0 . 8o

K 0 .6
e q

0 .4

0.2

0.0
0 .0  0 .2  0 .4  0 .6  0 .8  1 .0

x p' " s o l

F i g u r e  9 .  A -  i ' c ! -  t c \ i  : , , r  J c l ' i n i t i o n )  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  m o l e

: : . i . l t , , l  ,  :  : : c  1 , " . : : ' i J i i l l l r . l r c d  \ p c e i c s  i n  s t l l u t i o n  f o r  t h e  a d s o r p t i o n  o f
' 1 1 q r J . 1 r . r l ; i ! ' : .  l r - , , r - ' . , , i L . l l t \ r l ' \  l r l  c t h . r n o l .  f { S ( C H : ) l 0 C H l  a n d  H S ( C -

t { . r  (  O - t l  , . r : .  i . , .  } l S r C H - ) . C l l ,  e n d  t l S ( C H : ) 8 C \  ( d i a m o n d s ) '

H S r (  t 1 , r  (  H , . i n d  H 5 t C  f l , t , o C H , B r  ( t r t a n g l e s ) .  a n d  H S ( C H 2 ) r 6 C H 3

a n d  f l S t C ' H 1 ) , , , C ' f l : O H  ( 5 q u a r e s ) .  T h e  e r r o r s  i n  t h e  
" ' a l u e s  

o f  K *  m a y

b e  q u i t c  l a r g e  a t  \ F , n r  =  ( ) . 1  e n d  0 . E .  p e r h a p s  t 0 . 1 .

adsorbed from hexadecane (a l inear, rodl ike molecule) and iso-
octane (a small ,  globular molecule) shows no indication of the
trapping of solvent in these monolayers.

Discussion

Seueral species other than thiols, including disulfides (RSSR),

sulfides (RSR), and phosphines (R3P), adsorb from solution and

form stable monalayers on gold.42 None of the other film-forming
molecules surveyed formed a monolayer whose quality was clearly
superior to that of a monolayer formed from a thiol and most,
as indicated b) contact angles, formed inferior monolayers. Dialkyl
sulf ides and substi tuted thiophenes offer greater electrochemical
s tab i l i t l  than th io ls  and.  together  wi th  d isu l f ides,  a l low one to
introduce equal concentrat ions of two functional groups into the
monolaler b1 using dissimilar chains. We have shown, however,
that polyfunctionalsurfaces can also be constructed by competitive
adsorption of thiols, with ful l  control over the relat ive concen-
trations of the different components in the monolayer. Adsorption
of thiols appears to be strongly favored over disulfides or sulfides
from multicomponent solutions. Consequently, control over the
structure of the monolayer is most easily obtained if the same head
group is employed for each component, with changes introduced
only in the chains and tail groups. The strong adsorption of thiols
compared to the other tail groups in this study makes binding of
both the head and tail groups to the gold surface unlikely. No
evidence for such looping has been observed, except in the case
of a,<o-dithiols.8

The composition of a monolayer adsorbed from a solution
containing two thiols is not, in general, determined by a simple
equilibrium expression If the monolayer and the solution are

(42) Some other functional groups, such as selenides, which were not
studied here, may also form monolayers on gold.
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rn  equi l ib r ium.  then we can def ine K*  by eq 3.

RSH.u,r * R'SH,o1 $ B'gg,u,.,  *

Bain et al.

o l  t h c  n r ( r n r ) l a \  c r  e  h r r n g c s  l ' r o r n  h r d r o p h i l i c  t o  h y d r o p h o b i c ,  t h e
s t r l r c n t  l l r o l . ! r . l  1 g . . i l 1 1 1 i r r 1  e c r t . t i n l r  r c r t r i e n t  t o  p l a c e  t h e i r  m e t h y l
g r , r p p '  i . l t h c r  l h . : ; r  i i r c , r . ,  l c t , h o i  u r ( r u n \  t t d l a c e n t  t o  t h e  m o n o -
l l r r  c r  

' '  
\ .  . 1  L ( ) r l \ c r l  r l e  n e  c .  : t r l i . , t l ( \ n  ( ) l  p o l a r  g r o u p s  e m b e d d e d

t t t , t  i . t l - l c i r  r l  , r i l p . r i . : :  l l l l c r l . l C c  l l t g h t  b c  p t t t l r

I  h t '  v t  I / r l , h i , r i . ' ,  , '  t n i \ ' ( ' d  n l ( )n t ) l u \ ' . ' r \  ! \  t t ( )n ldea l ,  I f  t hg  two
! ( ) l l l p { ) n C n l : , r l  . :  i l ' . r ' :  , , . i r J f  \ \ C r c  l t r  . l r - l  l n t l e p e n d e n t l y ,  t h e n  t h e
u ' , l l l . : r l  . : n ! , J . , \ . , , . . , :  l , ' . , , , t r  (  . 1 . . 1 g ' . , ; 1 , , r . :

! \ t \ : ,  =  
\  e , t r  r l  *  \ :  ! . u \  t /  ( 4 )

u h c r c  \ r  a n d  \ .  i t r c  t h c  n t , r l c  t ' r a c t r o n s  r r i  t h c  t \ \ r )  c ( ) m p r ) n c n t s
i n  t h e  n t o n o l a r c r ; t n d  r / ,  a n d  / 1 .  a r c  t h c  c o n t a c t  i n g l c s  o n  p u r e
n t t tno la re rs  o f  t he  t \ \ ' ( )  c ( ) rnp ( )ncn t5 .  ( ' t l nscquen t l r .  a  g raph  o f  cos
/ /  a g a i n s t  x p . r r 1 .  w o u l d  b c  l i n e a r  ( F i g u r c  - 1 ) .  F u r  u a t e r  o n  m i x e d
Br lMe  su r faces .  and  f ' o r  hexadecane  on  a l l  t hc  su r faces ,  the
intermolecular  forces between the monolaver and the probe l iquid
are largely dispersive and Cassie's Law appears to hold reasonably
wel l  (at  least  over the l imi ted range in which d"(HD) is  nonzero).5r

The  con tac t  ang les  o1 'wa te r  on  su r faces  con ta in ing  a l coho l .
ca rboxv l i c  ac id .  t r r  n r t r i l e  g roups ,  i n  wh ich  spec i f i c  H-bond ing
in te rac t ions  r i r c  rnn ( ) r tan t .  dev ia te  s t rong ly  f rom l i nea r i t y .  The
i l p p r l r e n t  l r r t l ; - , r p h r i r e t t r  , r l ' t h c  p o l a r  t a i l  g r o u p s  i s  h i g h e r  w h e n
t h c r  . r r c  i n  . r  r r ' , l t i ) r , i . 1 r  c n \  l r ( ) n n t e  n t  c ( ) m p o s e d  l a r g e l v  o f  m e t h y l
s r ' ( ) L l l . \ \  i h , l r t  r i  h c n  I  h e  l r  n c t u h b ( ) r s  a r c  o t h e r  p o l a r  g r o u p s .  T w o
p l l r t r ' r i . i e  c r n i . l l t . l l l r  j r r :  l , , r  I  i t c . c  t j c r  i l r t r r r n s  a r e  p o ( ) r  e  l e c t r O s t a t i C
' , ' l ' , . i l l r r ' )  , r l  l i t i  l - , ' i . l :  l . : r l  g r , , r . 1  [ r : . i l  l t r \ \  1 P  t n  t h e  l o w  d i e l e C t r i C
! ( l n \ l : l n l  l t c d l u i |  l f i r r  r d c d  b r  t h e  \ u r r ( ) u n d i n g  n t e t h V l  g r o u p s  a n d
p o t r r  h \ L i l 1 r S c n - b o n d r n g  b c t * c - c n  d i i u t c  p r t t t r c  t a i l  g r o u p s  i n  t h e
nr r )no la \c r  

- I ' hc  
l a t t c r  c rp lana t r t - rn  i :  ce r ta in l r  cons is ten t  w i th  the

X P S  d a t a  i o r  t h c  O t  l : ) p h ( ) t o e l e c t r o n s  a n d  u i t h  t h e  f o r r n  o f  t h e
a d s o r p t i o n  i s o t h e r m s .

Two-contponent monolover.s do not phase-segregate into ma-
croscopic is lands.  Alcohols and carboxyl ic  acids sel f -associate
in a lkane solvents.  so i t  is  l ikely that  associat ion also occurs in
the quasi-two-dimensronal solution represented by the monolayer.
There are several  p ieces of  evidence,  however,  that  suggest  that
macroscopic is lands c- lo not  fornr .

F i r s t ,  i f  a  n t ( ) n ( ) l l \ e  r  r s  r n  c q u i l i b r i u m  w i t h  a  l a r g e  e x c e s s  o f
i t ds t t rb l t t c  i n  so iu l i r r r r .  t l t c  ' hc t t t t c t t l  po ten t ia l  o f  t he  componen ts
i n  : o l u l i t r n  i r  r n t i c ; . c 1 r d g n l  r r f  r  i 1 g  c ( ) n t p ( ) s i t i o n  o f  t h e  m o n o l a y e r .
T l t c  c h c n l t c . t i  1 ' , ) t c n l i . 1  I  , r l  . r  n l t r l c c u l c  i n  s  I I a c r o s c o p i c ,  s i n g l e -
c ( ) n r p ( ) n e n l  d r r l - 1 1 . , t l  i . . r i : r r  c : : C r l t l t i i r  : n d c p c n d e n t  o f  t h e  c o m -
p ( ) \ l l i r ) n  t , l  l h c  i l r r I t r . . : \  j i  I  i : c  l r e c  c n c r g \  t r l ' i o r m a t i o n  O f  a
nlonOlarCr ur . rn1r\ ) tCtJ \ ) l  n l .1e r \ ) \Cunlc ls land\  $oUld thUS be a l inear
f u n c t i o n  o f  t h e  r o n l p t ) s t t i r ) n  o i  t h e  m o n o l a v e r .  C o n s e q u e n t l y ,
macroscop ic ,  s ing le -componen t  doma ins  wou ld  be  d i s favo red
the rmodynamica l l y  u i th  r cspec t  to  a  pu re  mono laye r  o f  t he
component for  which 1rsor -  &surr  is  greatest .  Is lands could form
if the composition of the monolayer were kinetically frozen at some
nonequi l ibr ium value,  wi th subsequent lateral  d i f fus ion resul t ing
in the format ion of  s ingle-component domains.  Al though lateral
d i f fus ion in the monolayer is  a pr ior i  p lausib le,s2 evidence such
as the preferential adsorption of HS(CHr)r0CHrOH from solutions

(50) The surface tension of ethanol is almost purely dispersive and is
comparable in magnitude to alkanes, which suggests that the methyl groups
of the ethanol molecule are oriented out\aard at the ethanol-air interface
(Hark ins ,  W.  D. ;  Dav is ,  E .  C l l  :  C la rk .  G L .  J .  Am.  Chem.  Soc .  1917.  39 .
541-596). The same orientat ion is l ikelr ar an erhanol-hydrocarbon interface.

( 5 1 )  F o r  C a s s i e ' '  l r r u  t , r  h o l d .  t t r e  s o t i d - l i q u i d  f r e e  e n e r g y  ? s r  =  X r T s r . r  *

X2 'ys t .2 ,  where  1 ,1 . ,  i s  the  so l id - l iqu id  f ree  energy  be tween a  pure  mono layer
of component r and a lr t lurd. Ftrr+ kes 1Fo*'kes, F. M. Ind. Eng. Chem. 1964,
56(12) ,40-52)  p roposed tha t .  io r  pure ly  d ispers ive  in te rac t ions  a t  the  in te r -
faces. the geometric mean approximation can Lre appl ied to ?sl.  For water on
a d ispers ive  so l id .  Fowkes 'approach y ie lds  7 r1  =  X l7sv , l  l  Xz ls ,z  *  ? r "  -

2 [ (70r " (X ,^y , " . r  *  x : ) , , . : ) ) ] r  
2 ,  uhere  1d1,  i s  the  d ispers ive  par t  o f  ihe  l iqu id

surface free energl .  By substi tut ing this expression in Young's equation, we
obtain cos d as a function of the surface composit ion. The geometric mean
approximation predicts that cos d should be convex as a function of 1P, not
linear as predicted by Cassie. The difference between the two predictions for
the Br/Me system is small- less than 3o-so we cannot make a clear dis-
t inct ion between the two approaches based on our data.

(52) Although lateral dif fusion on the surface may be faci le in the l iq-
uidl ike monolayers that exist during the adsorption of the monolayers, in the
pseudocrystalline state of the fully formed monolayers lateral motion is likely
to be much slower, akin to dif fusion in organic sol ids or l iquid crystals.
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lf the monolal,er

RSHr, , l  ( l  )

IRSH] , " r IR ' ,SH] ,u , r

IRSH]," , f IR' ,SH],or

\ \ 'ere to act as an ideal two-dimensional solut ion,a3 then r\* irould
be constant  wi th  a  va lue that  re f lec ted the re la t ive so lub i l i r rcs  r r l
t he  t *o  t h i o l s  ( s i nce ,  t o  a  ve ry  rough  app rox ima t i on ,  r hc  cn r r -
ronment  o f  the adsorbates in  a  pure monolayer  is  s imi lar  ro  thar
in  a  cry ,s ta l  o f  that  component) .  F igure 9  p lo ts  K* .  ca lcu lared
br using eq 3 and the data from Figure 3. against the molc lnrerion
of  the po lar  spec ies in  so lu t ion in  e thanol .  Only  in  the Br ,  \ , f  e
s \s tem were the composi t ion o f  the so lu t ion and the ntonolavcr
the same.  Nei ther  the Br  nor  the CH,  ta i l  g roup has a s t rong
specific interaction with the solvent.s Since there was no apparent
preference for adsorption of either species, we may infer an absence
of  s t rong spec i f ic  in teract ions wi th in  the monolayer .  For  the
C02H/Me system,  adsorpt ion o f  the methy l - terminated spec ies
w'as preferred at al l  concentrat ions, ref lect ing better solvation of
the carboxv l ic  ac ids in  s t t lu t ion in  e thanol  than at  the sur face of
the monolayer .4s

The  OH/N ' l e  and  C 'N , ,Me  svs tems  a re  t he  rnos t  i n re res t i ng
In  both these svstcms.  adsorpt ion o f  thc  comfuncnt  u i th  rhc qr iur
tai l  grOup \\ 'as stronglr disf avored i . t t  l t ) \r  cL)nccnrr.t t iunr in str i i111e1l.
bu t  A *  app roached  un i t r  a :  1 f  app roached  r rnc  Th r .  bch . i r  i r r r
i s  s im i l a r  t o  t ha t  obsen 'ed  i n  r egu la r  so lu t i ons  r r r t h . i n  c \ cc \ \  l r uc
energ)  o f  nr ix ing Gexo6!  =  {1P1nP.  uhere {  is  a  pos i t i ' c  constant  s

In  so lu t i ons  o f  n -a l kanes  and  n -a l coho l s ,  b reak ing  o f  h rd rogen
bonds leads to  large pos i t ive  excess entha lp ies o f  mix ing.a '  .A
similar effect in the monolayer could account for the adsorption
isotherm obtained for the OH/Me system. Careful study of Figure
2 reveals that, at low concentrat ions of OH in the surface, the
O(ls) photoelectron peak shif ted to higher energy by about 0.4
eV. This shift in the peak position implies rhat the hydroxyl groups
are in dif ferent environments at low 1nru,, and high XP,u,"r.  A
poss ib le  exp lanat ion is  that .  a t  low XP,u, r ,  the OH groups in  the
monolayer are isolated and can onlv form hvdrogen bonds tt t  the
so lvent .  At  h igher  concent ra t ions.  thc  OH groups s tar r  ro  ag-
gregate and form H bonds wi th in  the monola\er  as r ie l l  as  r i i th
the solvent. These interactions would favor monolarers compri\rns
e i t he r  t he  pu re  me th l l - t e rm ina ted  spec ies  o r  t he  pu rc  h rd re r r -
yl-terminated species but disfavor monolarers containing a mirture
of  the two components .as

One can postulate a similar rat ional izat ion for the data for
CN/Me.  Poorer  so lvat ion o f  the d ipo lar  n i t r i le  group in  the
monolayer than in solut ion would disfavor adsorption of HS-
(CH2)8CN. As the concentrat ion of nitr i le groups in the mono-
layer increased, a favorable dipole{ipole interaction could stabilize
the nitrile groups at the interface and lead to an increase in K*.on

An unknown factor in these studies is the effect of the structure
of the solvent at the monolayer-ethanol interface. As the surface

(43) The solutions were sufficiently dilute that they may be treated as ideal
dilute solutions,

(44) Alkanes interact by dispersive forces; bromoalkanes interact largely
by dispersive forces with only a small polar interaction.

(45) Since the polarizabilit ies of ethanol and hydrocarbons are similar,
differences in the solvation of the methyl group between the solution and the
monolayer are probably small.

(46) The term 'regular solution" was coined by Hildebrand to refer to
solutions with an ideal entropy of mixing but a nonzero enthalpy of mixing
(Hildebrand, J. H.; Prausnitz, J. M.; Scott, R. L. Regular and Related
Solutions; Van Nostrand Reinhold: New York, 1970). The definition we use
here is that given by Rowlinson (Rowlinson, J. S. Liquids and Liquid Mix-
tures; Butterworth: London, 1969). Though useful as a model, the mono-
layers are almost certainly not strictly regular.

(47) Costas, M.; Patterson, D. J. Thermochim. Acta 1987, t20, t6t-181.
(48) Thc mixed monolayers composed of methyl-terminated and carboxylic

acid terminated thiols did not exhibit a very low value of K.o at low 1n, possibly
because the carboxylic acids are dimerized even at low concentrations in the
monolayer.

(a9) The dipole-dipole interaction can be either positive or negative. A
favorable interaction implies that the CN moieties in the monolayer are canted
at least 35o from the normal to the surface.
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rn isooctanr '  cont . rn lng much h igher  concent ra t ions o f  HS-
(CH:)  -CH, ,  tFrgure 5)  mi l i ta tes against  k inet ic  cont ro l  over  the
in i t i a l  compr - r \ i t l on  o f  t he  mono laye r .

SccrrnC.  rhc contact  ang les o f  water  on the mixed monolayers
do not 5l.rrr ' ,he behavior expected of a monolayer composed of
d iscretc  is l , inds Iarge enough to  in f luence the contact  ang le .
\ r )npr ) iar  rs lands composed of  methy l  groups would p in  the ad-
\ancrng contact  ang le  and cause the p lo ts  o f  cos 0  against  1pru, ;
to  be conr  ex ra ther  than concave.  Polar  is lands would p in  the
receding contact angles and be ref lected in greatly increased
hr:teresis in mixed monolayers, contrary to the relat ively constant
hrsteresis observed on the mixed OH/Me surfaces. I t  has been
estimated theoreticallys3 that islands would have to be greater than
about 0.1 pm in size to cause observable hysteresis, thus placing

an upper bound on the size of an.v domains, although this l imit
has not been establ ished experimental lv.

Th i rd ,  a  th in  f i lm of  water  condenses onto a  pure carboxy l ic
ac id  sur face at  l00Vc re la t ive humid i ty '  (RH).  Consequent l ) .  a t
100Vc RH,  hexadecane beads on pure monolavers  o f  carboxv l ic
ac id  terminated th io ls  or  methy l - terminated th io ls  1 f / , {HD) =

35-40o,  47o respect ive ly) .  I f  the mixed monolayers  \ rc re  to
comprise discrete islands, each of which was oleophobic, then the
monolayer itself would not be wetted by hexadecane. We observed
that hexadecane spread on mixed CO2H/Me monolayers with 1n
> 0.4  a t  a l l  humid i t ies .

Other evidence suggests that any clusters of one component
must be suff iciently small  that the molecules in the cluster are

sti l l  inf luenced by the other component in the monolayer. First,

the nonideal behavior of the composit ion and contact angles of
the monolayers requires that the energetics of the monolayer varv

wi th  composi t ion and hence that  the two components  in  the

mono laye r  i n te rac t .  Second .  t he  O(1s )  peak  o f  t he  h rd roxy l

terminus in the XPS spectra of mired OH \ '1c m(rnt l la\ers shi i tcd

to higher energies as the mole fract ion of the alcohol in thc surfacc'

decreased.  XPS prov ides a probe of  the loca l  s t ructurc  tn  thc
monolayer. Changes in the shape and posit ion of the Ot ls t  peak
probably arise from interactions with the nearest-neighbor mol-

ecules in the monolayer and suggest that at low Xpsurr aggregates
of alcohol groups comprise at most a few molecules. Third, in

another study published separately, we have t i tratedsa the car-

boxVlic acids in mixed CO2H/Me surfaces. The onset of ionization
moved to higher pH as the mole fract ion of the acid in the

monolayer decreased, suggesting changes in the local environment
u i th  composi t ion.

For many studies of mixed monolayers, l6 carbons seems to

be the optimal chain lengh.tt '37'55 The I 1-carbon chains, used
primari l l  in these studies, have some advantages over longer

chains. Long-chain molecules, part icularly those with more than

20 carbons. become progressively harder to synthesize and purify.

Shor t  cha ins are a lso more so lub le  than long chains and a l low a
wider range of concentrat ion and choice of solvents. Monolayers

formed from I l-carbon chains reach equil ibr ium, or at least a

metastab le  composi t ion,  a f ter  immers ion overn ight  in  the ad-

sorpt ion so lu t ions:  the contact  ang les o f  water  on the mixed

monolayers of HS(CH2)1gCH2OH and HS(CHz)roCH: adsorbed
from ethanol did not change upon immersion for an addit ional
l0 weeks, and the monolayers adsorbed from acetonitr i le were

unchanged 4 months later. On the other hand, the composit ion
of several of the monolayers adsorbed from mixtures of long- and
short-chain thiols (see companion paper) evolved slowly for several
weeks after immersion. The drawback of I l-carbon chains is that

they are close to the chain length at which the structure and
properties of the monolayers of short thiols differ from monolayers

of longer thiols. Thiols with hydrocarbon chains of l6 carbons

(53) \eumann, A.  W.;  Good, R.  J.  " / .  Col lo id Inter face Sci .  1972,38'
341--158.  Schwartz,  L.  W. l  Garof f ,  S.  Langmuir ,  1985, 1,219-230. De
Gennes.  P G. Reu. Mod. Phys.1985, 57,  828-863'

(54) Holmes-Far ley,  S.  R. ;  Reamey, R'  H. ;  McCarthy,  T.  J. ;  Deutch'  J . ;
\ l 'h i tes ides,  G. M. Langmuir ,  1985, I '725-740.

(55) \uzzo.  R.  G.;  Dubois,  L.  H. ;  Al lara,  D.  L. ,  unpubl ished resul ts.
Dubois. L H.. Zegarski, B. R.; Nuzzo, R. G. Proc. Natl. Acad' Sci. U' S. A
1981. 84. 4'139-4742

. t  l n r  Chem.  Soc . .  Vo l .  I I  l ,  l ' l o .  18 ,  1989  7163

(for which \\  nthe trc precursors are commercial ly avai lable) have

many of the charactcrist ics that are favorable in both shorter and

longer  cha ins.
The a.s.runtpt inn rt i  therntodvnamic equi l ibr ium al lows us to

rationali:e tht' rt'ltttirtrtships hetv'een the concentrations in solution

ond the t'onrpo.srtt,tn\ t)l tt'ti.\ed monolavers of thiols on gold. ln

ethanol. undecancthrol r ias adsorbed preferential ly from mixtures

o f  HS(CH: ) r1 ( 'H .OH and  HS(CF{2 ) ,oCHr  a t  a l l  compos i t i ons ,

but part icularl l  at lorr 1no,,.  In acetonitr i le, whichever component
was more concentrated uas adsorbed preferential ly. In isooctane'

HS(CHr) r0Ct- l2( ) t l  uas adsorbed to  the a lmost  to ta l  exc lus ion

of  HS(CH2)16Cl l i .  cven when HS(CH2)rgcH2OH was the minor

component in solution. This variation in composition with solvent

strongly suggests thermodynamic rather than kinetic control over

the comp<lsit ion of the monolayer. I t  is dif f icult  to conceive of

a kinetic rationale for the widely different rates of adsorption that
woulc i  bc  rcqu i red for  k inet ica l ly  cont ro l led composi t ions.  I t  is
uc l l -Lno*  n  t i ra t  u lcohols  assoc ia te  in  a lkane so lu t ions,  la rge ly  to

f()rnr tctr.rnrcr\.  btt t  l t t  the l t lu '  concentrat ions employed here' the

11()n( )n tcr  prc( l ( )n t In i l tcs .s6 ( 'onsequent ly ,  the d i f fus ion ra tes o f

t hc  t $o  r ( ) r i l p \ ) I t cn l \  l ( )  t hc  su r face  shou ld  be  comparab le  i n  an

alk t rne so l r  cnt  l tu r thcrmorc.  both ta i l  g roups are o f  s imi lar  s ize

and ne i ther  is  s t rongl r  so lvated in  the a lkane so lu t ion,  so there

are no obvious stcric grounds for disfavoring one component. The

composit ion ol thc monolayers can be rat ional ized quali tat ively

on thermod,r-'namic grounds by considering the changes in activity

of the solutes in dif ferent solvents. Long-chain alkanethiols are

more soluble in alkane solvents than in ethanol, whereas the

converse is true for I l-hydroxyundecanethiol. If one assumes that
the activi t ies of the two components in the monolayer are, to f irst

ordcr .  indepcndcnt  o f  the so lvent ,  then,  as the so lvent  is  made
pr( ) ! rc5\ l \  c l r  lcs :  p t l la r .  n lorc  o f  the a lcohol - terminated spec ies
. I t , , u l d  t ' c  r t ' . , r r n ' r r . r l c d  t n t o  t h c  m o n o l a r e r '

I i  t hc  . i d r r r r l l l ( ) n  p r r ) ccss  \ \  e r c  undc r  k i ne  t i c  con t ro l '  any

l r c f ' c r cnee  1 ( ) i  r ) nc  t h i r r l  r r ou ld  be  app rox ima te l y  i ndependen t  o f

t hc  conccn t r i t i ( r n \  t r l ' t he  t uo  t h i t l l s  r n  so lu t i on .  The  l a rge  va r i -

r r t ions in  A.u r r i th  conrpos i t ion for  three of  the systems s tud ied
a re  i ncons i s ten t  u i t h  a  s imp l c  k i ne t i c  mode l  bu t  can  be  ra t i on -
a l ized,  wi th in  a  thcrmodynamic model .  by  cons iderat ion o f  in -
t ramonolayer  in teract ions.

We are st i l l  faced with the problem that equi l ibrat ion in ful ly
formed monolayers (Figure I )  is clearly not suff iciently rapid to

account ior the compositions observed after very short immersion

times (Figure 8). Although we have not yet proven a mechanism
by which the components in the monolayer and the precursors
in  so lu l ion equi l ib ra tc .  the i issumpt ion that  the composi t ions o f
the monolavcrs  r l re  a t .  or  near .  the i r  va lues at  thermodynamic
equil ibr ium uith the solut ion provides a framework for interpreting
the s t ructurc  r ind propcr t ics  o f  the mixed monolayers .

Conc lus ions

t-ong-charn alkanethiols form ordered, oriented monolayers on
gold and are adsorbed preferential ly over molecules containing
a uide range of other functional groups. None of the other
functionalities studied led to monolayers on gold that were clearly
superior in qual i ty to those obtained from thiols. Other sulfur-
containing species such as disulf ides, sulf ides, and xanthates also
formed monolayers. The only head group that did not contain
sulfur and that could be used to form monolayers with contact
angles comparable to monolayers of alkanethiols was a tr i-
a lky ' lphosphine,  R3P.

Monolayers exposing more than one functional group at their
surfaces can be synthesized by coadsorbing thiols with dif ferent
tail groups from solution. In this paper, we have studied exclusively
monolavers containing two components, one of which was ter-
minated by a methyl group. These simple systems are easier to
analyze and interpret than more complex monolayers containing
additional components or two strongly interacting tail group. The
principles here are general izable to more complex systems. We

(56) Costas. M.; Patterson,D. J. Chem. Soc.. Faraday Trans. 1 1985, 8/,
63  5 -654 .
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make six key observations regarding mixed monolayers:
( l)  Mult icomponent monolayers do not segregate into discrete

srngle-component domains. Any islands that do form are too small
to influence the contact angle by distorting the drop edge, placing
an upper bound of about 0.1 pm on the size of any such islands.
The adsorption isotherms and the variat ion in contact angle rvith
composit ion and relat ive humidity suggest further that an1 sin-
gle-component domains can be no more than a few tens of ang-
stroms across. Changes in acidity and in the energies of X-rar
photoelectrons suggest local structural variat ions on a molecular
scale. We have no evidence for two-dimensional order in the tai l
groups, but the distribution of tail groups is unlikely to be entirelr
random. The nonideal i ty of the adsorption isotherms suggests
cooperativi ty between components in the monolayer that would
lead to some degree of aggregation.

(2) The composition and structure of monolayers adsorbed from
solut ions containing mixtures of thiols are consistent with ther-
modynamic control over the composition of the monolayer. The
composit ion of the monolayer can be predicted quali tat ivel l '  b1
considering the activities of the components in the monolay'er and
in solut ion and specif ic interactions between the components in
the monolayer. I t  is dif f icult  to construct a kinetic model that
rat ional izes the adsorption isotherms in this and the fol lorr ins
paper in this issue. The mechanism by which equilibration benreen
the monolayer  and the so lu t ion occurs  is .  hou 'ever .  s t i l l  unc lcur

(3 )  M ixed  mono laye rs  do  no t  ac t  as  i dea l  t *o -d imcn : i on : ,
so lu t ions.  In  par t icu lar ,  ta i l  g roups that  form s t rong hrdr . rsc :
bonds are d is favored in  the nonpolar  env i ronment  pro\  r t lc 'd  br
surfaces composed largely of methyl groups. As the prog.rrt : t ' r :r
of polar groups in the monolayer increases. interactions be tuee n
tai l  groups appear to stabi l ize the polar groups at the interiacc
In principle, interactions between polar groups could also bc
unfavorable but were favorable in the three systems studied here

(a) The two components of the monolayer do not act indc-
pendently in determining the wettabi l i ty of the surface. Polar

group\  arc  nrLr rc  hrdrophi l ic  when they are in  the nonpolar  en-
r  i r t rnnrcnt  pror  idcd by methy l  groups than when the sur face of
thc  n t r 'n , r i . r rc r  i '  composed large ly  o f  o ther  po lar  groups.

r i i  Thc hr ' tc.rcsis in the contact angle of water on monolayers
dcrr rcd l ' : , , r - - r  th io l :  is  smal l  and is  approx imate ly  independent  o f
1 ls '  1 ' r l . r ' r i \  , ) i  rhc  t . r i l  g roups.  In  mixed monolayers  conta in ing
: r  p , , i . r :  . r :d  . r  r \ )npo lar  component  o f  the same chain  length,  the
[ , , .1g1- ; ' .  .  ] .  i :dcncndent  o f  the composi t ion o f  the monolayer .

rh  JLg - . : ' .u rC, r i  the adsorpt ion so lvent  has a dramat ic  e f fec t
r r r  rhc  i r , - lp r r : i l  i ) r  r ) l  the monolayers ,  probably  large ly  through
ch. rns. ' -  i :  l :c  .1 .1r \ i t \  o i  the so lu tes.  We have no ev idence for
lnc \ ) .n( r -  :1 . ,  r ' . r  , r .  . t r l r  cnt  in  the monolayers  s tud ied here.
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R e g i r r r r  \ o .  \  -  
- : - 1  - : - - : .  c ' H , t C H r ) , o c H 3 ,  5 4 4 - 7 6 - 3 ;  H S ( C -

l l . ,  (  l l . ( r l i  
- ' . - ' . , . . : - l  

5 , (  H : ) r 0 C H 2 O H ] 2 ,  I 1 9 4 3 8 - 0 2 - 7 ;  [ S ( C -
l l ,  r  f  i  - : i . - l - - . . 1 { : , (  t l : ) . . C O r H ,  1 1 3 1 0 - 2 1 - 9 :  H S ( C H 2 ) r 6 C -
i i . i - r :  : - - : . i -  l i :  t  l { , i . C \ .  l l - ( 5 9 - 6 3 - 4 ;  H S ( C H z ) g C H 3 ,  1 4 5 5 -

I  '  f  j :  t  i i .  (  i l  .  i : t - i t  j .  t - l S r C H : ) i l C H 3 ,  1 1 2 - 5 5 - 0 ;  H S ( C -
l . l ,  . r -  i i  l "  

- . l r - -  
l l : , (  t l . r  , c H , .  - i - r 1 9 3 - 2 3 - 0 ;  H S ( C H 2 ) 2 r C H 3 ,

- - - : , . r - :  
i . l :  t  l l .  . (  l l . ( ) t l .  l l - 1 s 9 6 - 3 1 - 0 :  B r ( C H 2 ) 1 3 C H 2 O H ,

l . : ' -  :  I  . . . -d ' l : ' , .  i r Lx - r ' , ; r c .  -1 - i -19 - , l l - 0 ;  I  1 -undeceny lmagnes ium
i :  : - - ' . . d c  \ \ - : - h - e . l - . .  .  q - t : , r n ' i . r -  l - n r t n a d e c e n e ,  1 2 1 4 9 7 - 3 0 - l ; d i s i a m y l -
l \  

- - : l i .  . ' q , < - 1 - .

Supplementan \ laterial .{vai lable: Detai ls of the synthesis of
[ {5  (  t {  .Ot l .  thc-  compet i t ive  adsorpt ion o f  th io ls  wi th  phos-
:: . : : ' - \ .  . . . ,rr tr i lcs. .rnd disulf ides, and the measurement of surface
c , , n ; r , \ : '  : \  : r  \PS  { ' pages ) .  O rde r i ng  i n fo rma t i on  i s  g i ven
' \ l  . : l ' .  s  - l l J l l  l - l l . l r l h c , r d  n e g c .
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