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The formation of ordered, oriented, organic monolayer f i lms
by adsorption of long-chain thiols, HS(CH2),'X, onto gold provides
a means of control l ing the chemistry and structure of surfaces
on an angstrom scale.3'a Monolayers formed from a single thiol
present a densely packed array of a single functional group at the
interface between the monolayer and a l iquid or vapor. A con-
trol led degree of disorder can be introduced at this interface by'
coadsorbing thiols of dif ferent chain lengths, with the same5 or
dif ferent6 terminal functional i ty. Here we demonstrate the syn-
thesis of surfaces comprising a mixture of organic functional
groups by the coadsorption of thiols with the same chain length
but with dif ferent tai l  groups, X. The abi l i ty to control the
composition of highly structured, multicomponent interfaces has
particular potential for examining the interactions between organic
functional groups in quasi-two-dimensional systems.

We have studied three simple, binary systems, HS(CH2),oCH,
and HS(CH)rcZ (Z = -CO2H,  -CH2OH, -CH2Br) .  chosen to
have one polar and one nonpolar component.T These pairs were
selected for ease of analysis by contact angle and by X-ray'
photoelectron spectroscopy (XPS). Monolayers were prepared
by immersing evaporated gold films, supported on silicon wafers,
in solut ions of thiols in deoxygenated ethanol overnight at room
temperature.8 The ratio of the two components was varied while
maintaining a total concentrat ion of thiol of I  mM. The com-
positions of the monolayers were determined from the normalized
areas of the O( I s) and Br(3p) peaks in XPS.e Carboxyl ic acids.
alcohols, and alkyl bromides coordinate only weakly to gold and
do not form monolayers that are stable to washing with ethanol.
Consequently, the tai l  groups do not compete with the thiol in
binding to the gold.

Figure I ( lower) plots the mole fract ion in the monolayer.
XPrurfu.",  of the polar component. HS(CH2) ,oZ, as a function of
i ts mole fract ion in solut ion. In general the composit ions of the
so lu t ion and of  the monolayer  are not  equal :  the re la t ionsh ip
between XPrurf"". and lPro,ur,on depends on the nature of the tail
group.l0 Since the intermolecular interactions within a monolayer
arc often similar to those in a crystal, solubility provides a useful
guide to which component wil l  be adsorbed preferential ly.rr
XPrurfac. and 1Pro,u,,on are not always related, however, by the simple
equil ibr ium expression expected for an ideal two-dimensional
solut ion; specif ic interactions within the monolayer clearly play
a ro le  in  determin ing the composi t ion.
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pure HS(CH2) , y Br was corrected by 6Vo for an abnormally low gold intensity.
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Figure l .  ( lowe r) Composit ion of monolayers of thiols as a function of
the composit ion of the solut ions t ' rom which they were adsorbed; (upper)
advancrng contact angles. i /u, of water and hexadecane (HD) as a function
o1'the conrpositron of ' the monoialer. 1prur;u". is the mole fract ion on the
sur face of  HS(ClJ : ) r0Z \Z = 'CH2Br,  -CH2OH, -CO2H) in  b inary
mix tures wi th  HSICI I r ) ,oCH3;  i t  was determined f rom the areas of  the
O( ls)  or  Br (3p)  peaks obta ined by XPS.  The er ror  bars  shown are
indicative of the standard deviation of the random errors occurring in the
preparation of adsorbate solut ions, and in the col lect ion and analysis of
XPS data. The errors in the conract ansles l ie within the svmbols.

Figure I (upper) shows the advancing contact angles, 0^, of
water and hexadecane as a function of surface composit ion for
the three systems studied. The contact angles vary smoothly with
surface composition between the values characteristic of the pure,
one-component monolayers.a Cassiel2 has shown that i f  the two
components of the surf'ace act independently, then cos d" is a linear
function of the composit ion of the surf 'ace, in the absence of
hysteres is .  Cass ie 's  law appears  to  ho id  for  the contact  ang les
of hexadecane on al l  three pairs over the l imited range we could
observe and for water on the brominated surfaces. for which
dispersion forces are the principal intermolecular interaction. The

( 10) The composit ion of the monolayer appears to be control led largely by
thermodyamics :  f requent ly  the  minor  component  in  so lu t ion  is  the  ma. ;o r
component  in  the  mono layer .  For  longer  cha ins  the  ro le  o f  k ine t ics  appears
to  lnc rease.

( l l )  C o n s e q u e n t l l ' ,  t h e  c h o i c e  o f  s o l v e n t  h a s  a  m a j o r  i n f l u e n c e  o n  t h e
mono layer  com pos i t ion .
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contact angles of water on surfaces containing hydroxyl or car-
boxyl ic acid groups, in which specif ic polar interactions are im-
portant, deviate strongly from l inearity. The apparent hydro-
phi l ici ty of the polar tai l  groups is higher when they are in a
nonpolar environment composed largely of methyl groups than
when their neighbors are other polar groups. This difference may
arise partly from greater electrostatic stabilization in more polar
surfaces and part ly from intramonolayer hydrogen bonding in
surfaces that are r ich in hydroxyl or carboxyl ic acid groups.

We bel ieve that the polymethylene chains in these two-com-
ponent monolayers are well-packed ( in contrast to monolayers
assembled from two thiols of different chain lengths), but we have
no evidence for any translational order in the tail groups.l3 These
monolayers do not phase segregate into macroscopic domains: the
resulting nonpolar islands would pin the advancing drop edge and
give rise to a deviation from linearity in the contact angles opposite
to  that  observed. ra  In  addi t ion,  changes in  the l ine wid th  and
pos i t ion o f  the O(1s)  peak in  XPS suggesr  that  the loca l  env i -
ronment of dilute hydroxyl groups is different from that in a pure
monolayer . l5

In conclusion, coadsorption on gold of mixtures of thiols, with
the same chain length but dif ferent tai l  groups, produces well-
packed monolayers exposing those groups at the surface. Specific
interactions between the tail groups cause nonideal behavior both
in the composit ion and the hydrophil ici t ,v- of the monolayers.
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(13) In addi t ion,  h ighly d ipolar  ta i l  groups might  exhib i t  or ientar ional
disorder if an ordered array engendered a large unfavorable electrostatic
interact ion.

(14) The size below which islands of different polarity no longer cause
hysteresis in the contact  angle is  not  wel l -establ ished exper imental ly ,  Neu-
mann and Good have proposed theoretically that this lower limit is -0.1 rrm
(Neumann, A.  W.;Good, R.  J.  J .  Col lo id lnter l 'ace Sci .1972. J8.341-358).

(  l5)  The O( ls)  peak of  the h1'droxr l  group in the monolarer  wi th XP,u,r" . .
= 0.05 was 0.3 eV narrower and shi f ted 0.4 eV to h igher b inding energy
compared to the pure hy 'droxyl- terminated monolayer.  One possib le expla-
nat ion is  that  very d i lute hydroxyl  groups are not  hydrogen-bonded. The
extent  to which the molecular  d ist r ibut ion in the monolaver deviates l rom a
stat is t ical  mixture is  unclear.
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