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Abstruct: Mixtures of two long-chain alkanethiols, HS(cH2)nX and HS(cH2),,y (x, y = cH3, oH; n ) m), in which thealkyl chains have different lengths, adsorb from solution onto gold and form monolayers comprising a densely packed innerregion adjacent to the gold surface and a disordered outer ..gion in contact with the solution. wh'en X = y = CH3 (n I'u), this disordered phase makes the *mixed monolayer" more oleophilic than the ordered, pure (i.e., single-component) monolayers.when X = Y = oH' the pure monolayers a." *eti"d by water, but the mixed monolayers are less hydrophilic because nonpolarpo l yme thy lenecha insa reexposeda t thesu r face .  wh inX  =cHr ,  Y  =  oH  (n=2L ,m=  l l ) , ave rysha rp t rans i t i onoccu rs
from a monolayer composed largely of the longer, methyl-terminated component to the shorter, hydroxyl-terminated componentas the mole fraction of HS(CHz) r roH in-the adsorption solution is increased. From solutions .ontuining two thiols, adsorptionof the thiol with the longer chain is preferred. Tiris preference is greater when the monolayers are adsorbed from ethanolthan from isooctane' The mixed monolayers do not uit 

", 
ideal two-dimensional solutions. T-he adsorption isotherms suggesta positive excess free energy of mixing of the two components in the monolayer. The compositions of the monolayers appearto be determined largely by thermodynamics, although in some cases there is also a kinetic contribution. The two componentsin the mixed monolayers do not phase-segregate into macroscopic islands (greater than a few tens of angstroms across) butare probably not randomly dispersed within the monolayer, ThL wettability of mixed, methyl-terminatea monolayers can bepartially rationalized by the geometric m€an approximition, but a full description probably requires inclusion of the entropyof mixing at the monolayer-liquid interface. The hysteresis in the contact angle on these monolayers cannot be explainedby theories of wetting based on macroscopic heterogeneity. Contact angles ur? -o.. sensitive than optical ellipsometry orX-ray photoelectron spectroscopy to certain types of changes in the coriposition and structure of these monolayers.

Long-chain alkanethiols, HS(CH),'X, adsorb from solution onto
gold and form densely packed monolayer films.3-s This paper

is the second of two that present studies of the "mixed monolayers-
formed by the coadsorption of two thiors. In the preceding paper
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l 'ar iat ion in the Alkyl Chain Length

in this issue,6 we discussed the influence of the tail group, X, and
the nature of the solvent on the formation of monolayer films on
gold and on the properties of the resulting surfaces. In this paper,
we turn our attention to monolayers formed by coadsorption of
two thiols, HS(CH2),X and HS(CH2).Y (n > m),that dif fer in
the length of the polymethylene chain.

We present data here for mixed monolayers in three general
classes: (a) both thiols terminated by methyl groups (X = ! =

CH3, n * m): (b) both thiols terminated by hydroxyl groups (X
= Y = OH);t (c) a long-chain thiol terminated by a methyl group
and a short-chain thiol terminated by a hydroxyl group (X = CHr,
Y = OH).8 We define a parameter, R, to be the ratio in solution
of the concentrat ion of the species with the shorter chain to the
species with the longer chain: f t  = [HS(CH2),,Y],"r/ [HS-
(CH2),Xl*r (n ) z). We have previously published preliminarl'
results from the latter two systems as communications./ 'd

The strategy, as in the previous pap€r, was to adsorb monolayers
onto gold from dilute solutions containing a mixture of two thiols
at varying mole fractions but fixed total thiol concentration. The
result ing monolayers were then characterized by' '  el l ipsometrr.
X-ray photoelectron spectroscopy (XPS), and measurement of
contact angles.

The contact  ang les o f  mixed monolayers  provrde a sensr t r re
probe of  the i r  s t ructure.  Long-chain  th io ls  form *e l l -packed.
pseudocrystal l ine, oriented monolayers on gold in u'hich the hr-
drocarbon chains are all-trans and canted -30o from the normal
to the surface (Figure lA,C).4'e Methyl-terminated thiols generate
surfaces that are composed of a densely packed array of methyl
groups and are both hydrophobic (d"(H2O) = I l2o) and oleo-
phobic (d"(HD) = 47o;HD = hexadecane).3 Hydroxyl-terminated
thiols form monolayers that are wetted by both hexadecane and
water (0"(H2O) = du(HD) -0o).7 I f  two thiols with the same
tail group but different chain lengths were to separate into discrete
macroscopic islands, then the wettability of the mixed monolayers
would be the same as that of the pure monolayers (Figure lD).
A more interesting situation would arise i f  the two components
were dispersed on a molecular scale. The inner part of the
monolayer, adjacent to the gold surface, would st i l l  be well-
packed.l0 The free volume introduced into the outer part of the
monolayer by the presence of the shorter chains would result in
gauche bonds and a loss of lateral and orientat ional order: the
outer part of the monolayer would be disordered and l iquidl ike
(Figure 1B). The presence of this disordered phase would be
evident as a large deviation in the contact angles from the values
observed on the pure monolayers. If both thiols were terminated
by hydroxyl groups, the nonpolar methylene groups exposed in
the mixed monolayers would raise the contact angle of water
relat ive to the pure monolayers. I f  both thiols were terminated
by methyl groups, the surface of the mixed monolayers would

(l) Supported in part by the ONR and by DARPA. The XPS was pro-
vided by DARPA through the University Research Initiative and is housed
in the Harvard University Materials Research Laboratory (an NSF-supported
laboratory).
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(4)  Nuzzo,  R.  G.;Al lara,  D.  L.  J.  Am. Chem. Soc. l983.  10J.  4481-4483.
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62-63.
(8)  Bain,  C.  D. ;  Whi tesides,  G. M. J.  Am. Chem. Soc 1988, 110,
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(9) Nuzzo, R. G., private communication.
(10) Experiments are in progress to determine whether there is any dis-

order in the inner part of the monolayer adjacent to the gold surface. In
Langmuir-Blodgett monolayers of alcohols with different chain lengths. the
area per molecule was found to be slightly greater than that expected on the
basis of the areas per molecule in monolayers of the two pure alcohols. This
discrepancy was interpreted as arising from disorder extending partially into
the inner phase (Shah, D. O.; Shiao, S. Y. In Monolayers; Goddard, E. D.,
Ed.; Advances in Chemistry Series 144; American Chemical Society:
Washington,  DC, 1975; pp 153-164).
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(D) Mixtures of docosanethiol and dodecanethiol phase-separated into
islands that have the properties of the pure monolayers are not consistent
with the observed contact angles. (E) An oriented monolarer * i th the
two components dispersed on a molecular scale is unstable relalive to (B).
(F) Hairpin loops in the thiol with the longer chain are energetrcal ly
unstable with respect to incorporation of additional molecules of a thiol
into the monolayer.

resemble a l iquid hydrocarbon. Since any l iquid spreads on a

surface composed of the same liquid, we would exp€ct he xadecane

to exhibit  a much lower contact angle on the mixed monolayers
than on the pure monolayers. Our experiments support disorder
in the outer phase.

By using monolayers containing chains oi dif ferent length, we

can cont ro l  the degree o i  d isorder  a t  in ter faces and vary  the
structure perpendicular to the surface. There are many reasons
for  in terest  in  such s \s tems.  By '  re la t ing the contact  ang le  and

the hy'steresis in the contact angle to the structure of a surface,
we can test theories of wett ing.l l - la Current theories of wett ing

( I I ) Johnson, R. E.; Dettre, R. H. "/. Ph1's Chem. 1964,68,l '744-1750.
Schwartz, L. W.; Garoff, S. Langmuir 1985, /, 219-230. Schwartz, L. W.;
Garoff, S. J. Cotloid Interface Sci. 1985, 106,422-437 ' Pomeau, Y.; Van'
nimenus, J. J. Colloid Interface Sci. 1985, 104,477-488.
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are based on the consideration of the enthalpy of intermolecular
interactions and do not specifically include the interfacial entropy
except insofar as it scales with the enthalpy. Specifically, current
theories do not incorporate entropy of mixing at the solid-liquid
interface. Since the variat ion in the degree of order at a sol id-
l iquid interface changes the interfacial entropy, any model that
seeks to provide a full description of wetting in these systems will
have to address the role of entropy. We have also attempted to
reconci le the hysteresis observed in the conract angle with the
predict ions of theories based on macroscopic heterogeneity and
conclude that hysteresis in these systems is determined by the
microscopic structure of the surface.

Mixed monolayers containing components of dif ferent chain
lengths could potential ly be used to construct cavit ies of a con-
trolled size containing specific functional groups.l5 Such systems
would be useful for modeling enzyme activi tv, molecular recog-
nition, heterogeneous catalysis, and electrode processes. Control
over the tai l  groups exposed at the monolayer-l iquid interface
permits the study of the effect of the environment on acidity/
basicity and chemical reactivity at interfaces. The mixed meth-
yl-terminated chains provide a model system for synthetic mem-
branes incorporating l ipids of mixed chain lengths.r6 Direct
applications also exist in the modification of wetting and adhesion,
in chromatography,lT and perhaps in electronic devices.ts

Experimental Section
Detai ls of the purif icat ion and svnthesis of the materials used in these

studies and a general descriptron of procedures have been provided in the
preceding paper.6

Both e l l ipsometr ic  th icknesses and XPS in tens i t ies  u  ere used ro  ca i -
cu la te  the  compos i t i on  o f  mono la re rs  con ta in rng  t \ao  comFDncn t \  u i th
d i f f e ren t  cha in  l eng ths  The  e l l rpsomer r rc  read ings  u  e re  conr  e r red  r . ,
composi t ions on the assumpt ion that  the el l ipsomerr ic  rh ickne;s rs a l rnelr
func t ion  o f  the  compos i t i on .  There  i s  no  a  p r ro r i  reason  *h r  th i s  as -
sumpt ion should be val id,  s ince the opt ical  constants of  the mixed mon-
olayers might  d i f fer  f rom those of  the pure monolayers.  Radiotracer
measurements on partial monolayers of octadecylamine on chromiumle
supported a linear relationship, however, so our approximation is probably
sound .

The compositions of monolayers comprising two methyl-terminated
thiols were calculated from the ratio of the intensities of the C(ls) and
Au(4f772) photoelectrons. If the monolayers are homogeneous (i.e., they
do not comprise single-component domains), the C/Au ratio is given to
a good approximation by2o

C C-(l - '-dl)tPinol

t  
=  

^ u ^ r t r ^ " *  
( l l

(12) Fowkes,  F.  M. Ind.  Ene Chem 196{.  - {6r  l l ) .  10-5:
(13 )  G i r i f a l co ,  L .  A . ;  Good .  R  J  J  Ph ts  Chem lg l i .  6 t .  904 -909
( l4 )  de  Gennes ,  P . -G  Rer  .Vod  Ph ts  19 t5 .  - s7 .827-863 .
( 1 5 )  Y a m a m u r a ,  K . ;  H a t a k e r a m a .  H : \ a k a .  K . : T a b u s h i ,  I . ;  K u r i h a r a ,

K. J, Chem. Soc., Chem. Commun. l9tt. 79-8 I Rubenstein, I.; Steinberg,
S. ;  Tor,  Y. ;  Shanzer,  A. ;  Sagir .  J  - \ 'a ture 198t .  JJ2,  426-429.

(16 )  Xu ,  H . ;  Huang ,  C .  E iochemis rn  19 t7 .  26 .  1036-1043 .
(17) Lamb, R, J.; Pecsok. R. L. Phtsicochemical Apptications of Gas

C_lrorya_1 ogra p hy ; W iley- I n rersci ence : \-ew York, I 97 8.' Chromat o gi ap hi c
Chiral Separations; Zief, M.. Crane, L. J.. Eds.; Marcel Dekker: New york.
1988. Chem. Eng. News l9tE.  60(50),23-24.

(18) Recent ly there has been much interest  in the measurement o l inter-
molecular interactions with Tabor force balances (Tabor, D.; Winterton, R.
H. S. Proc. R. Soc. Inndon, Ser. A 1969, 3 I 2,435. Israelachvili, J. N.,4cc.
Chem. Res. 1987, 20, 415-421. Israelachvili, J. N.; McGuiggan, p. M.
S_cience (Washington, D.C.) 1988, 241,795-800). Atomically smooth gold
films can be formed on mica plates of the type normally used in force balince
measurements (Hal lmark,  V.  M.;  Chiang,  S. ;  Rabol t ,  J .  F. ;  Swalen,  J.  D. ;
Wilson, R. J. Pftys. Reu. Lett. 19t7, 59,2879-Z8BZ. Chidsev. C. E. D.:
Loiacono, D. N.; Sleater, T.; Nakahara, S. Suy' Sci. 1988. iOO, qS-OO).
Monolayers on gold are more densely packed than monolayers of ammonium
salts on mica (0"(H2O) = 95" for dihexadecyldimethylammonium acetate on
mica (Pashley,  R.  M.;  McGuiggan, P.  M.;  Ninham, B.  W.;  Evans,  D.  F.
Science (11/ashington, D.C.) 19t5, 229,1088-1089. Christenson, H. K. "/.
Phys. Chem. 1986, 90, 4-6)) and, as we show in these papers, offer great
flexibil ity over the structure at the monolayer-liquid interface. In addition,
monolayers of thiols on gold should prevent the leaching of ions from the mica
into solution, thus eliminating the effects of the electrostatic double layer. The
problem of measuring the spacing between two opaque substratei can be
avoided by using gold fi lms sufficiently thin to transmit l ight or by changing
to another technique, such as capacitance, for determining the separation ol
the two plates.

(19) Barte l l ,  L.  S. ;  Bet ts,  J .  F. , / .  Phys.  Chem. 1960, 64,  1075-1076.
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F igure 2.  \ l r rnrr lar  crr  adst l rbcd onto gold f rom ethanol ic  solut ions con-
t i i l n r n g  n r \ 1 u r c \  r r t ' H S ( (  t i .  r . , C H . ,  a n d  H S ( C H 2 ) t , C H r :  e l l i p s o m e t r i c
l : l c k n c ' .  l u l l c r  l i c r . t - c  r  . i n d  . r d r a n c r n g  c o n t a c t  a n g l e  o f  h e x a d e c a n e
, i , r * c :  : : g r r : c ,  . t i c  n i { ) n c d  . l g . i t n \ t  t h e  r a t i o  o f  H S ( C H : ) r r C H :  t o  H S -
r (  l - l - r -  (  l . | ,  r :  . , ' i u t : r rn  Thc  l rne  ln  the  lo \ r ' e r  f i gu re  has  been  added  as
ln  u rd  to  Ihe  c rc .  \ \ c  canno t  de te rm ine  f rom these  da ta  a lone  the  m in i -
m u m  v a l u c  a i  t " t H D )  a r t a i n a b l e .

where C- is  the C( ls)  intensi ty f rom an inf in i te ly th ick monolayer of  an
alkanethiol on gold, Aus is the Au(4f772) intensity from a clean gold
surface, d is the angle between the axis of the analyzer and the surface
hor izontal  ( the take-of f  angle) ,  X1 is  the at tenuat ion length of  C( ls)
photoelectrons in a hydrocarbon fi lm (-36 A), X, is the attenuation
length of Au(4f772) photoelectrons in a hydrocarbon fi lm (-42 A), and
d is the th ickness of  the monolayer.  We could use th is formula di rect ly
to calculatc the th ickness and hence the composi t ion of  the monolayers.
In  p rac t i cc .  i t  i \  cas ie r  to  ca l i b ra te  the  C /Au  ra t i o  aga ins t  ac tua l  mon-
. . r l a rc r .  ( ) f ' l u rc  r r l k r i nc rh ro l s  w i th  ra r ious  cha in  l eng ths .  The  C /Au  ra t i os
t - ron r  thc  n t r r cd  mt rn t r l r r l r - r .  sho \ rn  i n  F igu re  3  were  compared  w i th  the
C - \u  ra r ro  ob r l rncd  f ' r om pure  mono la le rs  o l  HS(CHr ) ,CH:  adsorbed
i rom c than , r l . : '  S incc  rhe  acqu is i t i on  pa ramete rs  were  d i f f e ren t  i n  the
tuo exper intents.  the rat ios r , r 'ere normal ized to the same value of  C/Au
fo r  mono la re rs  o f  HS(CH2) rCHr .  Wi th  th i s  no rma l i za t i on ,  the  C /Au
ratio for thc pure monolayer of HS(CH2)z,CH: adsorbed from isooctane
corresponded to a monolayer 21.5 carbons thick adsorbed from ethanol.
For each mixed monolayer, we determined an equiualent chain length
of a pure monolayer of an alkanethiol on gold. Finally, we calculated
the composition of the monolayer on the assumption that the composition
was a linear function of the equivalent chain length, i.e., that attenuation
of the photoelectrons is determined only by the mass of the hydrocarbon
film per unit surface area and not by the structure of the fi lm.

Results

HS(CH2)2rCH3 + HS(CH2)r1CH3 Adsorbed f rom Ethanol .
Prel iminary exper iments in which gold s l ides were immersed in
so lu t i ons  con ta in ing  l : l  m ix tu res  o f  HS(CH2)2 rCH3 and  HS-
(CH2) ,CHt  (n  =  6 -18 )  i n  e thano l  resu l ted  in  each  case  in  a
monolayer derived almost exclusively from docosanethiol. To form
mixed monolayers of different chain lengths from ethanol, mass
action must be used to drive the incorporation of the shorter chain
into the monolayer.  F igure 2 shows the el l ipsometr ic  th ickness
and the advancing contact  angle of  hexadecane (HD) on mono-
layers adsorbed f rom ethanol ic  solut ions contain ing HS-
(CH2)2 rCH3 and  HS(CH2) , ,CH:  i n  the  ra t i o  R  = -  [HS-
(CHz)r  rCH3ld/ [HS(CH2)2rCH:] ,or  in the range t -100,  togi ther
wi th monolayers of  the two pure th io ls.  Both pure monoiayers
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Figure 3. Monolayers adsorbed onto gold from mired solurions oi HS-
(CH2)2rCH3 and HS(CH2) lCHj  in  isooctane.  The absc issa repre:enr . . \
the rat io of concentrat ions in solut ion on a logarithmic scale . Uppet
f igure:  e l l ipsometr ic  th ickness.  Midd le  f igure:  in tens i ty  o i  rhe C( ls )
(filled symbols) and Au(4f7tz) photoelectron peaks (open symbols) in
XPS. The areas of the gold peaks have been rescaled for clarity of
presentation. The squares and circles represent two separate series of
samples. The samples within each series were loaded into the spectrom-
eter simultaneously and run sequentially. Lower figure: advancing
contact angles of water (open circles), bicyclohexyl (squares), and hex-
adecane (filled circles). The lines have been added as aids to the eye and
have no theoretical signif icance.

were autophobic2r and oleophobic: d"(HD) = 47o for HS-
(CHJ2rCH3 and 0a(HD) = 46o for HS(CHz)rrCH:. The contact
angles on the mixed monolayers were lower than on the pure
monolayers and reached a minimum between R = l0 and R =
30. There was a strong preference for adsorption of the longer
thiol. The minimum in the contact angle of hexadecane occurred
at an ellipsometric thickness intermediate between the thicknesses
of the two pure monolayers. The form of the plot of contact angles
against R is consistent with our hypothesis that the two components
in the monolayer do not phase-segregate into macroscopic islands
(Figure l) ;  i f  they did, each of the islands would be oleophobic,
and we would expect d.(HD) to be independent of the composition
of the monolayer. The contact angles in Figure 2 were measured
after the gold slides had been immersed in the adsorption solutions
for 6 days. The contact angles were unchanged after the sl ides
had been reimmersed in the adsorption solutions for an additional
3 weeks.

HS(CH2)2rCH3 + HS(CH2)r1CH3 Adsorbed from Isooctane.
We would expect a smaller difference between the chemical po-
tentials of a long- and a short-chained thiol in a hydrocarbon

(21) A slide is autophobic if it emerges dry upon slow removal from the
adsorption solution.
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Figure.l .  Ratro o1'( ( ls) to Au(4fi  n\ Wak areas in XPS for monolayers
ed: t r rbcd 1rnt1r  gr ) ld  I ' rom so lu t i t - rns  o f  HS(Ct l2)2rCHl  and HS(CH2)11-
CH, rn r i( \)cl irnc Thc nght-hand axis shows the equivalent chain length,
f r .  \ r i  r t  purc  : r t ( rn( ) l t rc r  , r f  [ ]S(CF{ : ) - lCH' .  adsorbed f rom ethanol ,  that
r rc lds  thc  \ . rnrc  r l l r r )  r r i  (  \u  Thc scat ter  in  the data g ives an rnd icat ion
of  the random err ( ) r \  Thc d, r t tc -d  I rne represents  the ra t io  o f  C/Au peak
a reas  expec ted  t heo rc t r ca l l r  r i  IC : : ] , u , i IC , : ] , o r i  IC r : ] , u , r [Cz : l * r  =  2 .3 .

solvent than in alcohol. Consequently, i f  the preference for ad-
sorption of the thiol with the longer chain is thermodynamic, then
by changing the solvent from ethanol to isooctane, the preference
for the longer chain should decrease. Mixtures of HS(CHz)zrCHr
and HS(CHz)rrCH: were adsorbed onto gold from isooctane. The
chosen values of R were concentrated around the minimum in d
(a preliminary experiment was performed to locate the approx-
imate position of this minimum). Figure 3 shows the ellipsometric
thicknesses of the monolayers, the intensit ies of the C(1s) and
Au(4f r ' : )  photoe lect ron peaks in  XPS,  the advanc ing contact
angles o f  w 'a ter  and heradecane (measured af ter  immers ion of
thc  go ld  s l idcs in  thc  adsorpt ion so lu t ions for  I  day ' ) ,  and the
adrancrng eontact .rnglc o1'bicrclohcrrI (measured after immersion
f i r r  Io  d . r r : t  \ \  c  \ ) ! \encd n, r  s tgnr t lcant  change rn  the advanc ing
Ctrfl lJe'. .i n gic. tr' \\ .r'.rlr- .i nd heredc-ci-i nc bct\\ een I -day and I Gday
ro1f l lc -F: l r ' r r1  Thc. ld : t r rp l l r r l l  l : r t thc- fnr  is  c r tns is tent  vv i th  thermo-
drnanrrc Cootrr. ' t i  1)\1'1'  l j51)r-t t l t)11 Thc nidrt. lnt in the el l ipometric
t h r ckness  and  rn  rhe  \  PS  :n t cns t t l c \  - - 1n  spp ro \ lma te  gauge  o f
t he  m idpo ln t  l n  t hc  cumpo \ r t r on  r r l -  t hc  mono la re r -and  t he
m in imum in  t he  con tac t  ang le  o i  hc radecane  moved  to  l owe r
va lues of  R,  compared to  the adsorpt ron:  per iornrcd rn  e thanol .
We a lso note the unexpected obsen 'a t ron that  the minrma in  the
advancing contact angles of water and hexadecane occurred at
dif ferent values of R and that the minimum in the contact angle
of hexadecane appeared to be deeper than in the corresponding
experiment performed in ethanol (Figures 2. 3. and 6).:2 Over
a narrow range of concentrations near R = 5. the monolalers were
wetted by hexadecane but not by hydrocarbons rlith higher surface
tensions, such as bicyclohexyl (fp = 32.4 mNTm compared to
27.2 mN/m for  hexadecane23) .  Th is  observat ion is  cons is tent
with our picture of a l iquidl ike hydrocarbon surface near the
minimum in the contact angle.

We determined the composit ion of the mixed monolayers by
comparing the rat io of the intensit ies of the C( 1s) and Au(4f772)
photoelectrons, obtained by XPS, with the ratios from monolayers
of pure HS(CH2)-1CH3 (adsorbed from ethanol). Figure 4 shows
the C/Au rat ios calculated from the data in Figure 3, together
with the equivalent chain lengths, n, of pure monolayers of al-
kanethiols. We assumed that Xc', ,  the mole fract ion of dode-
canethiol in the monolayer, was linearly related to the equivalent
chain length. We used the data from XPS rather than from
ellipsometry to calculate the compositions because the data from
XPS contained less scatter and yielded more precise composi-
tions.2a Figure 5 plots the advancing contact angles of water and

(22) From isooctane, wettable monolayers were formed over a range of R.
from ethanol the minimum values of d"(HD) were 25o and l8o in two repe-
tit ions of the experiment.

(23) Jasper,  J.  J .  / .  Phys.  Chem. Ref.  Data 1912, 1,841-1009
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Figure 5. Advancing contact angles of water (open circles) and hexa-
decane (filled circles) plotted against the mole fraction of HS(CH2)r,CHr
in a monolayer adsorbed from mixtures of HS(CH2)z,CHr and HS-
(CHz)r1CH3 in isooctane. The mole fract ion of HS(CH2),,CH, in the
monolayer was calculated from the XPS data shown in Figure 4. The
errors in the contact angles are within the symbols.

hexadecane against xc', for mixed monolayers of HS(CHz)r rCH:
and HS(CHz)zrCH: adsorbed from isooctane. The contact angle
of water had a broad. shallow minimum near xcr2 = 0.5, whereas
the contact angle of hexadecane reached a minimum around lcrz=  0 .8  ( t ha t  i s .  when  [CH3(CH2) , ,S ] , " . i / [CH j (CH2)z rS ] , u , r  =  4 ) .
The scat ter  in  the data g ives an ind icat ion o f  random errors .

Contact Angles of Dispersire Liquids on \Iixed \lonolarers of
HS(CH2) , ,CHr and HS(CH.)"CH,  . {dsorbed f rom Ethanol .
Theor ies  o f  *e t t ing.  such as Fo*kes '  app l icar ion o f  rhe geomer.c
mean approximation (see belorr ).  seek to predicr ho* rhe conracr
angles of liquids on dispersi"'e surfaces van u'ith rhe surlace rensron
of  the l iqu id . l2  To test  these theor ies ,  we measured the conract
angles of four dispersive liquids (decane, hexadecane, bicyclohexy,l,
and a-bromonaphtha lene)  on mixed monolayers  o f  HS(CH2)11-
CH3 and HS(CH2)2,CH,  adsorbed f rom ethanol  (F igure 6) .25
we chose decane as one of these liquids because its size matches
the difference in chain lengths between the two adsorbates.26
Bicyclohexyl and a-bromonaphthalene are l iquids with high
surface tensions that would be unable to penetrate into the cyl-
indrical holes left by a molecule of dodecanethiol (HS(CHz)r,CHr)
in a monolayer composed predominantly of docosanethiol (HS-
(CH2)2rCH3). These last two l iquids did not wet any of the mixed
methyl-terminated monolayers and hence gave informatlon on
interfacial free energies over the complete range of R.

Decreasing the difference in chain length bet*een the tuo thiors
resulted, as one would expect intuit i 'elr .  in a shal lower minimum
in 0 a t  a  lower  va lue of  R.  F igure 6  a lso sho*s rhe advancrng
contact angles on monolayers adsorbed from mixrures of HS-
(CH2)r5CH3 and HS(CH2)1CH3 in ethanol, a dif ference of four
carbons in the length of the chain.27 The minimum in 0 occurred
ngar R = 5, compared to R = 15-30 for monolayers of HS_
(CH2)2rCH3/HS(CH2)r rCHr,  in  which the d i f ference in  cha in
length was l0 carbons.

Hysteresis on Mixed Methyl/Methylene Surfaces. Disorder
in the outer part of the mixed monolayers would expose both
terminal methyl groups and polymethylene chains at the surface.
what effect would such microscopic heterogeneity have on the
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(24) After immcrsio-n for I day, the cllipsometric thicknesses yielded lower
molc fractions of HS(cHz)rrcHr in the monolayer than did the XpS data,
due in large part to the anomalously low thicknesses3 obtained for the pure
monolayer of HS(cH2)zrcHr. After l0-day immersion, the agreemeni be-
twcen the compositions calculated from XpS and ellipsometry was much
better.

.(25)-In-this expcriment, the minimum in thc contact angles occurred at
a slightly different value of R compared to the experiment Jho*n in Figure
2. This difference prob,ably arises from inaccuraciel in the preparation olthe
stock solution of HS(CHz)zrCHr,

(26) Nonane would actually fit better than decane in holes in the mixed
monolayer, but the surface tcnsion of nonane is inconveniently low.

. (27) The ellipsometric thickness varied smoothly with composition.5 The
minimum in d occurred at an ellipsometric thicknesi corresponding to 1 = Q.6
+ 0.2, the large estimate of the limits of error arising from the small diffe.ence
in thickness between the pure monolayers.

1  1 0  -
I H S ( C H z ) r  I  C H : l r o r
tXS1cnzr , lE  n  r l . " ,

Figure 6 .  Advanc ing contact  ang les o f  *arer  (O) .  o-bromonaphtha lene
(e ) ,  b icyc lohexy l  (O) ,  hexadecane (O) .  and decane (O)  on mixed
methyl-terminated monolayers adsorbed onto gold from ethanol. Upper
f igure: HS(CH2)2'CH3 and HS(CH2)1CH3. Lower f igure: HS-
(CH2)r5CH3 and HS(CH2)rCH3.

hysteresis in the contact angle? Figure 7 plots the hysteresis for
mixed monolayers  o f  HS(CH2) 'CH3 (n  = 15,  2 l )  and HS-
(CH:) rCH1 adsorbed f rom ethanol  and isooctane.  Data were
not included in these graphs if the receding contact angle was zero.
The hrsteresis in thc contact angles of most hydrocarbons on the
mired monolarers was essential ly independent of the composit ion
of the monolavers.r8 The behavior of bicyclohexyl (BCH) differed
sl ightly from the other hrdrocarbons. On the mixed monolayers
adsorbed from isooctane. the hysteresis in 0(BCH) was not cor-
related with the advancing contact angle but did show variat ions
beyond the l imits of experimental error. On the monolayer ad-
sorbed from 30:l  HS(CH2)rCHj/HS(CH2)2rCH3 in ethanol, the
receding edge of a drop of bicyclohexyl tended to be pinned, and
the resulting hysteresis was greater than on the other monolayers.

The advancing contact angle of water was very insensitive to
the composition of the monolayer, but the hysteresis in the contact
angle of water was greater on the mixed monolayers than on the
pure monolayers for all the methyl-terminated systems studied.

HS(CH2)1OH + HS(CH2),nOH Adsorbed from Ethanol. In
monolayers comprising mixtures of methyl-terminated thiols of
different chain lengths, disorder in the outer part of the monolayer
caused a decrease in the contact angle of hexadecane. pure
monolayers of HS(CH2)1OH or HS(CHz)rsOH show wett ing
or near wett ing behavior with water (0"(H2O) < l0o and (150,
respectively). In monolayers comprising mixtures of these two
thiols, disorder in the outer phase would expose nonpolar methylene
groups at the surface and cause an increase in the contact angle

(28) a-Bromonaphthalene appeared slowly to cause damage to the thinner
monolayers. As a result, the hysteresis in the contact angle increased gradually
from 0.16 on the monolayer of HS(CH,)r,CH, to 0.21 on the monolayer oi
HS(CH2)'CH3. The hysteresis was not correlated with the contact angle
itself: no increase in hysteresis was observed on the monolayers near the
minimum in the contact angle.
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Figure 7. Hysteresis in the contact angles on mixed methyl-terminated
monolayers on gold. Upper figure: HS(CHJ2'CH3 and HS(CH2)1CH3
adsorbed from ethanol. Middle figure: HS(CH2)r5CH3 and HS-
(CH2)1CH3 adsorbed from ethanol. Lower figure: HS(CH2)2'CH3 and
HS(CH2)1CH3 adsorbed from isooctane. A cos d = cosine of the min-
imum receding contact angle minus cosine of the advancing contact
angle. Lines have been added to these graphs purely as aids to the eye.
The apparent variation in the hysteresis in the contact angle of bicyclo-
hexyl in the middle figure may simply arise from random errors. Esti-
mated limits of error are shown in the lower figure.

of water. Figure 8 plots the el l ipsometric thickness and the ad-
vancing contact angle of water for mixed monola) 'ers of HS-
(CHz)r1OH and HS(CH2)reOH.? The contact  ang le  showed a
pronounced maximum, supporting our model of a disordered outer
phase in the monolayer and mil i tat ing against the formation of
macroscopic, single-component domains. Figure 9 plots the contact
angles of water against the composit ion of the monolayer, cal-
culated on the assumption that the ellipsometric thickness (Figure
8) was a linear function of the mole fraction of the shorter thiol
in the monolayer, xcrrru.f. The standard errors shown were es-
timated from the distribution of the differences between the
measured thicknesses of the monolayers on the two slides in each
solution. The maximum in d occurred 3t xc"rurf = 0.5-{.6. The
position of the maximum in d is reasonable: at lower R, a large
proportion of the surface comprises the hydroxyl termini of the
long chains, whereas at higher R there are too few hydrocarbon
chains to shield effectively the hydroxyl termini of the short chains
from the molecules in the water drop. At the time these mea-
surements were made, the monolayers had not fully reached
equilibrium. Over a period of several weeks, the position of the
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Figure 8.  Mixed monolayers of  HS(CH2)r 'OH and HS(CH2)1eOH ad-
sorbed onto gold from ethanol: ellipsometric thickness (upper figure) and
advancing contact angles of water (lower figure) as a function of the
concentrations in solution. The lower figure includes additional data, in
the region of the peak maximum, that are not shown in the upper figure.
The dot ted l ine in the upper f igure represents the th ickness expected
theore t i ca l l y  i f  IC re ] , " , r IC" ] * , / [C , r ] , u , i IC rs ] - r  =  -5 .  The  so l i d  l i ne  i n  the
lower  f i gu re  i s  i nc luded  as  an  a id  to  the  e \e .
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Figure 9. Advancing contact angles of water on mired monolayers of
FIS(CH2)r1OH and HS(CH2)reOH on go ld ,  p lo t ted against  the mole
fract ion of HS(CH2)ttOH in the monolayer. The composit ion of the
monolayer was calculated from the el l ipsometric thicknesses The
standard error bars were estimated from the dif ferences in el l ipsometric
thickness betwecn the monolayers on pairs of gold sl ides immersed in the
same so lu t ions.

maximum in the contact angle increased from R = 6 to R = I l .
HS(CH2)1OH + HS(CH2)21CH3 Adsorbed from Ethanol.

Although the previous experiments confirm that macroscopic
islands (20.1 pm, vide infra) do not form in the monolayers, the
degree to which small aggregates or clusters of molecules of one
species occur is unclear. One system in rvhich the contact angles
should be sensit ive to the distr ibution of the components on a
molecular length scale comprises mixed monolayers of a short
hydroxyl-terminated thiol and a longer methyl-terminated thiol.
I f  the two components are randomly mixed, then at low values
of R the hydrocarbon chains of the methyl-terminated component
wil l  screen the hydroxyl groups from the contacting l iquid.zr ' lo

(29) Troughton,  E.  B. ;  Bain,  C.  D. ;  Whi tesides,  G. M.;  Nuzzo,  R.  G.:
Al lara,  D.  L. ;  Porter ,  M. D.  Langmuir  1988, 4,  365-385.

(30) Bain,  C.  D. ;  Whi tesides,  G. M. J.  Am. Chem. Soc.  1988. 110,
5897-5898 .
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Figure 10. Competit ive adsorption of HS(CH2)r 'OH and HS(CH2)2r-
CH3 from solut ion in ethanol onto gold. Squares and circles represent
two separate experiments. Upper f igure: el l ipsometric thickness. The
dotted l ine represents the thickness expected theoretical lr ' .  using the
exper imenta l  th icknesses for  the pure monolarers .  i f  [C: : ] ,u , r [C, ' ] - ,
[C r r ] r u r r [Czz ] * r  =  l l .  M idd le  f i gu re :  a reas  o f  t he  O( l s )and  . { u ( , 1 f -  , )
peaks in the XPS spectra. Lower f igure: advancing contact anglei tr i
water and hexadecane. Each symbol represents t*o data pornts. \ \  i th
one exception, the variat ion in contact angle lay within the size of the
symbol on the graph: an error bar is shown to indicate the dif ference in
contact angles for the single exception.

If  even small  clusters of hydroxyl groups form, they wil l  be ac-
cessible to a polar l iquid.

Figure 10 plots the ellipsometric thickness, XPS intensities, and
advancing contact angles of water and hexadecane, measured after
overnight immersion, against the ratio of the two components in
solution. All the experimental quantities measured showed a
dramatic change over a narrow range in composition, R = 7-20.
As with the monolayers comprising two hydroxyl-terminated thiols,
these monolayers had not reached their limiting composition when
the measurements were made, Figure l1 shows contact angles
measured after reimmersion of the gold sl ides in the adsorption
solut ions for an addit ional 9 days. The advancing contact angles
of water (f i l led circles) suggest that the midpoint in the compo-
sition had moved from R = I I to R = 14 over the previous 9 day's.
The values of 0"(H2O) measured after overnight immersion are
shown by the sol id l ine. The sol id bars indicate the values of the
maximum advancing3l and the minimum receding contact angles

(31) This system is the only one in which we observed large differences
between the advancing and maximum advancing contact angles. For hydro-
carbons on mixed methyl-terminated monolayers, the difference was less than
2o. The maximum advancing contact angle of water on the mixed methyl-
terminated monolayers adsorbed from isooctane was - I 15", independent of
composition, Sample contact angles on the mixed hydroxyl-terminated
monolayers suggested that the difference between advancing and maximum
advancing contact angles in that system was (5o.

3  10  30
[ H S ( C H 2 ) 1 1 O H ] s o r
IHSICHrJ;CH;I;;

Figure I | .  Contact angles on mixed monolayers of HS(CH2)11OH and
HS(C' t l : ) : ,CH,  measured af ter  immers ion of  the go ld  s l ides in  the ad-
sorption:rr lut ions for l0 days. The f i l led circles represent the advancing
contact anglc. () l  $ater measured by forming a drop at the end of a
needle. l() \ \cr ing the drop to the surface, and removing the needle' The
solid l inc shtr*: thc rrr lues of the advancing contact angle of water on the
sanrc 5l ldc:.r l ' tcr thcr had only been immersed in the adsorption solut ions
( ) \c - rn ,sh i  r i r t rnr  F igure l0) .  The so l id  bars  ind icate  the va lues of  the
nr . r \ rnunr  . rd ' 'anc ing and min imum receding contact  ang les o f  water ,
r tc r \urcd : r  rhc  tcchnique of  Det t re  and Johnson.s l  The open c i rc les
: . f  rc \cnr  lhe . id r  anc ing contact  ang les o f  g l rcero l .  a lso measured af ter
( r  C. r r .  ( i l rccr r r l  \ \a \  used 1, , ,  probc thc access ib i l i ty  o f  the hydroxy l

gr(ruft  l ,r .rn H-hxrndrng l iuurd that is more sterical ly hindered than water.
Thc cir ' ,rp: ,r l 'glrg'crrr l  r ' ,crc icl ' t  ior sevcral minutes on the surface before
lhc j t rn l .1 . :  . ins icr  \ \c :c  nrc . i \L l rcd to  ensure that  the l imi t ing contact
anglc .  h . rd  bccn i -c r tshcd

of $'ater. \ \ 'e t tbserved large h) 'steresis in the contact angles on
the mixed monola)'ers. Figure I I also shows the advancing contact
angles of glycerol on the monolayers formed after l0-day im-
mersion. Glycerol is a highly polar molecule but is bulkier and
more sterically hindered than water and hence less able to reach
and form hydrogen bonds to hydroxyl groups buried within a
monolayer composed largely of docosane thiol moiet ies.

Discussion

Prelt,renttui odsorplion r-tf longer chains supports thermody-
nuntrL tonlr0l r tr  rr Iht '  ot l .srtrpt ion process. ThermodVnamiCally,
co hesir c i  n t  cruet lr)n: 'r ' -k-t  * een hr dru:arbon cha ins favor adsorption
o l '  the l t )npCr  chr ins  \s  the dr f ic ' rence in  cha in  length increased
(Frgure tr ) .  :o drd thc preierence for adsorption of the longer chain.
I t  is  d i f f icu l t  to  conceive o f  an adsorpt ion mechanism that  would
lead to  a  k inet i t 'p re ference for  the longer  cha in .  The react iv i ty
of the thiol group is the same for al l  the adsorbates. Diffusion
favors the shorter thiol:  the adsorbates in solut ion were mono-
meric,32 and the methyl-terminated thiols do not have strongly
bound solvation shells that could affect diffusion rates. Steric
constraints to adsorption should increase with increasing chain
length. Thus, we would expect the kinetics to favor adsorption
of the shorter chain, contrary to experiment.

Furthermore, the adsorption isotherms of mixtures of HS-
(CHz)r1CH3 and HS(CH2)21CH3 in ethanol and isooctane were
very different. There is no obvious kinetic rationale for such a
large inf luence of the solvent. Thermodynamical ly, the greater
preference for adsorption of the longer chain from ethanol is a
direct consequence of the poorer solvation of hydrocarbon chains
in ethanol compared to isooctane (vide infra).

Although the preference for the adsorption of the longer chain
is most easi ly reconci led with predominantly thermodynamic
control over the composition of the monolayer, there were indi-
cations of a kinetic component in the compositions of some of the
monolayers (Figure 1l).  The slow change in some systems with
t ime-involving incorporation of more of the long-chain
component-suggests that the composition *frozen in' after the

(32) Costas, M.: Patterson,D. J. Chem. Soc., Faraday Trans. / 1985,81,
635-654.
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Variation in the Alkyl Chain Length

presumptive initial equilibration was partially influenced kinetically
by the large excess of the shorter chain in solution. The mechanism
of this ini t ial ,  rapid equi l ibrat ion remains unclear. The slow
progress toward the equil ibr ium composit ion is consistent with
the rates of displacement of the components in fully formed
monolayers by thiols in solution.6 It is not clear whv t-he mono-
layers that contained hydroxyl groups showed timi-dependent
behavior whereas the methyl-terminated systems reachld their
l imit ing propert ies upon overnight immersion.

The relationship between the composition of the monolayer
and the composition of the solution can be rationalized in rcrms
of the relatiue solubilities of the two components and the excess
free energies of mixing in the solution and in the monolayer. rn
al l  the systems studied, adsorption of the longer chain was pre-
ferred over the shorter chain. The extent of the preference uaiied
with the difference in chain lengths, the solvent, and the tail group,s.

In the mixed Me/Me monolayers, the preference for adsorption
of the longer chain can be understood intuitively on thermody-
namic grounds if one recognizes that, to a first approximation,
the activity of a thiol in a monolayer is similar to thii in a crystal,
with a constant additional term to account for the interaction with
the gold. The component with the lower solubi l i ty, that is, the
longer chain, wi l l  have a higher act ivi tv in solut ion and hence wil l
be preferentially adsorbed into the monoral'er. A similar argumenr
holds for mixed monolay'ers of the two hvdroxr. l- terminatej rhiol,
whe re  t he  t a i l  g roups  a re  d i f f e ren t .  t he  na tu re  o i  r he :o l r en r
in f luences both the re la t ive so lub i l i t ies  and the re la t i re  acr r \ r r res
of the two components in the monolaver: preferential adsorptron
var ies  wi th  the cho ice o f  so lvent .5

The relat ionship between the concentrat ions of the two com-
ponents in the monolayer and in solution was nonideal. we define
a quantity K* by eq 2 where [long] and [short] are the concen_

J .  A m .  C h e m .  S o c . ,  V o l .  t  l t ,  . \ o  t \  t e l g  7 l 7 l

This balance of forces is most evident in the mixed monolavers
der ived f rom HS(CH2)1OH and HS(CHz)z,CH: . r . rhrch showed
an abrupt transition between the two essentially pure monolarers.
The energy required to isolate hydroxyl groups in the nonpolar
environment provided by the alkyl chains of the longer, meth-
yl-terminated thiol would be comparable to the strength of a
hydrogen bond--5 kcal/mol of hydroxyl groups. I f  the hy-
droxyl-terminated thiols were to form small, internalry H-bonded
clusters (analogous to those in alkane solvents32) to reduce the
unfavorable enthalpy of mixing, the entropy of mixing would also
be reduced. In either case, the transit ion from a pure monoraver
of  HS(CHz)z,CHr to  a  monolayer  composed large l i ,  o f  HS(C-
H2) .OH would be much sharper  than pred ic ted for  an idea l
two-dimensional solution. For comparison, in solutions of alcohols
in alkane solvents, both the enthalpy and the excess free energy
of mixing are large and posit ive.3a

comparison of excess free energies of mixing also sheds light
on the differences between mixed monolayers of HS(CHz)rrCHr
and HS(CH2)2rCH3 adsorbed from ethanol and isooctane. The
enthalpy of mixing of l iquid, l inear alkanes and isooctane is
positive. but the exc€ss free energy of mixing is smail and probablr
negat ive. rs  on thc-  . ther  hand.  thc  erccss f re  c  cnc- rgr  o f  nr r r rng
o f  a l c o h o l s  a n c l  , l l k r r n c :  r .  l . r r g c  . r n d  p , r ' i t r r c .  d u c -  t o  d r s r u p r r o n
r l f  h rd r t rUcn  h , rnC .  f - r c i , . r cc r  r l c , r h , r l ' .  . r nd  , r : i en t l t t r r n  t r i  mOICCUIeS
'  \  l ' .  i L l  I .  i :  : ' :  -  -  - .  : 1 . : . 1 .  ' '  1  , , : . c g u c r : l ' , .  f  h c  J i i f e r e n c e
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LL-t. inc. :L\u; l l :u tn . :  !rCl l tcl  preicrcnec : ' , ' ' r  ;dvtrpt ion of the longer
cha rn  i r om c than t r r  t h . i n  l r om l \ oo ! ' t l nc .  The  g rea te r  dep th  o f
t he  m in imum in  d " (  l {D t  obse r r . ed  i n  mono la re rs  adso rbed  f r om
isooctane than f rom ethanol  can a lso be ra t ionar ized on thermo-
dynamic grounds.  We be l ieve that  changes in  d" (HD) in  th is
system ref lect changes in the extent of disorder in the surface of
the monolayer. In isooctane, entropy would tend to drive the outer
part of the monolayer toward the most chaotic, l iquidl ike state.
In ethanol, the posit ive enthalpy of mixing and negative excess
entropy of mixing of the solvent and the alkyl chains would both
favor dense clusters of the alkyl chains.37

Mixed monolayers do not phase-separate into macroscopic
i.Elands. The pronounced minima in the contact angres of hexa-
decane on mixed methyl-terminated monolayers is strong evidence
against the formation of large, single-component domains. I f
islands more than a few tens of angstroms across were predominant
on the surface. the wett ing propert ies of the monorayer would be
determined br nrolecules within the islands and noi br. those at
the domain boundar ies.  S ince the methy l  groups in  e ich is land
would be expected to be ordered and well-packed. the mixed
monolayers would exhibit  the wett ing propert ies of the pure
monolayers. i .e..  the mixed monolayers would be oleophobic
(F igu re  l ) .

A s imi lar  argument  appl ies  to  the mixed monola lers  o f  HS-
(CHz) r1OH and  HS(CH2) rsOH.  The  max imr .  . on tu . t  ang le
of water was similar to that observed on a well-packed monolarler
composed of -60% hydroxyl- and 40vo methyl-terminated thiols
of  the same length.6 . l8  I f  we assume that  the mixed OH /OH
mo_nolayer with the highest contact angle (Xc, ' ,r ,r  = 0.6) exposes
60vohydroxyl groups and 40vo methylene chains at the tuiface,
then it is implausible that single-component clusters could be more
than -10-20 A across.

(34) Reference 33, pp 162-165.
(35) Lark in,  J.  A. ;  Fenby,  D V. :  Gi lman. T S :  Scot t .  R.  L.  , t .  p ivs.

Chem.1966 ,70 ,1959-1963 .  McGlashan .  M L . :  Morcom.  K .  W. :  W i l l i am-
son, A.  G. Trans.  Faraday'Soc 1961, J7.  60 l -6 10.

(36 )  B rown,  I . :  Fock ,  W :  Smi rh .  F  .4us t .  J .  Chem. lg i l ,  tZ , I106- l  I  l g .
(37) This c luster ing w.uid ha'e to ar ise f rom a di f ferent  d ist r ibut ion of

thc components in the monolarer. not merely from differences in the structure
of the outer phase of rhe monolayer: reconstruction of the fluid outer Dhase
upon removing the monolayer from solution is probably very rapid. The
differences observed between monolayers with thesame aue.age composition
suggesrs that lateral mobility in fully formed monolayers is low, If lateral
mobility were high, all the monolayen would reconstruct to the same structure
in the time it took to measure contact anqles.

(38) Bain,  C.  D. ;  Whi tesides,  G. M. J Am Chem. Soc.  l9t t .  110.
6560-656  l .

trations of the longer and the shorter of the two thiols in solution
or thiolates on the surface. In Figures 4,8, and 10, the dotted
line indicates the XPS intensities or ellipsometric thicknesses that
would be expected if K.q were a constant given by the value of
R for which [ong],u.1 ='[short]ru.s. The solut ions used in these
experiments were sufficiently dilute that we may assume that the
activity coefficients in solution were constant. k* would thus be
independent of concentration if the components in the monolayer
also behaved ideally. In each case, the change in the composition

9^f $e monolayer with R was much sharper than would be expected
if the monolayer were to act as an idear two-dimensional solution.
By analogy with nonideal solut ions in three dimensions,33 these
adsorption isotherms could arise from a positive excess free energy
of mixing of the two components in the monolayer. A posit ivl
free energy of mixing would disfavor monolayers cont; ining a
mixture of the two components with respect to monolayers com-
posed largely of one component.

The composit ion of the monolayer and the distr ibution of the
two components within the monolayer are determined by an in-
terplay of enthalpic terms, which favor self-associat ion of the
components within a mixed monolayer, and entropic terms, which
drive the formation of mixed monolayers containing two dispersed
components. Disruption of the cohesive interactions between
pseudocrystalline hydrocarbon chains in a pure monolayer or the
breaking ofhydrogen bonds between hydroxyl groups wtuld both
contribute to a positive enthalpy of mixing. ThJentropy of mixing
can be broken down into three principal .o.npon.nii, an ideal
combinatorial term of the form f 1, ln 11, a positive excess term
arising from the additional conformations available to the polv-
methylene chains in a disordered, l iquidl ike phase compared io
the crystalline environment experienied in thl pu.. .nonolayers.
and a negative excess term arising from self-association oi the
components in the monolayer.

[(^ = Iong],u,1[short],o1
eq 

flong]ro1[short],u,1
(2)

(33) Rowlinson, J. s. Liquids and Liquid Mixtures; Butterworth: London,
1969: Chapters 4 and 5.
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The next question is to what extent is the distr ibution of the
components in the monolayer nonstatistical? Both combinatorial
and conformational entropy favor dispersion of the two compo-
nents, but cohesive interactions between hydrocarbon chainJ or
hydrogen bonds between hydroxyl groups favor self-association.
A balance between these two opposing forces will, in general, result
in a nonrandom distr ibution of the components within the mon-
olayer. For mixed monolayers of HS(CH2)rCH3 and HS-
(CH2)2lCH3, we might expect the most oleophil ic monolayer to
be the maximally mixed monolayer; that is, the minimum in
d(HD) would occur dt y.ctt = 0.5. For monolayers adsorbed from
isooctane, the minimum occurred around ,Cn = 0.8, suggesting
that there may be some clustering in the outer part of the mon-
olayer at lower concentrat ions. The apparent dif ference in the
depth of the minima in 0(HD) on the monolayers adsorbed from
ethanol and isooctane may also have arisen from variations in the
distr ibution of the components of the monolayer on a molecular
length scale. on the other hand, the anomalous behavior of the
contact angles of decane on mixed monolayers of HS(CHz)zrCHr
and HS(CHr) r rCH: ar low ,cru (vide infra) requires ttrat ine US-
(CHz),1CH3 moieties be isolated in the monolayer: i f  they were
clustered, select i 'e interactions with decane would not occur.

The contact angles on mixed monolayers of HS(CH2),,OH and
HS(CH2)2rCHr suBgest  that  the hydroxv l - terminated th io l  may '
aggregate in to  smal l  c lus ters  r+ 'hen i t  is  the minor  component  in
the monolay 'er .  o f  a l l  the monolarers  presented in  th is  s tudr .  the
m ixed  mono laye rs  o f  HS tCH l )1 ,OH and  HS(CH: ) : iCH ,  shoued
the most  dramat ic  var ia t ions in  composi t ion and inr r , - i t  ang ies
wi th  the composi t ion o f  the so lu t ion.  o 'er  the narro \ \  range o i
R = 7-20, the composition of the monolayer changed from almost
exc lus ive ly  HS(CH2)2,CH,  to  large ly  HS(CH2)1,OH * , i th  on l r
a f9w pendant chains of HS(CHz)zrCH: extending above the
surface. The energy required to disperse hydroxyl groups in a
nonpolar environment is very high: in mixtures of alcohols and
alkanes in solution, the alcohols are aggregated, largely as tet-
ramers, even at very low mole fract ions (1oH = 0.01).12 By
analogy, in monolayers in which the hydroxyl-terminated thiol
is the minor component, the alcohol groups are probably arranged
in small ,  internal ly H-bonded clusters. A detai led analysist of
contact angles supports this model: at low 1oH, the hydroxyl
group's were still accessible to water and glycerol but did not appear
to inf luence the contact angle with hexadecane. B,u- compaiison,
the carboxyl ic acid groups in a monolayer of rhe unsrmmetrical
sy f f i {e ,  CH3(CH2)2rS(CH2)r6CO2H, on go ld  are complete l r
shielded from a water drop by a sea of hydrocarbon chaini. :e In
monolayers composed largely of the hydroxyl-terminated thiol,
the absence of cohesive interactions between hydrocarbon chains,
which favor adsorption of the longer chain at lower R, resulted
in l i t t le incorporation of HS(CHz)zrCHi into the monolayer.3e

A full understanding of the contact angles on mixed meth-
yllmethylene surfaces probably requires consideration of the
microscopic roughness of the surface and the entropy of mixing
at the monolayerliquid interface, in addition to dispersiue in-
teractions between the phases.

( l)  Geometric Mean Approximation. Our model of mixed
monolayers of methyl-terminated thiols with different chain lengths
is an oriented, densely packed inner phase surmounted by a
disordered, l iquidl ike outer phase. The interaction of the mon-
o layer  wi th  a  supernatant  l iqu id  is  pure ly  d ispers ive through
interactions with the methyl group,s and polymethylene chains-the
underlying gold substrate is prevented from interacting *, i th the
l iquid by the thickness of the dense inner phase. Fowkes has
proposed a theoretical modell2 for evaluating contact angles at
interfaces in which the interaction between the two phases is
dominated by dispersion forces. His approach assumes that the
l iquid and sol id interact enthalpical ly purely through van der
waals interactions. Fowkes used the geometric mean approxi-

(39) At sufficiently low concentrations of one component in the monolayer,
rhe combinatorial entropy of mixing (which scales as x ln x) dominites
enthalpic terms (which scale as 1). The contact angles of wateisuggest that
even at R = 200 some small amount of HS(cH2)21cH3 was incorpoiated into
the monolayer.

Boin and Whitesides
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Figure 12. Interfacial tensions of mixed monolayers of HS(CH2)z,CHr
and HS(CHz),,CHr adsorbed from isooctane, calculated by using the
geometric mean approximation. Filled symbols: interfacial tension be-
tween the surface and hexadecane. open symbols: surface tension of
monolayer calculated from the contact angles of bicyclohexyl (R = 4,6)
and hexadecane (other data points).

mation to express the sol id-l iquid free energy in terms of the
liquid-vapor and solid-vapor free energies: for a purely dispersive
sVStem.

^r , t  =  l ,u  *  ] r ,  -  2(1r r :y r ) t l '  (3)

l i  ^ ; , ,  r :  knorrn .  thcn c t rs  i /  ean bc-  pred ic ted f rom Young 's  equa-
t i t tnr "

" l *  COS H  =  ^ r s ,  -  J r f  ( 4 )

If ^yr" is unknown, the geometric mean approximation predicts that,
for a range of l iquids, cos d should scale as ?r"-r12. This theory
only incorporates effects due to interfacial entropy that adhere
at least approximately to the geometric mean combining rule.ar
The entropy of mixing at the monolayer-liquid interface cannot
be predicted by such a theory since there is no contribution to 7,"
or 7F from the entropy of mixing. The contact angles of a series
of structurally similar liquids with different surface tensions (e.g.,
n-alkanes or n-alcohols) on pure methyl surfaces fol low the pre-
d ic t ions o i  rhc  geornet r ic  mean approx imat ion.3 The advanc ing
contact  ans les on mixed monolayers  o f  HS(CH2)1CH3/HS-
( c H . ) : i c H r  3 n d  H S ( C H 2 ) i l C H 3 / H S ( C H 2 ) r s C H 3  w e r e  a l s o
self-consistent * i thin thc theory, with the exception of the contact
angles of u'arer in both s\stems and the contact angles of decane
on the Crr lC l ,  monolarers  (F igure 6) .  We used the geometr ic
mean approximation and the advancing contact angles of hexa-
decane (or bicyclohexl I  for the monolayers that were wet by
hexadecane) to calculate 7ru and ̂ yHDr, on mixed monolayers of
HS(CH2)21CH3 and HS(CH2) , rCHr adsorbed f rom isooctane
(Figure l2). One of the corol lar ies of the geometric mean ap-
proximation is that, for the systems studied here, changes in the
contact angle are dominated by changes in ?r", not 7r1. Hexa-
decane, bicyclohexyl, and a-bromonaphthalene have different
molecular shapes and might be expected to interact differentry
with the surface of the monolayer. within the geometric mean
approximation, 7,1 is small  and always posit ive. Since specif ic
interactions can only perturb .yr1, such effects should not have a
major inf luence on the measured contact angle.

(2) Extensions to the Theory of Fowkes. The theory of Fowkes
makes two implicit assumptions that are almost certainly untrue
for the systems studied here. The first is that the surfacls of the
monolayers are planar and hence that changes in the surface
tension of the sol id derive from changes in the polarizabi l i ty of

(40) Young, T.  Phi los.  Trans.  R.  Soc.  ( tondon) 1t05.  95.  65-g: . .
(41) Cooa, R.  J.  " / .  Ph1,s.  Chem. lg9i ,6t ,8 lO-813. Fowkes,  F.  M. In

surfaces ond Interfaces, I--Chemical ond physicar Characteristics; Burke,
J. J., Reed, N. L., Weiss, V.. Eds.; Syracuse University press: Syracuse, Ny,
t967 .
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Variation in the Alkyl Chain Length

the surface. The second is that the interfacial entropy scales with
the enthalpy and hence that there is no entropy of mixing at the
solid-liquid interface.

One alternative perspective oD 7sv, which may be more useful
in understanding the systems in this paper, is to regard the in-
terfacial tension as fixed (since methyl and methylene groups have
comparable volume polarizabi l i t iesa2) and al low the area of the
exposed molecular surface to vary by incorporating a roughness
factor, r, In disordered, liquidlike monolayers, we would expect
the area of the exposed van der Waals surface to be greater than
in an ordered, densely packed methyl surface and the value of
r to be correspondingly higher. The higher the value of r, the lower
the contact angle.a3 If  we then apply the geometric mean ap-
proximation to the true interfacial tension, we obtain the same
^lt-t12 functional dependence of cos d.

This alternative approach still does not account specifically for
interfacial entropy. There are two contr ibutions to the entrop)
of the solid-liquid interface that might be expected to influence
the contact angles. For hexadecane on pure methyl-terminated
monolayers, the interfacial entropy is probably small. On a mixed
monolayer, the hexadecane dissolves in the l iquidl ike outer parr
o f  the monolayer ,  g iv ing r ise to  a  combinator ia l  cont r ibut ion to
the entropy. An increase in the number of conformations ener-
getical ly accessible to the chains on the surface increases the
conformational entropy of the interface. These entropic contr i-
butions could be of comparable size to the observed changes in
surface free energies: for example, Nak ln 2 (the molar entropy
of mixing of equal quanti t ies of two ideal l iquids) converts to a
surface free energy of l4 mN/m at room temperature. I f  the
entropy of mixing is important, then, contrary to the model of
Fowkes, changes in 7r1 play a major role in determining changes
in the contact angle.aa A corol lary of including entropy terms
in 7r1 is that 7,1 would become negative on many of the mixed
monolayers.45

(3) Shape-Selective Interaction between the Monolaver and the
Solvent. The shape of the decane molecule approximately matches
the vacanc ies created in  a  monola; - 'e r  o f  HS(CH:) : rCH,  br  the
incorporat ion o f  HS(CH2) , ,CH: .  I f  molecu les o f  decane *  ere
to  f i l l  in  these ho les,  the resu l t ing sur face uould  appror imate a
pu re  me thy l  su r f ace .  On  m i red  mono la le r s  o f  HS(CH, ) , ,CH ,
and  HS(CH2) l5CH3  (F igu re  6 ) .  t he  con tac t  ang les  o f  decane
fol lowed the pattern expected on the basis of the contact angles
of hexadecane and the respective surface tensions. On mixed
monolayers of HS(CHz)rrCHr and HS(CHz)zrCH:, however, the
contact angles of decane deviated markedly from the predict ion
of the geometric mean approximation. As R increased and d"(HD)
decreased, the contact angle of decane init ial ly did not change
(Figure 6). This behavior is shown graphically in Figure 13, which
plots lcos d(decane(R)) - cos d(decane(R = 0)) l  against the
corresponding change in the contact angles of hexadecane. The

(a2) The molecular polarizability of a linear alkane with n carbons is given
approximately by l02aa = 4.6 + 1.8(n- 2) cm3. After compensation for the
different molar volumes, the polarizability of a methyl and a methl' lene group
are comparable (Hi l l ,  N.  E. ;  Vaughan, W. E. ;  Pr ice,  A.  H. :  Davies,  M.
Dielectric Properties and Molecular Behauior; Van Nostrand Reinhold:
London, 1969; p 192),

(43) Wenzel ,  R.  N.  Ind.  Eng. Chem.1936, 28,988-994.
(44) A positive term due to lLHm'r also contributes to the interfacial ten-

sion. For hydrocarbons on hydrocarbon surfaces, AfI*' is likely to be much
smaller than AS'' '.

(45) One way of testing the hypothesis that part of rhe changes observed
in the contact angles on mixed methyl/methylene surfaces is due to the
entropy of mixing is to measure the contact angles with a dispersive liquid that
is immiscible with hydrocarbons. The closest we could approach this exper-
iment was to measure contact angles with perfluorodecalin. The free energ!
of mixing of fluorocarbons and hydrocarbons is much lower (i.e., less negative)
than of two hydrocarbons. For example, the consolute temperature of hep-
tane/fluoroheptane mixtures is 50 oC (Scott, R. L. "/. Phys. Chem. 1958. 6:.
136-145). The results of this experiment were inconclusive. We note rhar
the geometric mean approximation predicts that perfluorodecalin (7,, = 18.3
mN/m) -should wet even a pure methyl-terminated monolayer (-yr, = 19.3
mN/m).r The advancing contact angle of perfluorodecalin on a monolayer
ofdocosanethiol on gold was 390, and the receding contact angle was 34o.
The failure of the geometric mean approximation for fluorocarbon-hydro-
carbon mixtures is  wel l -known (Scot t ,  R.  L.  op.  c i t . ) .
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Figure 13. Changes in the advancing contact angles of decane and
heradecane on mixed monolayers of methyl-terminated alkanethiols.
I  cos fr = (cos l ,  at composit ion R) - (cos d at R = 0). Fi l led circles
represent data for monolayers adsorbed from mixed solut ions of HS-
rC' t l , t11( - l l ,  and HS(CHr)2rCH3 in  e thanol  and isooctane,  in  which the
c()nri lcr angles irere decreasing with increasing rat io of HS(CH2)l lCH3
to HS1CH2)'rCl lr  in solut ion. Open circles represent monolayers from
the same systems in which the contact angle was increasing with in-
creas ing ra t io  o f  HS(CH2)r 'CH,  to  HS(CH2)2rCH3 in  so lu t ion.  There
are very few data in this range because the contact angle of decane was
zero on most of these monolayers. The open squares represent mono-
layers adsorbed from mixed solutions of HS(CH2)tsCHl and HS-
(CH2)rCH3 in ethanol. There was no experimental difference between
the two concentration regimes for this system.

f i l led circles represent data obtained when R was less than the
value that yielded the minimum in the contact angle of hexadecane
and were derived from several experiments. Data with R greater
than th is  min imum poin t  are  shou n b i  open c i rc les .  For  most
data in this regime . the contact angle of decane was zero. and these
points arc not inciudcd in thc f rgurc: the tr.ro remaining data points
i a l l  on  t he  r . u r c  l i nc  a :  t hc  da ta  f r om the  m ixed  mono laye rs  o f
H S t (  I l - t  (  H ,  . r n d  F I S ( C H r ) r 5 C H 3  ( o p e n  s q u a r e s )  a n d  a r e
broadlr in rrcc,rrd *rth thc- geometric mean approximation for 7r1.
Thc dr t . r  reprcscntcd br  so l id  c i rc les  can be descr ibed by two
in tcrsect ing s t rarght  l ines.  At  low R,  d^(decane)  d id  not  change
n i th decreasing du(HD). Once about 20% of the monolayer was
composed of HS(CHz)trCH: moiet ies,0"(decane) started to de-
crease: at higher R, the data followed a straight line parallel to
the open symbols. The anomalous behavior of the contact angle
of decane on monolayers of HS(CH2)21CH3 admixed with some
HS(CH2)r 1CH3 suggests that decane was able to intercalate into
voids in the monolayer. The resulting monolayers would be densely
packed and would present a surface comprised essentially of methyl
groups.

(4) Reasons Why the Contact Angles of Decane and Water
Might Deviate from the Theory of Fowkes. If the molecules of
decane only intercalate into the monolayer at the monolayer-liquid
interface, then, within the geometric mean approximation. the
effect on the contact angle of incorporating decane into the mixed
monolayer should be minimal, since ?sr = 0 for decane on both
a pure methy l  and a d isordered methy l /methy lene sur face.  In
order to explain the observed plateau in d(HD) at lou R. the
decane would also have to penetrate into voids at the monolay'-
er-vapor interface. The contact angles of decane uere measured
under  dry  spreading condi t ions,  so i t  is  un l ike l r  that  the decane
was incorporated into the monolaver before the drop was placed
on the sur face.a6 There are t \4o p laus ib le  exp lanat ions.  F i rs t ,
molecules of decane in a thin prccursor f i lmra advancing in front
of  the drop could  pene t ra te  in to  ho les in  the monolayer ,  w i th  the
energv o i  th is  process be ing d ispersed in  the advanc ing f i lm.
Second.  the ent ropr  o f  mix ing may p lay an impor tant  ro le  in
lowering i . ,  in thc nrired monolayers. I f  molecules of decane plug
the holes in thc monolayers of HS(CHr)z,CH, and are integrated
in to  the monolayer ,  then there is  no ent ropy of  mix ing between

(46) The contact angle of hexadecane on the monolarer adsorbed from
isooctane with R = 1.5 was unaffected br the presence of a partial pressure
of  decane vapor.
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the densely packed mixed monolayer incorporating decane and
the supernatant decane and hence no change in the equilibrium
contact angle. The question of how the energy of reaction (for
the insertion of molecules of decane into the monolayer) would
be dissipated remains unclear.aT

The advancing contact angle of water was remarkably insen-
sitive to variations in the structure of the surfaces of the mixed
monolayers of methyl-terminated thiols. Fowkes' theory, based
on the assumption that the liquid and solid interact enthalpically
through dispersive forces alone, predicts a maximum rangi of 96
in the contact angle of wateras on the monolayers adsorbed from
HS(CH2)1CH3/HS(CH2)2rCH3 in  isooctane.  compared to  the
3-4o range observed in the advancing contact angle. There are
several ways of explaining this discrepancy. First, it might be an
experimental artifact. The hysteresis in the contact angle of water
was higher on the mixed surfaces than on the pure monolayers.
Consequently, the true, equi l ibr ium contact angle might fol low
the predicted behavior even though the ad','ancing contact angle
did not. Second, i t  might ref lect microscopic roughness. Let us
assume the measured contact angles are close to the thermody-
namic values. Then an increase in -), ,  ui th increasing R must
be matched by a corresponding increase in ?rr. Such an increase
could result from a greater area of (unfavorable) contact between
the monolayer and water on mixed monolarers than on the pure
monolayers .  Th i rd ,  i t  might  ar ise f rom the ent rop i  o f  mix ing.
Alkanes and water  are immisc ib le .  I f  the enrrop\  o f  mix ing is
an important contr ibutor to the decrease in the contact angles of
hydrocarbons on the mixed monolayers .  then a smal ler  change
in d should be observed with water since there is l i t t le entropr of
mixing at the monolayer-water interface. The different positions
of the minima in the contact angles on mixed monolayers of
HS(CH2)r1CH3 and HS(CH2)21CH3 (near  

"crz  
=  0 .5  for  water ,

Xc'z 
- 0.8 for hexadecane) demonstrate that the molecular in-

teractions at the monolayer f water interface and the mono-
layer/hydrocarbon interface are different.

The hysteresis on mixed monolayers of methyl-terminated
thiols is not consistent with models based on macroscopic hete-
rogeneity. We observed some hysteresis in all the contact angles
on the mixed methyl/methylene surfaces (Figure 7). For surfaces
on which the receding angle was nonzero, the hysteresis with
nonpolar liquids was, with a few exceptions, essentially constant.
independent of the degree of disorder in the outer part of the
monolayer f i lm. The absolute size of the h;-steresis of the dis-
persive l iquids, expressed as cosines, increased with increasrng
surface tension. In contrast to the dispersive liquids. the advancrng
contact angle of water was relat ively insensit ive to the structure
of the surface, but the hysteresis in the contact angle of water
was greater on the mixed surfaces than on the pure methyl sur-
faces. Recalling the results from the companion paper,6 we can
summarize our observations on hysteresis as follows:

(i) On well-packed surfaces composed of polar and nonpolar
components, the advancing contact angle of water is sensitive to
the composition of the surface, but the hysteresis in the contact
angle is constant.

(ii) On disordered surfaces comprised of methyl and methylene
groups, the advancing contact angle of water is insensitive to the
structure of the surface, but the hysteresis is greater on the dis-
ordered surfaces.

(iii) On disordered surfaces comprised of methyl and methylene
groups, the advancing contact angles of dispersive liquids are verv
sensit ive to the structure of the surface, but the hysteresis is
approximately invariant.

Current theories of wetting explain hysteresis by roughness or
heterogeneity on a macroscopic scale (:0.1 pm).rr The mixed
monolayers studied here are homogeneous on that length scale.

(47) It is not clear how best to incorporate the energy of reaction into the
theory of reactivc spreading. Experiments on the ionization of carboxylic acids
at interfaces suggcst that the energy of reaction may influence the contact
angle in some systems but not in others: Holmes-Farley, S. R.; Bain, C. D.;
Whitesides, G.M. Langmrrir 1988, 4,921-937. Reference 5.

(48) This value was calculated from the values of 7," in Figure 12, with
r(Huo) = 72 mN/m and 7d(Hro) = 2t  mN/m.

Bain and Whitesides

It will be necessary to develop a microscopic theory to explain
hysteresis in these systems.

Contact angles are more sensitiue than optical ellipsometry
or X-ray photoelectron spectroscopy to certatn small structural
changes in monolayers. In monolayers in which the two com-
ponents have the same chain length but different tail groups,
contact angles are sensitive to the composition so long as the
wettability of the two tail groups is different but are in general
a nonlinear function of the composition of the monolayer and
cannot be used for quantitation. XPS provides a quantitative
measure of the composition provided that at least one component
produces a unique, resolvable photoelectron peak. The sensitivity
of XPS is comparable to that of contact angles when the com-
ponent carrying the XPS tag is at low concentration. At higher
concentrations, the errors in the acquisition and processing of the
XPS data reduce the accuracy of the compositions and hence the
ability to discriminate between two monolayers that differ slightly
in composition.ae For most of the systems studied in the preceding
paper, the sensitivity of the contact angle to changes in composition
also decreased at high 1n.

In monolayers containing two thiols with different chain lengths,
the errors in XPS (particularly in the C/Au ratio) are less than
in ellipsometry, allowing more precise calculations of compositions
by XPS. Approximations are made in the analysis of the XPS
data, however, which reduce the accuracy of the computed com-
positions. If one of the tail groups contains a heteroatom (or the
tai l  groups contain dif ferent heteroatoms), the intensity of the
photoelectrons from the heteroatom provides another estimate of
composi t ion.  In  these monolayers  wi th  mixed chain  lengths,
contact angles can detect subtle variat ions in the monolayer that
are bur icd deep in  the no ise in  c l l ipsometr ic  measurements  or
X-ra1 photoe lectron spectra. Two examples i l lustrate this point.
The contact angle of hexadecane on monolayers adsorbed from
a so lu t ion o f  HS(CHz)zrCH:  and HS(CH2)1CH3 in  isooctane
at R = 100 was 43o compared to 47o on the monolayer adsorbed
from pure HS(CH2)r,CHr. At the same value of R, mixed
monolayers of HS(CH2)2rCH3 and HS(CH2)rOH yielded a
contact angle of water of l4o compared to 70 on the pure hy-
droxyl-terminated monolayer. In neither case could we detect
any significant difference by XPS or ellipsometry between the
monolayers  a t  R = 100 and R = - .

The contact angle of hexadecane is probably the most sensitive
measure currentl \  avai lable of the quali ty of monolayers composed
o f  me th r  l - t e rm ina ted  h r  d roca rbon  cha rns .

Conclusions

( l )  Mixed monolarers  o f  th io ls  on go ld  conta in ing two com-
ponents of dif ferent chain length provide a convenient means of
introducing disorder into interfaces. The degree of disorder may
be controlled by varying the relative concentration of the two thiols
in solution. The monolayer-liquid or monolayer-vapor interface
is insulated from the influence of the underlying gold substrate
by a layer of densely packed, ordered polymethylene chains. The
structure of the interface can be varied further by changing the
nature of the tail groups or by introducing functional groups into
the hydrocarbon chains that form the backbone of the monolayer.

(2) The composition of monolayers adsorbed from solutions
containing mixtures of thiols appears to be determined principally
by thermodynamics, although the mechanism by which the com-
ponents in the monolayer and in solut ion equil ibrate remains
unclear. Among the most compelling observations that militate
against kinetic control over the adsorption process are the pref-
erential adsorption of longer chains over shorter chains; the
dramatic variation in the composition of the monolayer with the
nature of the solvent, even when there are no specific interactions
between the adsorbates and the solvent; and the strong preference

(49) Near-monolayer coverage of the molecule containing the elemental
tag, the error in compositions calculated by XPS is -SVo. The lower limit
on the concentration of a species that can be quantitated by XPS depends on
the species being studied. For example, by tagging alcohois at the surface of
a-monolayer with trif luoroacetate groups, it should be possible to detect l7o
of a monolayer of hydroxyl-terminated thiols.



for the adsorption of the minor component from a solution con-
taining two structural ly similar thiols (HS(CHtroCHr and HS-
(CHz)r 1OH in isooctane).so

(3) The relationships between the compositions of monolayers
and the solutions from which they are adsorbed are nonideal.
Monolayers containing comparable amounts of the two compo-
nents are disfavored relative to monolayers composed largely of
a single component. The adsorption isotherms can be understood
qualitatively on the assumption of thermodynamic equilibrium
between the monolayer and the adsorption solution and consid-
eration of excess enthalpies and entropies of mixing.

(a) The components in the monolayer do not phase-segregate
into macroscopic islands. Any clusters that do form are no more
than a few tens of angstroms across. It is unlikely, however, that
the two components are randomly dispersed throughout the
monolayer. There is some evidence for aggregation on a molecular
length scale, but it is difficult to derive a detailed picture of the
distribution of the two components in the monolayer.

(5) We attempted to model the wettabi l i ty of the mixed
monolayers  o f  HS(CH2)pCH3 and HS(CH2)"CH3 by the ap-
proach of Fowkes, who employed the geometric mean approxi-

(50) HS(CHz)roCHr and HS(CHz)r ,OH have s imi lar  s izes.  shapes.  and
polarizabilities. At low concentrations in isooctane, H bonding does not plar
an important role.

(51) Dett re,  R.  H. ;  Johnson, R.  E.  " r .  Phvs.  Chem. 1965. 69.  1507-1515.
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mation to estimate the sol id-l iquid interfacial free energy. Al-
though reasonable agreement was found for hexadecane, bi-
cyclohexyl,  and a-bromonaphthalene, there were signif icant
differences between the theoretical predictions and the observed
contact angles of water and decane. Fowkes' model appl ies to
planar interfaces in which there is no entropy of mixing between
the sol id and the l iquid. We bel ieve that a detai led model of the
wettabi l i ty of these mixed monolayers wil l  have to incorporate
entrop) specif ical ly. The relat ive importance of enthalpic and
entropic terms and how best to incorporate entropy into a coherent
theorr  remain unc lear .

(6 ) The variat ion in hysteresis in the contact angle with the
nature of the probe l iquid and the structure of the monolayers
cannot be explained on the basis of macroscopic heterogeneity,
since no such heterogeneity exists in these systems. Hysteresis
contains much information about the structure of the surface but,
in the abse nce of a microscopic theory, can only be interpreted
through comparison of a number of dif ferent systems.
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