
f r om o lhe r  t y ' pes  o f  sLud ies .
+ . - f  -

I n t r o d u c t i o n
Th is  paper  descr ibes  the  prepara t ion  o f  o rgan ic  mono-

layer f i lms by'adsorpLion of  d ia lky ' l  sul t - rdes f rom alcohol
so lu l ion  on to  suppor ted  evapora ted  go ld  f i lms  and exam-
ines  re la l ions  be t rveen the  molecu la r  s t ruc tu re  o f  the  ad-
sorbed d ia lky ' l  su l f ides  and macroscop ic  p roper t ies  o I  the
f i lms.  The broad ob jec t ive  o f  the  program o f  n 'h ich  th is
work is a part  is  to develop methods for prepar ing organic
th in  f i lms  and in te r faces  w ' i th  a tomic- leve l  con t ro l  over
interfacial  structure,  in order to explore phenomena such
as  wet t ing ,3  adhes ion , {  b iocompat ib i l i t l ' , s  cor ros ion ,6  and
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Exposu re  o f  evapo ra ted  go ld  f i lms  suppo r ted  on  s i l i con  r va fe rs  t o  so lu t i ons  o f  d i a l ky t  su l l i des__ (R-
(CH, r i -S (CH2) , ,R ' ;  R  and  R '  r ep resen t  CH3  o r  CO. :H )  o r  a l kane lh io l s  (R (CH1)^SH;  R  rep resen ts  CO2H o r
CHr i  in  merh ino i  or  e thanol  iesu l ts  in  rap id  format ion of  a  monolayer  o f  the organosul fur  cornpound
adso rbed  on to  t he  go ld .  The  resu l t i ng  f i lms  have  been  cha rac te r i zed  by  us ing  a  number  o f  l echn iques ,
inc lud ing X-ra1 'pholoe lect ron spect roscop) ' (XPS),  in f rared spect roscopy ( IRS) ,  e l l ipsometr ) ' ,  qnd we. l t ing.
These se l f -a .se-b led,  suppor ted organic  monolay 'er  f i lms are s ! 's tems that  can be used to  s ludy ptob lerns

in  the phy.s ica l -organic  chemist ry  and mater ia ls  sc ience of  organic  sur faces,  espec ia l ly  the re la t ion between
the  mo lecu la r - l eve l  s t r ucLu re  o f  t he  f i lm  cons t i t uen ts  and  t he  mec roscop i c  p rope r t i es  o f  t he  assemb led
monolayers .  The f i lms are re la l ive ly  robust :  examples formed f rom both d ia lky ' l  su l f ides and a lkaneth io ls
withstand washing and prolonged soiking in neutral water, but f-rlms conta.ining diallll sultldes are destroyed
by'conlact with aqueow base at pf i  6-13. Srudi. 's of the thickness of the di, t lkf ' l  sult ide f i lms b.v el l ipsome-r"ry'*,

o i  t he  o r i en ta t i on  o f  t he  hyd roca rbon  che ins  i n  t hese  f i l n r s  by ' IF tS ,  and  o f  t he  po la r i t y ' o f  t he  i n te r f ace
between the f i lms and w'atei by' contact angle suggesl a ph1'sical model for the f i lm of a relat ivel l '  disotdered
o rgan i c  l i qu id ,  l i qu id  c r1 ' s ta i ,  o r  g l ass  p inned  to  t he  go ld  su r face  by  go ld - su l f u r  coo rd ina t i ve  bonds .
Co l respond ing  s tud ies  o f  t h i o l  f r lms  sugges t  t ha t  l hey  a re  more  o rde red  t han  t hed ia l ky l  su l f i de  f i ims .  I f
po la r  o rgan i c - f unc t i ona l  g roups  a re  i nco rpo ra ted  i n to  t he  t e rm ina l  pos i t i ons  o f  t hea l ky ' l  mo ie t i es  o f  t he
a ia . t t<y t  sutnae group,  these moiet ies  are presented a l  the go ld-a i r  (water )  in ter face.  Cer ta in  spect roscopic
characterist ics of monolay'er f i lms containing carboryl ic acid gtoups are anomalous: in part icula-r,  on certain
f i lms,  i t  was not  poss ib le  to  detect  the carbony l  s l re tch o f  the carboxy ' l ic  ac id  grogP by IRS,  even though

these hlms appeared disordered and were conFrmed by'XPS to confain carboxylic acid gtoups, !,xamin-1ti-on
of variaLions' in the surface polari ty 'of monolay'er f i lms with the structure of unsymmetrical dialky' l  sulf ides-
hev ing  one  meLhy l - t e rm in i r . d  und  one  ca rboxy l i c  ac id  t e rm ina ted  a l ky ' l  cha in  sugges ts  t ha t  an  excess  o f

on l l , app rox ima t ! l y  f i ve  me thy lene  un i t s  i n  t he  me thy ' l - t e rm ina ted  cha in  i s  su f t i c i en t  t o  p rov ' iCe  a  f i lm

in  w 'h i ch  t he  ca rbo ry l i c  ac id  g roups  on  t he  sho r te r  cha in  a re  comp le te l y '  h i dde ,n  f r om con tac t i ng  * ' a te r ,

i nso la r  as  t hey  have  l ssen t i aX t ' no in f l uence  on  con tac t  ang le  (de ion i zed  H2Q,pH  5  6 ) .  The  i n fe rence  f r om

these s iud ies lhat  wet t ing is  dominated by ' r 'e11 'shor t - rangJ in teract ions (<5 A)  conf i rms s imi lar  conc lus ions

Iubr icat ion. i  The speci f ic  object ives of  the work reportecl
in this paper are to infer the stabil ity and structura-l orC:r
o[  monola- l 'er  f i lms based on dialkyl  sul f ides adsorbed on
gold by'using both spectroscopic techniques and wettabil i l ' '
as probes and to test  strategies for  assembl ing monolai 'er
f i lms  hav ing .macroscop ic  sur face  proper t ies  (espec ia l i ' '
w 'e l tab i l i t y )  de f ined by ' the  molecu la r  s t ruc tu res  o f  the i r
c o m p b n e n t s .

Organ ic  compounds conta in ing  su l fu r  adsorb  s t ron ; l - r '
on to  go ld  and oLher  meta ls  and fo rm-mc ino layers . j - r '
These *sel i -assembled'  monolay'ers have a nt imber of  ad'
vantages as substrates for  the study of  o ig i rn ic surfa,-- t '
chemistr l ' ,  They are more easi ly prepar.ed. lh"n Lang-

f  , -  . . (6 )  B regman,  J . l .  Cor ros ion  Inh ib i to ry ;  N lac l l l i l l an :  New York ,  l 9o3 ;
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Figure l. Schematic illustration of the physicar-organic approach
to the design of interfaces with 'buried; functional-itv. tire attvt
chains are indicated here as extended only for  i l iusirat ion;  they
are almost certainly less ordered than these diagrams suggest.

muir-Blodgel t  f i lms and are certainly 'no more di f f icul t  to
characterize.r? Thel' are intrinsically simpler structura-lly
than the interfacial  region of  surface-funct ional ized pol j -
r re rs , l3 - ' ;  s ince  the i r  th ickness  is  f i xed  a l  one molecu la r
layer. They are usuall) '  more stable than organic crystals
and more easi ly obtained with large areas oi  surface. In-
f rared spectroscopic and electrochemical  studies have in-
dicated that both alkanethiols and dialkyl disulfides form
monolayers that  are highly ordered.r0 Simi lar  c la ims ha'e
been made fo r  mono layer  f i lms  based on  long-cha in  a l -
kyls i lanes covalent ly at tached to glasstT and si l icars and
fatty acids adsorbed on oridized alumjnumle and silver,sil
bu t  the  in te rpre ta t ion  o f  the  spec t roscop ic  ev idence in
terms of  interfacial  structure remains conlroversial .  De-
ta i led  s tud ies  o f  in te r fac ia l  p roper t ies  as  a  func t ion  o f
systematic variations in the structure of a sinsle adsorbate
sys tem have remained an  obv ious  need to lncrease the
unders tand ing  o f  o rgan ic  in le r faces .

Sys tems based on  d ia lky l  su l f ides  are ,  in  p r inc ip le ,
par t i cu la r ly  a t t rac t i ve  as  the  bas is  fo r  s tud ies  o f  s t ruc-
ture-property relationships since the structures of the two
alkyl  groups connected to sul fur  can be var ied independ-
ently by straightforward slnthetic methods: this variation
permirs a degr 'ee of  conbrol  of  the local  s l ructure of  the
adsorbed monolayer thal  is  not easi ly possible wi th other
organosulfur compourds, or, broadly, w-ith monolayer filrns
prggaled by assembly' of components based on simple faity
ac id  der iva t i 'es ,  The par t i cu la r  hypothes i .  u rud  as  the
basis for this work is summarized in Figure 1. Adsorption
9 l  un  _unsymmet r ica l  d ia lk l ' l  su l f ide ,  CHr(CHz)^S-
(CH2)^CO2H, through sul fur  onto a gold surface resul ts
in a monolay'er f i lm whose structure depends both on the
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molecu lar  composi t ion o f  the d ia lky l  su l f ide and on
details of its packing and ordenng. The bwo chairs of t.
types of  d ia lky l  su l f ides terminate in  groups hav ing
ferent hydrophilicity and polarity-methyl and carbo:,
ac id .  I f  the f i lms are s t ructura l ly  ordered in  a  war .  :
places the pol lmethylene chains roughly perpendicula
the surface of the met^1, and i f  the length of the carbo:.
ac id  t e rm ina ted  cha in  i s  equa l  t o  t ha t  o f  t he  me thy . l _
m ina ted  cha in ,  we  expec t  t he  po ia r  ca rboxy , l i c  ac id  t
exposed  a t  t he  f i lm -wa te r  i n l e r f ace  anC  to  i n t ' l u i
wel t ing.  I f  the me:hy ' l - terminated chain  is  longer  rha, - .
ca rboxy l i c  ac id  t e rm ina ted  cha in ,  we  expec t  t he  i n te r
be lween  the  o rga - r i c  f i lm  and  a  we l t i ng  l i qu id  t r ,
C H r / C H 2 - l i k e  ( t h a r  i s ,  n o n p o l a r  i n  c h a r a c r e r i .

I i  t he  adso rbeC f i im  i s  s t r uc tu ia l l y  d i so rde red  an
qu id l i ke ,  t r ' e  canno r  p red i c t  i t s  we t t ab i i i t y '  a  p r i o r i ,
expec t  t o  be  ab le  t o  i n fe r  a t  l eas t  ce r t a i n  o f  i t s  s r , r uc i
cha rac te r i s t i c s  f r on  compar i sons  o f  we t rab i l i r - r . a :d  s :
t r o s c o p i c  c h a r a c i e r  w i t h  t h o s e  o f  b e t t e r - c h a r a c t e  r
m o d e l  s ! ' s l e m s .  T h u s ,  b 1 ' s 5 ' s t e m a t i c  l ' a r i a t i o r r  r n
s t ruc tu res  o f  d i a l k r  I  su l i i des  adso rbed  on  gu ld ,  r , r . e  € \ ,
t o  b e  a b l e  t o  d e t e r m i n e  m a n ) '  f : a i u r e s  o i  t h e  s t r u c I
o f  t h e s e  m o n o l a , r ' e r  f i l m s .  I n  t h e  e v e n t  t h a t  t h :  f i l :
h i g h l l '  o r d e r e d ,  B e  w o u l d  h a v e  a v a i l a b i e  a n  e . t r r e L -
f l e x i b l e  s y s t e m  r r r : h  w h i c h  t o  s t u d l '  t h e  p r o p e r t i e s  o :
t e r f a c e s  b e t r v e e n  I i q u i d s  a n d  o r g a n i c  s o l i d s ;  i n  t h =  e . .
t h a t  t h e  f i l m  i s  l e s s  w e l l  o r d e r e d ,  t h i s  s l . s t e r n  n r i ; h :
p ro ! ' e  l ' a l uab le  i n  s tudy ' i ng  o rgan i c  su r face  chen r i . ; r r

T f r is  work  re l ies  on a number  o f  conr .ent iona l  opt i r -a l
spect roscopic  tech: l iques to  character ize the ac lsr_ , r l t . ,d  :
b u t  p l a c e s  p a r t i c u l a r  e m p h a s i s  o n  m e : r s u r t , ! n i n i :
we t t ab i l i t l ' .  The  r i ason  f o r  t h i s  emphas i s  i s  t h ,_ .  i n t ' c r :
f r on r  ou r  ! ! ' o r k t J  l l  and  f r om tha t  o I  o l he rs : r  t he t  , , r ' e ' , '
i s  one  o I  t he  mos :  ' su r f ace  

sens i t i ve '  t echn iqu . . s  p : r ' se :
a v a i l a b l e .  \ \ ' e t r i r . .  h a s  t h e  f u r t h e r  u s e f u l  c h : r r . r : r e r
t ha t  i t  i s  app l i ca : l e  t o  t he  s tud_ r '  o f  i n te r f u .gs  [ . . g r . r .
condensed  phases -a  reg ime  tha i  canno r  be  exp lo re
u s i n g  m a n ! '  s p e c i r o s c o p i c  t e c h n i q u e s  r e q u i : i : r ;  r
v a c u u r n - a n d  t h a :  i r  i s  a  t e c h n i q u e  t h a i  i s  p . r r i i c r r .
s imp le  expe r imen :a l l y ' .

E a r l y  e v i d e n c e  t h a t  t h e  f r e e  e n e r g l . o f  B  s r . r l i c i - l i
i n t e r f ace  i s  i n f l ue : ced  on l y  by ' a toms  a ' "  o r  c l i r s r .  t r )  :
in ter face came f rcn Langmuir 's  "Pr inc ip le  o f  I ; ' r r le ler ,
Su r face  Ac l i on ' : i : t  and  f r om i nves r , i ga l i ons  o f '  t l - . r  r r . ,
b i l i t i '  o f  p o l y ' m e : s  a n d  m o n o l a y ' e r  f i l m s  c a r r i e c i  o u '
Z i sman  and  o the rs ] ! ? r  Z i sman ' s  s tud ies  i nc l ' r r l . - .C  a  r ,
va r i e t . l '  o f  subs l ra :+s  and  sugges ted  l ha l  so l i ds  co i r i o i :
mo lecu les  w i t h  l a ; ; e  uncompensa ied  d ipo les  co r r lC  a : '
r v e t t i n g  p r o p e r t i e s  e v e n  i f  t h e s e  d i p o l e s  w ' e r L ' - i ) L r :
unde r  t he  ou le r i : 1 ) s l  l aye rs  o f  a  so l i d  su r i a . . .  l -  I :
impor tant  s tudy ' , r  Shaf r in  and Z isman demons: r r : : .c i  '

t h e  r v e t t a b i l i t y '  o f  n o n o m o l e c u l a r  f i l m s  o f  a  s e r i e s  o :
s o r b e d  a c i d s  h e v i n 3  t h e  s t r u c t u r e  C F 3 ( C F : ) . r C F { , r  . , C '
( n  =  0 ,  I , 2 ,  4 ,  a x c  6 )  d e c r e a s e d  r r ' i i h  i n c r e . r . ; i n ;  I e n : :
the per f luoroa lk l ' l  l roup up to  n  = i ;  aL th i - r  p , ) i l : .  r i . . . .
had w'e t t ing prope: , ies  that "  resernb led th , tse o f  nr . ' : ro l
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of  a molecule possesses r  local  surface enerfy and thai  thr .  r t . l i ros
in te r fac ' i a l  f ree  ener3 l  i s  made  up  o f  the  sum o f  l he  mo lecu l r r  i
con t r i bu l i ons  f rom th ,xe  a toms  e rposed  a i  t he  su r face .

(2 { )  Langmu i r ,  I .  T^ , : . -d  Co l lo id  Sy rnpcs i r rn  L lonogrcp l - . ;  Chen
ta log :  New York ,  l 9 :15 .

( 2 5 )  S h a f r i n ,  E . C . ; Z e  m a r ,  \ V .  A . . L  P h y s .  C h e n  1 9 6 0 , 6 J , 5 l i
(36 )  Sha f r i n ,  E .C ;Z .scoan ,  \ \ ' .  r l u  J .  Phys .  Chem.  19S7 ,6 / ,  lC {&
( 2 ? )  S h a f r i n ,  E . G ; Z r s m a n ,  \ \ ' .  A .  J .  P h ; s . C h e m .  1 9 6 2 , 6 b ,  ? l r i
(28) Adamson, A- \ \ ' .  Physical  Chemi: t ry of  Sur lases,4th ed, ;  \ '

New l ' o rk ,  l 9$J ;  Chap 'c r  3 ,  pp  63 -65 .

,  1 , ' f : / . ' . y ! 2 ' - - , r , .  . : . :  :  ' i t l r , .

. , ' . . -  , ' : . ,  " , . { ' i - " j . r % - ? . r .  
' , .  

l .  L  - ' ^ .  - . ' .  -  
' , r  

.  .

^l988

)
I  

r$ . r . , . /

I ln' rf\=[u= w
P o l a r  A r m

Longer

P o l a r  a n C  f . l  c n . p o l a r
A r m s  E q u a l

i r J c n - p o l a r  A r m
L O n g : r

.t
T ,
-v

:i
p1
f l

l{

Nl. J. Am. Chern. Soc.

T .  J . ;  Deu tch ,

Langnu i r  19E6 ,  2 ,

Nl. Langmuir
Nuzzo, R G

1997,3, 62-?5.
; Nfdarthy, T.

;Allara, D. L. Chem.

D.



I
I

I
I

I
I

i
I
I\

Iv{onolayer Fitms Prepared from Dtathyt Sult'ides

fihns prepared from perfluorooctanoic acid. lvfore recent
studies have compared surface compositions in recon-
structing p-olymers using XPS and wettinglr-te and have
measured directly the interaction bebween solids, including
organic fi lms, using fi lm balance techniques.F

In none of these studies is interpretation unambiguous,
since in none is the structure of the interface unr-Jbig.r-
ously determined. Nonetheless,  t rvo general  conclusiJns
emerge: where van der lvaals interaclions determine the
energ-y of  a sol id- l iquid interface, the interact ions that
determine wetting fall off roughly as r{ and are thus very
short rallge in character-probably'extending over no more
than one to two atomic lay.ers (3-6 A). Dipole interactions
fall off more slorvly (r-3) and may in parficular systems2?
extend into deeper layers of the solid i l0 A). By contrast,
p h o t o e l e c t r o n  s p e c t r o s c o p y - a ' s u r f a c e  s e n s i t i v e ;
spectroscopy-typica]ly' samples 35-100 A of the surface
of nonmeta- l l ic  mater ia ls.3o

In this work, we have used carboxylic acid groups as our
polar gr.o^upof -choice in probing t i re surfaJe for several
reasons.13-16'31'3:  -  Firs l ,  carboxyl ic acid groups are hydro-
phil ic and strongly influence rvettabil it l ,. secbnd, they can
be con'erted into Tore hy'drophi l ic  carboxl . late anions by'
depro tonat ion ,  and th is  depro tonat ion  reac t ion  can be
conven ien t ly  fo l lowed by '  measur ing  the  contac l  ang le  o f
buffered aqueous solut ions (conLact ansle t i t rat ion).13" The
ac id i ty  in fe r red  fo r  carboxy ' l i c  ac ids  a t  in te r faces  can be
compared w i th  the  body  o f  in fo rmat ion  concern ing  the
ac id i ty  o f  carboxy l i c  ac id  g roups  in  so lu t ion .  Th i r i ,  we
have used carboxy' l ic  acid groups and contacr angle t i t , ra-
t i o n  e x t e n s i ' e l y '  i n  e x a m i n i n g  t h e  p r o p e r t i e s  o f  s u r f a c e -
modif ied polyethylene and ha'e a ' i i laLte a large amount
o f  in fo rmat ion  fo r  compar ison .13- td  Four rh ,  the  beha ' io r
of carborylic acid groups at interfaces is rere'anl to a w.ide
range o f  o ther  phenomene in  mater ia ls  sc ience33,3{  and
biologr-.ls-lr

\1 'e note expl ic i t l l '  thar the concepts of  *surface'  
and' in te r face"  

a re  no t  un ique l l '  de f ined fo r  s1 's tems o f  the
types  examined here  and are  probab ly .  bes t  descr ibed in
te rms o f  spec i f i c  e rper imenta l  measurements . l s  \ l ' e  w i l i
use the word 'surface' 

to indicate that part of a condensed
phase in direct 'an der \ \ 'aals contact  wirh another phase.
Th is  w 'o rd  i s  reasonab ly 'sharp l - l ' de f ined in  d iscuss ing  the
outermosl  atomic la1'er of  gold atoms of  the substrateand
i ts  in te rac l ions  r ' i th  coord ina ted  su l fu r  a toms but  i s  more
di f f icul t  to apply tothe organic monolay.ers,  part icula; I1 '
i f  these are  d isordered,  mob i le ,  o r  s r r .o l len  by ,a  contac t in !
l i q u i d .

R e s u l t s
-  

Genera l  cons idera t ions .  o rgan ic  mono la .v 'e r  f i lms  o i
d ia lk .v l  su l f ides  * 'e re  p repared b ! '  d ipp ing  a  t -h in ,  evapo-
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rated gold filxo.supporred on a singlu;9*ririii4i.;^f..
into an alcoholic solution of the diarktl sulfide'at room
temperature for infervals of time ranging from minutes to
hours. The adsorption process, and ttrelharacteristics ol
the resultrlg films, were fouowed by number or t*n"iqu..,
qf ylich ell ipsometry, X-ray phoioelectron spectro.lopr.
cxPS), infrared spectroscopy, and measuremunt of contaci
angle using aqueous solutions were the most useful. ob-
taining reproducible results in these experiments required
careful  at tent ion to detai l  at  a number of  points,  most
part icular ly in the preparat ion and pur i f icat ion of  the
dialkyl  sul f ides.  1\ 'e discuss each of  these techniques in
tu rn .

Prepara t ion  and Hand l ing  o f  Go ld  Subst ra tes .  The
gold subst-rates ye-re prepared by thermal evaporat ion of
a -2000'A' th ick layer of  h igh- iur i ry gold onto chromi-
um-pr imed, electronic-g:ade single-cryi ta l  s i l icon wafe rs.
Dur ing the course of  the exper imental  work,  gold f i lms
\r .e19 prepared by using f i r 'e di f ferent evapol tors,  in-
c luding both thermal and, electron-bu^- rouices.  Four of
these e'aporator. yielded fi[rnJthat ga'e rise to rronolay.er
f i lms  hav ing  s imi la r  p roper t ies ;  the  one except ion  is  d is -
cussed further i1 th9 Experimental section. The gold Frlms
w'ere  no t  annea led  be fore  use :  upon annea l ing  L  o*y ,gun
at  300 oC,  the  go ld  sur face  became c louC; .and adop i . i  

"s i l 'ery hue, probably 'due ro rnigrat ion of  chromiun and/or
sil icon to the gold-air interiace. After prepara.,ion, samples
n 'e re  o rd inar i l -v '  s ro red  in  wafer  t ray 's  w ' rapped w i th  pa-
rafi lm and *'ere nor inteniionally'exposed to Conhminanrs;
o the^r ' i se ,  they 'w 'e re  no t  p ro tec ted .  The- r ' cou ld  te  s to red
before  use  fo r  a i  leas t  1  w 'eek  r ' i thou i  in f luenc ing  thc .
p r o p e r t i e s  o f  t h e  f i l m  \ \ ' i r h  m i n i m a l  h a n d l i n s  o f  t h u
samples ,  XPS (see be lo r r  )  sho* .ed  l i t t le  carbon J r  su l fu r
c o n l a m i n a t i o n  o n  t h e  g o l d .  I t  i s  c l e a r ,  h o w e v e r ,  t h a t  t h e
sur face  o f  the  go ld  was con iaminated  b1 ,  adsorbed im-
pur i t ies ;  the  con lac t  ang le  o f  water  on  these samples  was
t-v 'p ical l l '  0\  -  60o compared to 0n -  0-Bo reported for
c lean go ld .3* - r ' l  Ne l 'e r the less ,  the  mono lay ,ers  p repared
b1' .adsorpt ion on this golc had reproducible prop.. t i ls ;  \4 'e
be l ieve  tha t  the  s t rong l i '  adsorb ing  org . ro .u l fu r  com-
pounds d i .sp l .aced res idua l  e lements  o f  the  advent i t ious
c( )n raminat ing  sur face  f i l : r .  E l l ipsomet rv  was no t  use fu l
fo r  the  de ter rn ina t ion  o f  i i " .e  cbso l ,u f  e  'a lues  o f  the  th ick .
ness  o f  the  conta in inan i_ .  p readsorbed on  go ld  a f te r  re -
m o ' a l  f r o m  t h e  e ' a p o r a : , l r  b o t h  b e c a u s e  o f  p o o r  r e p r o -
duc ib i l i t l '  (a t  th is  leve l  o i  ana l l . s is :  b -30  A i  o f  the  op i i ca l
p r o p e r t i e s  o f  s a m p l e s  p r e c a r e d  i n  d i f f e r e n t  e v a p o r i t i o n s
a n d  d u e  t o  t h e  a b s e n c e  o :  a  s u i t a b l e  r e f e r e n c e  v a l u e  f o r
q, l ld.  Gold samples storec in * 'cer t ra; 's  or exposed to the
labora tor ) '  B :mosphere  i r :  e ! 'en  a  fe* ,  h tu rs  rap id ly  ad-
sorbed contarn inants ,  as  i : ld ica ted  by  the  inc rease in  the
\&'arer contact angle fronr 6 J" to g(lo and the accumulation
of a th ick f i Im (+-tO At U' .  e l l ipsometr l . .  Before use in the
preparal ion of  monolay'e:s,  the substrates were c leaned b1'
b r ie f  w 'ash ing  rv i th  e tha : r i .  Th is  r r .ash ing  appeared to
remo! 'e  man) 'o f  the  adso:bec  contarn inants ;  eu ipsomet r r
shorved a  decrease in  th :  rh ickness  o f  the  adso ibed f i lm
and the  contac t  ang le  d=. - reased f rom 90o to  b5-70" .

The gold surface obLain=c by'e'aporation under r.acuunr,
exposure to the laboratoq, 'ar_r:rosphere,  and washing with
e thano l  rvas ,  thus ,  a  su i ta 'c le  subs t ra te  in  the  s .nse  tha t
anf impur i t ies adsorbed cn i t  had minimal ef fects on the
propert ies of  the organic r : - ronolay'ers a: ld on the charac-
terization of these monola', ers but cerlainll' was hot 'clear'
in  the  sense used in  h igh-vacuum phy 's ics .  In  these and

(3S)  Smi th ,  T .  J .  Co l l o id  In : : . 1 . : ce  Sc i .  1930 ,  25 ,  b l -65 .  "
(39 )  Schrader ,  I r l .  E .  J ._Cc i l : i ' !  I n :e r l t t e  Sc i .  i gSJ , r r0O, 'B?2-3g0 .
( {0 )  Ca ines ,  C .  t - .  J .  Co i l o i :  [ " . : e r f c ; i  S ; i .  l 9B t ,  79 , -29S. ;  .

. . (29 )  I s rae lachv i l i ,  J . l n te rn , ' t l , ecu la r  cnd  su r l cce  Forces :  l l ' i t h  Ap .
pi icat ton to Coi lo iCc!  and BiologiccJ S-r ,s ie^*;  Acadecr ic:  London, 1985.
_ (_39) Kel ier ,  K.  H. ;  Andrade, J.  D. ;  Bai . r ,  ! .  E. ;  DiXingham, E.  O tEly,J . ;  K le in ,  E . ;  l r l o r r i sey . ,  B .  \1 , . ;  A l r i e r i ,  F .  D .  i u iCe i , i e ,  1o ,  enys rco -
chemical charccter;,:ct!on,of Bioma:ei.aLs, ir-IH pubL,ication'No. 6G2l.s6;
N .a i i ona l  Hear t  Lung ,  and  B lood  Ins t i t u te ,  N IH :  Be the rau ,  t r ro ,  t sso ;
C h a p t e r  4 ,  p  { t .

(31) Hotrues.Far ley,  S.  R. ;  Bain,  C.  D. ; \ !h i tesides,  G. Nt . ,  ur :publ . ished
res ul  ts .

(32 )  T rough ton ,  E .  8 . ,  unpub l i shed  resu ls .

^.^(3 l l^ lV* l tersson,  K.  Composi fey Sc. ience and Technology l9gl ,  22,

-(311 \ \ 'a l tersson,  K.  Cornposi tes Science and Technology 1995,23,
303-32 L

(q5 )  Jencks ,  W.  ? .  .Ca ta l ys i s  i n  Chemis t r y  and  Enzymo logy ;
I t {cCraw-Hi l l :  New } 'ork,  1960; pp 9c-9t j .
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F igu  r c .  2 .  Scenn ing  e l c ' c l r c ,n  n r i e  f  , J { r Jph  o i  a  go ld  samp le  rep -
r r .s r -n tu t i re  o l ' lh r ,se r rsed in  thr 'se s tud i . -s  A l , l r ,Lnm bar  is  sho ' *n .

t ) t hc . r  s l r r c l i r . s  o I  o rg l r n i c  su r i . i c c .  che r r r i s t r v l i  r r . e  ha l ' e  been
s u r p r i s . . c i  b _ r '  t h e  r e l e r i r t '  i n s e r r . ; i r i r  i t , , '  c r i  t h t '  r e s u l t s  t o
c i e t a i l s  t t t '  t h e  h i s t ( ) r v  o i  t h e  s a r r : i r l u .  i l  t h e  c t t s e  o f  o r g a -
n ( ) sL l l l u r  c t ) r l l f ) t ) t t oc l .  ads , , r i t ec l  on  g , r l , l ,  r r :  b . : l i eve  t ha t  t h i s
i n.se n-s i t i vi tl ' re tlec t.s t rr, rt c i reu n ii l.rn(.r: l-r i) i, o rganosulfur
con t [ ) r ) L l n ( i s  c , t , r r c l i n l t I r .  s i r  r i r 1 l , ,  1 , r  g  r l r i  i r ; t , ]  d i sp lace  mOSt
o r g a n i c  c o n t l r r n i r r . r n t . i  p r c s r n :  ( ) : r  t h . _ .  g , r l  l s r r r [ a c e .  I n d e -
p e n d r . F r t  S t L r d i t s  t , r  l r t ,  r r i ) r ) i i c ' ( l  l . r l r ' r r .  i l t , l i c r t e  t h a t  o r g a -
nosu l  i r r I  c r t n l [ ) r ) t r  nc l . s  r , x i h . i  l l g . .  b . , . I r , ,  : cn  t he  g r t l d  su r face
and  a  co t t l i t c I i l t g  S i ) l t l l i ( ) i t .  ! i l l t s ,  6cJ .1 r ,  rS ' . l l l ' u r  compounds
m a ) '  e !  e n  d i s p l . i c t  o i h c . r  o f  g . l n o s u l r ' u r  c o n l a m i n a n t s .
Second ,  t he  o  rg .u r  i c  r r r , r n , r l . r - r ' e  r i  t hc  rns t  l ' .  es  c ( )ns t i t u te  i n -
Le r faces  h r , , ' i ng  l o r r  i n t c ' r i ' a c i . r l  t ' r ee  en , , ' r g i es  and  do  no t
a d s o r b  c ( ) n t a r r r i n . r n t . ;  s t r o n g l , , ' .  I t  i r  p : , _  b l b I e  t h a t  s o m e
o I  t h e  s c a t r e r  i n  o u r  e l l i p s o r n c . L r i c  d , r i . r  i s  c l u e  l o  v a r i a b l e
q , - r s l t t i t i es  o t '  i n r J ru r i t i c . s  a r l so r i ; i r l  o r r  t i r r  g  , l r i  s r r r f a  ce  be t ' o re
[ r ) t r na l i , r n  ( ) t ' I i r e  n r , ' rV l l , t , r . ' - , r ' a r r , , i  f ' , _ . r 1 , , . [ ' .  f  I  r es i dua l  Con -
t , t r t t i r r t l l t i s  t i r ) [  c i r s J r l  r c t , c l  i " .  c l r . t l x , ,  I  -  r i : i i l c . s .  C e r t a i n
p i ' , r l l l c n r -  i r r  r t - , I r i r r c l , - r ,  i l , i l l : ' ,  r , . i l . i r  t i l . , n .  , : : , , 1 ] - r e r  s y s t e m s
C i l a i ) L l l t L e r t ' , . i  F ) f r i , r i i r - ' . t l i , ,  C l , l : i : r - i  t r l i - ' , ! , : ^  S c ) € t T l  t O  b e
t ' o r r . : ! . ' r t e i l  r v11 f1  l h ' , .  t t . , ' c i - l ' 1 l i , i l  L ) : f  : r . 1 , ' , - ,  r . i  i , r l J l i l e  o rgan i c
t h i , ' l r  i l t  t i l ' - ' l . r l l , t r . r f o 5 . ,  . r . : n t , , i l , i t , - , r , , , r i  . - ,  l , , a C t i v i t i e S  O f
t- 'r  t  hr- '  f  ! !  r) ;  l i r .  p:.

I t  i ;  c l r i ' t ' i - - u l i  t , ' c l r . r r . r , , ' i t - ' n . i r ,  I i r , _ ,  - , : : i  r . r ]  o i  t h e s e  g o l d
s ' . r l l s t r a l r . s  E x l i i i i r r . r i i , r i i  t , i ' t r ? i , . , r i  s ' i i r * t i . , t i c ' S  b 1 ' s c a n n i n g
e  l : . c t  r r x r  t r r  i . r , . r . c ,  r 1 r i '  (  S  [ :  \  l ,  sh ,  ) ' , !  :  n  r  c i  t  :  :  i  nc t  i ! . e  f ea tu res
a i  a  S c i t l ' - .  o t '  -  l l ) { ) { l  r \  ( F ' r : L : r . , _ ,  I  r  [ ) t i l r . r _ - t i , t n  a n d  C r O S S
s e c t i , ) n t l  f  i . , \ l  s t r r c i i r . s  i ; r c l r c a t e  t i r . r l  t h . : : : ' ( , ; [ d  f i l m s  a r e
[ ) , ) l _ t c r - \ ' . i t a l l i n , , w i t ] r  a l i  r i ! t , r , t : a 9  i l - . u i r  s l i :  O i  t h e  O r d e r  O i
S t l r . , l - l ( ) t - ) ( )  A  a n r c l  c x h i l r i i  t  \ c ' i \  s : r , r n ;  r  i i  l )  t e x l u r e ,  p e r -
h . rps  exce r ' ( l i r r g  l r r ) ; I  t t I  t h .  t , , : r l  s , r i i ' . r , - ' . . i .  

' i ' he  
f i lms  a re

h, ) r - l ro9t ' i l cL)L ls  anc l  r . r r r i t ' , ; r r r r lv  anc i  s i r : r lp l ' ,  r . - t lec t i l 'e  to  the
eVr . .  I ) r esen ' ,  c cuc le  t he t t r i , , ' .  r ) l  weL i i i l ! ' - - . :  c i , r  no t ,  howeve r ,
take i  n  t t )  i l ccoLr  n  t  a tonr  i r : -  le  ve l  s ' . l  r  i . rce r r r  i  . - :ohete rogenei t ) . ,
e s g l e c i a l i ' , ' i r r  c i r c u n l s t e l r i c e s  o i  t h :  s , ) r t  e n c o L l n t e r e d  w i t h
adsorbec i  th in  i i lms (F- igr . r r r  3  i .  

' i 'h r rs ,  
iu i  ex . tmple,  a  sLep

on  the  g , t l c i  su r [ n r - -e .  o I  on l_ \ ' a  f r . r r  i i ng ; r f on l s  may  e . xpose

( {  l . )  ' I ' r , r ' r gh ton ,  
F l  B  ;  F l v : l l ,  J  ;

(  {  l )  J , rhn . ;o r r ,  R .  E  ,  , J r . ;  Der r re ,  [ i
l \ le  l i jer ic ,  8. ,  E. l  ;  \ \ '  i ler ' .  In te rsc ic ncr . .

( { : J )  J , : h r r ; , r r r ,  l i  F l  ,  J r ;  L ) c , i l r e ,
t 7 l { - 1 7 5 { ) .

Trough, ton

F igu re  3 .  Sche : -  a l i c  i l l u s t ra t i on  o f  t he  i n f l uence  o i  a
p la teau  on  t he  i : . : e r f ace  p resen ted  by  S [ (CH: ) .COrH ] ,

i n  a  pe r fec t l y  o : : en ted  mono laye r  o f  ca rbox ' , . 1 i . -  ac r
n r i na ted  d ia l k l ' l  su l f i des  me thy lene  g roups  rha r  , ,
o lhenr ise be h ic ien in  a  complete ly  p la . rar  sur face.
su r face  f r ee  ene :a t ' i s  cons ide red  as  an  a rea - ! ' , e i gh i c
pe rpos i t i on  o f  cc : t r i bu t i ons  f r om d i rec t l y  exposed  o :
groups, tJ '13 ' ! t  rou i rness at -  th is  sca. le  might  har .e  a  p : .
i n f l uence  on  t h :  cha rac te r i sb i cs  o f  t he  i n te r f : t _ -e .

I n  p r a c t i c e ,  \ ! .  c a n n o l  c o m m e n t  o n  t h e  i n l i u e :
roughness on th :  proper t ies  o f  these monola] 'er  f i l 'm.
t han  t o  say  we  have  seen  no  ev idence  t ha t  r oush : .
i m p o r L a n t .  S a : : p l e s  o f  s u p p o r t e d  e v a p o r a t e C  g  , .
pared in  d i f ie re : :  e ! 'aporators-sy 's tems th l t  a l : . : - r - , :
t a i n l l '  p r o d u c e  c i f i e r e n t  d e g r e e s  o f  m i c r o s c o p i c  s
roughness-y ie l :  organic  nronola l 'e rs  shorv ing r . r ) .  s
m 3 c r o s c o p i c  s u : i - i c e  p r o p e r t i e s .

P r e p a r a I i o n  o f  D i a l k y ' l  S u l f i d e s .  T h e s e  ( , r i l i ]
r ! ' e r e  p r e p a r e d  l ; '  d i s p l a c e m e n t  o f  b r o m i d e  i r o r : r
b r o m i d e s  b 1 '  a  : . r i o l a t e  a n i o n  ( e q  1 ) .  I L  r v a , .  c r i :

R B r  *  - S ( C H . ) r r C O r -  
" ' -  R S ( C H r )  , C O

m e t h o d  A

- -r* RS(cFi,) r ,co !
m e t h o d  B

( { t )  d e  C e n n e s ,  P .  C  R c L . . t / . , d .  f h , , i  t 9 S i , 5 l
( 1 5 )  S c h r t , r r t : ,  [ ,  \ \ ' ; C r r r o i f ,  S  L c . . { . , , r , r ' r  l , ) r j

B , r . n  e .  D .  u n p u b l i s h e d  r e s u l b .
[ {  I  r  -s*r i ; , j  t  c^.J,  Col lo id Science,
N.: , . r  \ ' . . r i .  l i i l ;  \ 'o l .  2,  pp &1-153,
n l {  J  Pr. , , ;  Chem. t96{,  .A?,

: : ? :  t .
, .c l; -SdJ. .(:if :t i I .
,  / ,  2 1 9 - 2 3 0 . . , - i  .  

'  '

" r ' I  
_

importanl to pu:'.:1'the dialkyl sultldes to honro{.:ne.
par l i cu la r i l '  to  e rsure  the  absence o f  th io ls  as  in rpL
For rnanl '  oI  ou:  erper imenLs, the dialky ' l  sulr ' id. ' .s  ,
adsorbates  w 'e re  p repared by  tw 'o  indepenCen:  n .
( m e t h o d s  A  a n :  B ,  e q  1 ) ,  a s  a  c h e c k  f o r  c o n : a m .
in t roduced dur i : . i  s ln thes is .  Th io l  impur is iss  6 r - r r t r  - :
to gold more strc:gly ' tha,r  d ia lkylsul f ides aid co:rc: :
a i  t h e  i n t e r f a c e  p r e f e r e n t i a l l l ' .  I m p u r e  C H , t g l t
( C F t t ; p C O , H ,  p : e p a r e d  b 1 ' m e t h o d  A ,  i n i i i a l , ' .  r :
monola)'er lLlm-. i-..rring B. < 10o, whjle the san-:e c,)r::
p r e p a r e d  u s i n g  r , e t h o C  B  g a v e  d ,  =  1 1 1 ' ,  C a : : i u l
r i f ied  samples  p :epared b1 '  us ing  e i ther  me ihod ga ' .
same resu i l :  0u  -  lOJo.  In ten t iona l  dop in3  o f  In rs  c
sul t - rde w' i th l  Tc , ' . \  lw')  oI  a th io l  demonstraied rn:r :
a t  these leve ls ,  t r io l  impur i t ies  s t rong l ; '  a f iec t  rhe  ' , ,
b i l i t y '  o f  t h e  f i l ; : . ,  F o r  e K a m p l e ,  d o p i n g  o f  i m p u r :
( C H " ) r ? S ( C H r ) r ' ( l O : H  p r e p a r e d  b y '  m e t h o d  A  r . i :
CHr(CH: ) r ;SH i : . c reased the  contac t  ang le  i ro r : .  0 .
t o  0 ,  -  1 1 2 o .  D t p i n g  o [  t h e  s a m e  s u l f i d e  p r s p s r :
m e t h o d  B  w i t h  i %  H S ( C H ' ) r ' C O ' H  d e c r e a s e C  d ,
111o to ( 20o: t l:se contact a.ngles are indicaiive o[ a
excluive incorpc:ation of the thiol into the monolal'e:
cons idered d ia l l i l l  su l f ides  to  be  pure  when thev  y ' i '
monolayer f iLrns ehose wettabi l i t ) ,was independent c
method used fo :  the i r  s l 'n thes is .

Preparat ion of  Sel f -Assembled l \ Ionolay'er Fi ln
A d s o r p t i o n  o f  D i a l k f ' l  S u l f i d e s  f r o m  S o l u t i o n
Cold .  Gencra l  Features .  Thb go ld  sdbs t ra te  \ \as  r
wi th ' r i reIhanol  c:  ethanol  before-usd. '  The dialk i ' l  sr
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( r o, w e ttln3, cll i peonre try., a-,rd X.raV photoelcctron rpectroscopyrtrongly rupport a modet i" , iU.l t i., l"fr7
bound to gord through the rur.:-.rr *i,r, , i.tt, l, lt*^n ft '-pbnolav-er,

o  r ,  f x s l c H r ) n c H ,

o ̂,1.<:x:l:il:

r  o , f n s ( c H r ) n c o o H

F igu re  { .  Va lues  o f  con tac r  ang le
n

( de ion i zed  w t te r ,  pH  5 .6 )  f o r
was d isso l l ' ed  in  the  same sorvent ;  o ther  so lvents  such asTHF were less general ly.  useful  (e i r t re i  b; ; ; ; .  they lef tv is ib le precipi tates on the surface or becauru-tn.  sorubi l i tyof the dialkl ' l  sulfides in them was inconu.ni.niiy rorv) butwere occasionail l '  used. Diarkvl su]fides 

"ihi;h'"rorecurarw 'e igh t  (n  >  12)  were  no t  so lu6re  ar  concent ra t ions  o f  0 .05j l l  in  methano l ,  e thano l ,  h . * r . . ,  o r  hexadecane.  I l lono-
l"gr:  prepared from.ut*" t .a solut ions in these sorventshad, hower,'er,,wetting prgp.rties that were similar to thosehlnu prepared from.Lirah;,drofuran solutions (_0.005 IvI)in which the sorubi l i ty  is  i tGh.. .  The gord f i 'o was im-mersed in a solur ion of  thei ia lkvf  r"r i ia.-( ty i icai ly ro,12-36 h),  remol 'ed,  washea witn a srnai l  arnount of  the.1qu solvenr, and dried briefly in a steam-;;;;". Someof these s;,stems were nor ,uropt o[i l ;; ff i . .g.a *.tf ron the solut ion used u"a t .quired washing to avoid theforn:ar ion of  mutr i lay,e,  f i l -s.-  U; l ; r ; ; ; ; ; ;?; ,  washinghac no.imporfanr efflcr on the J;;d i,r- ir".uess orw'et tabi l i ty . .  Fgi .e. .xalple,  f i lms prepared by adsorpt ionof didocos} ' l  sul f ide f rom ietrahydrofuran solut ion for  Bh were not affffted (eli ipsom.i.y,,.ontrct angle with wateror hexadecane) br l0 .onr. .ut iv.e c l ,c les of  

"washing 
withethanol  and dry- ing or.bi ' roni .ut ion for  10 min in ethanol(see.  the  Exper imJnta t  Secr ion l .

-  The stabi l i t ies of  the -onoruyer f i lms , , .ere,  in geheral ,good'  
-The1'  could be stored io i"extended per iods of  t imein rvafer rravs or grass v ia[ .  r i t - r ;h; ; i .g ."ni i .n. .  ofso me con lam ina t ion.(  for .  e.xample,  * , rn 

"* iu. i .afy 
l r igf ,'a lue of  contact  angre wi th waier.suggest ing adsorpt ionof h1'drophobic conLminants) could ;.;;;^i l"yli .1.*.db; '  br ief  washing with 0. t  X HCt,  water,  and ethanol .Exposure to st16ng b*u l .a to i r reverr iUf.  . l , "nges inwettati l i ty'. The monorayer, *=r., rro*uo=r,i;t i . for atleast 2{ h in w'ater o'er the pH range 1-?. The monorayersprepared from dlal ty]  sutnaes were not stable at  h ightemperatures (-60 oC) or to cerfajn . . "guni .  including30% h-r'drogen peroride and ulnur.rt solutions of diboraneald phosphorous pentachlor ide.

^ 9ootact-Angle- Techniqu.. ur.d to.measure the con-tact angle, d, have been descriu"a i" irt"il;b."rr.r.iiniimeasurebents were mbde ,t: iOOZ r.lotiu. hu,midity.
l l , thoqqh,' in.principle, rhe ;H ;f 

' ;h; ' ; i ;r;on=uraa 
i 'measuring d is important in thebe types of ,tuair.rlii ii.,pract ice,  mos.t  measurernents were made by,using'uibuf-

- t t . t 1 "

representa t ive  f i lms  as  a  fu : :c t ion  o f  cha in  Iength .

fered'  deionized wate-ra:  pFI b.6.  The insensi t iv ' i ty ,of  mosrof these samples to pH is discussed ir ;;; i ., a.t"if belo,,r.For  pH t i t ra t ions ,  ihu  bu f fe r idescr ibed prev iousr ; ,we reemplol'ed tt Th: monorryer fi lms were uns,,able at varueso i  pH grea ter  than T .  io r  the  sake o f  .on . i r tuncy ,  a l lmeasurements  o f  con tac t  ang le  w ich  drop ,  o i ;H  )7  weremade w i rh in  1  min  a f re i  ap lp i i car ion  o i  t t , .  ; ; ;p  to  thesur face '  The.va lues  tupo i t .J  may no t  represent  t ruestat ionary '  angles.  rn th is w'ork,  as in most ol  our studiesof organic surface chemistry, rr-pt.. .- l iuit"a jgnificanb
hy'steresis in the measured .onta.t angres, and we norma,r.report an adr.anc.ing angle, d., obtai;.e;f,;;;;;;; i l :
neous advance of  the drop edge t  rJ r l "pp.al" i t , .  t  r r -teresis ( .0r-  

! , ,  meqsured in d. i r . .s)  seemed., .  *rr#i .more with the polar i t l '  of  the 
"sample 

than with surfaceroughness: more polar s,;fa*. tr.*gi;J; ;;J sho*.edlarger h1'steresis.  The ,* . rp l . r  used here were f lat  by thestandards of mosr. sarnples ur.a in ;;;r;; i ; i ' .oit".t 
"n.g les ;  i t  seems un l i ker f  i i r . r  t t ' r .  ooserved h l .s te res is  (14  =0 " -  0 ,  =  1 0 o  a t  0 ,  =  1 1 0 . ,  C  c o s ,  =  a o ,  d .  _  c o s  d ,  =  _ O . 1 7 ;

A4 = 25o aL g^ = 7So, J cos d = -O,30; ig = 4-d50" 
" t  

d"= 50o, A cos d = -0.36) is due ei ther to,* f r . . iJugl_,n. . ,
o r  to .he terogene i ty  a t  the  mic ron  scare .  There  are  notheor ies  tha t  cur ren t l l '  c i scuss  hys teres is  in  te rms o f  a t -omic -sca le  he terogunu i : ; ,  and * .e  no te  tha t  A  cos  d ,  ameasure of  the di f feren'- 'e in rneasured interfaciar f reeenergies for ad'ancing ard receding drop., i=ri*l.r"t ir.el,,.I i t t le' Ir is thus un.r-.u, 

"herhei irr. "ppr*'f.fr"i. ' i '"hlsteresis with oorarity b a ..J pi.nomenon or an a.tifacrof  cons. ider ing d" -  d,  rather thai  cos d" _ c9s gr.  Receding
:: : l?_. t  

angles,  d, ,  s-how. the same general  t rends as ad-! 'anclng contact  angres.  \ 'a lues of  d.  < 15o are unier iabr: ,and such va lues  are  sho*n  oJp fo t "  as  -0" .
.  

Fol  r -eference, Figure I  ptot*?.  as a funct ion of  chainlength for monolay-er f ih,,?r;;; l from four sets of com-pounds: dialkl'l sulfides t"r-i"rti"q in methyr groups a.ndca;boxy ' l i c  ac i i  g roups  a :d  a rkaneth io rs  a rso  te rminar inutn these groups. Evidence discussed uu.* i . r r1bl , i t - r ; ; :

. . *Eoto t=o*'--:: 
- cl-Q:! : --O-- :!

-c,---""9
2 , '  a

I i
t l- l -  _  _ l

/ / / / / / 'z 'g
T T Ij=___.li _ I

T
I
I

l .
!

Dound to sold through the rut:.ur, *irL tl.-titi ;G";f;#.: ar rhe
1urfs.ce, Bain, C. D.;Troughto"- d B;;_;b il ' xii;: R.6: mdnurcr:r: ,,., o,.o*ti, 'o'1Tao,l' 'T.jtttitesides,
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gests that a-lkanethiols form highly ordered, close-packed
monolayers. The contact angle of water on the het,hyl
surface of n-alkanethiols is among the highest knos; for
smooth surfaces (0,  = l l4o,  deionized HrO, pH 6.6;  for
comp-ar is9n, d" :  103. for  polyethylene).  

-  
Simi lar ly,  the

<,;- carbo xylic acid al kan eth iols p res e n t ve 11. polar .*-f"... t
1t qll values of pH for these surfaces, we measure B. - 0o.
This value is much lower than corresponding values for
carboxylic acid terminated dialkyl sulfides. lvi itrf., from
these compar isons  thar ,  fo r  example ,  the  carboxy l i c  ac id
groups of slmmetrical, carboxylic acid terminated dia-lkyl
sul f ides are less t ight ly '  packed at  the interface than are
the carboxyl ic acid groups of  the analogous alkanethiols.
Again,  by,  way'  of  comparison, the value of  d" observed for
an  equ i l ib r ium mono la l .e r  o i  S( (CH: ) , rCOrH;2  is  s im i la r
to that  obser 'ed for  a monolay'er conlaining a f : t  mixture
o f  H S ( C H 3 ) 1 6 C H 3  a n d  H S ( C H , ) , , , C O , H . { t -

Certain other organic monolal .e,  ,y.r t . - . ,  such as those
der i 'ed  f rom carbox l ' l i c  ac id  te rmina ted  a lky ls i lan€s , .s , re
are similar in their r 'ett ing properlies to the carborylic acid.
te rmina ted  d ia lk . l ' l  su l i ides  bu t  less  h l .d roph i i i .  th "n
carbox l ' l i c  ac id  te rmina ted  a lkaneth io ls .  i ve  suggest  tha t
th::9 silane s)'srems a*.e probabl.r ' arso rerati 'ery. dlirdered.

E l l i p s o m e t r y ' .  E l l i p s o m e t r y '  p r o ' i c l e s  a  c o n v e n i e n t ,
q u a l i t a t i ' e ,  b u t  n o r  n e c e s s a r i l l '  h i g h l y ,  a c c u r a t e ,  m e t h o d
of  es t imat in3  co 'e rage and f i lm d : .ns i ty .  by '  rneasurement
o f  t h e  t h i c k n e s . s  o I  t h e  m o n o l a y ' e r  d e p o s i i e d  o n  t h e  g o l d
subs t ra te .  The sor ts  o f  s1 's tem.  u . . , i  here  are  prob lb ly
close t ,  ideal  for  e l l ipsomerry ' :  compouncls typical ly di f fe i
p r i m a r i l y '  i n  t h e  l e n g t h  o f  t h e  ( C H r ) ^  c h a i n . -

T h e  e l l i p s o m e t r i c  p r o c e d u . u  u . . d  i n  t h e s e  s l ' s t e m s  i n -
l ' o l ' e s  t h e  d e t e r m i n a t i o n  o f  t * ' o  s e t s  o f  p o l a r i z e r  a n d  a n -
alyzer readings for each gold substrate ani before and after
adsorp t ion  o f  a  mono la l 'e r  f i lm.  Each se t  o f  read ings
comprises the polarizer and analyzer selrings at.eraged ov,-er
three or more locations on the sarnple sepaiated by:at least
1  c m  a n d  h a s  a  m a . x i m u m  e r r o r  o f  * o . l 5 o ,  c o r r e s p o n d i n g
to *3 A in the thickness. The effect of substrate ro'ughnes;
o n  e l l i p s o m e l r i c  m e a s u r e m e n t s  h a s  b e e n  d i s c u s s e i  e l s e -
where les  and is  no l  expec ted  to  a f fec t  s isn i f i can t ly  mea-
surements on these e'aporated gold subst iates.  s ince f-r lm
thicknesses are calculated from the di f f , - . rences in the op-
t ical  propert ies o[  the *bare'substrates 

ancl  the substrates
coated  w ' i th  mono la- r 'e rs ,  i r  r 'as  neces . ia r ) .  to  make some
a s s e s s m e n l  o I  t h e  p o s s i b l e  e [ t ' e c t s  o n  e l l i p s o m e l r i c  m e a -
s u r e r n e n l s  o f  c o n t a m i n a l l o n  o f  b o t h  t h e  s u b s t r a t e s  a n d
m o n o l a l ' e r  f i l m s ,  o f  t h e  u s e  o I  b u l k  r . ^ l u e s  f o r  t h e  i n d e x
of  re f rac t ion  o f  the  molecu l r r  c rmponents  o f  these f i lms ,
and of  Lhe relat i ' , 'e binding af t ' in i t ies of  d ia lk l ' l  sul f ides and
c o n t a m i n a n t s  t o  g o l d .  T h e  u n c e r t a i n t - r '  i n  t h e  m e a s u r e d
f i l m  t h i c k n e s s  d u e  t o  c o n t a m i n a n t s  i s  p r o b a b l l ' l e s s  t h a n
4 A on  the  bas is  o f  p r_e ' ious  s tuc i ies  o f  go ld  u . ing  e l l ipso-
met ry  by '  I r l cc rack ins ' r  and the  agreement  be fw ieen f i lm
thicknesses determined erper imenlal l_v and'alues der ived
f r o m  m o l e c u l a r  m o d e l s .  F u r r h e r ,  x p s  a n d  i n f r a r e d
spec t roscop) '  a re  cons is ten t  * i th  the  proposed s t ruc tu res
of  these f i lms  and pro ' ide  no  e ' iden ie  o f  g ross  contami -
n a t i o n  o f  e i t h e r  t h e  s u b s t r a t e  o r  t h e  m i o l a y e r .  T h e
d i f fe rence in  in te rcepts  fo r  the  th icknesses  (see be lo* )
p lo t ted  aga ins t  cha in  length  o f  th io rs  te rmina ted  by  car -
borylic acid and meth-vl Foups nray'arise from ua.o.pii*
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of  water  by ' the  hy 'd rcph i l i c ,  carboxy ' l i c  a : i c j  s : r i ' ac
e x l e n l  o f  a d s o r p l i o n  o f  w a t e r  o n  f i l r n s  o t  C F { , ( C
(CHlrocO.rH is unclear, The calcu-lated thicl.,,,..r i f,,
films is insensi:ive !o the index of refractioo Lr.-c..1. \\,
assumed a bu-lk value of n = 1.45 of the incie:.: of rei
fo r  these f i lms ;  however ,  va lues  o f  th icknes . ;  a re  c i
o n l y ' b y  a b o u i  3  A  o n  v a r y i n g  n  f r o m  1 . 3 , 1  r , ,  l . 5 i

F igure  5  cornpares  the  reproduc ib i l i r l .o [  C : :a  o :
by '  e l l ipsomel ry 'and measurement  o f  con tacr  an3 le
s e t  o f  p o i n t s  r e p r e s e n t s  a  s e r i e s  o f  d a i a  o b : a i n e c
sample.  That is,  each set of  points rep:escnr. ;  i : .Cep.
measuremenLs o[  conLact angle and eUipsonr._, : : : ;  th.
a l  a p p r o x i m a ' , e 1 1 '  t h e  s a m e  p o i n t  o n  a  s a n : p 1 3 .  I :
p rac t ica l  to  measure  the  conLact  ang le  an . l  . , l , rps r :
t h i c k n e s s  a . "  e x a c t l y  t h e  s a m e  p o i n t ,  b u t  t n . _ . t o i n :
for  each of  these measuremenls were mad:,  t  )  corr :
as c losel .v as possible.  These daLa lead to t , , , . , , ,  im.!
conc lus ions .  F in l ,  the  sca tLer  in  the  da ta  f , t :  r , ,  i s  .
c iab ly '  less  than in  the  e l l ipsomet r ic  th ick .= . ._ -u . ,
changes in d.  a:e more signi f icant tha;r  cornp r :abl
a f ions  in  the  e l . l ipsomet r ic  th ickness .  SeconC.  rher
correlat ion betr i 'een der iat ioru f rom the niern i :  th i
and confact  argle.  Thus, the scatter both in t : , i :kne
in  contac t  ang le  appears  to  be  random,  ra ihe :  tha
resent ing,  sa) ' ,  real  var iat ions in f i lm thickn:s. ,  ani
abi l i ty ' f rom point  to poinl  on the sample.  T ' i - . : ,  sci l
F igure  5  obser ' , ' ed  fo r  f i lms  o f  CHs(CHr) rS  i  C  i { r ) , .
i s  due to  the  use  o f  an  unsu i fab le  go lC subs : ra re  f
p repara t ion  o [  th is  sa . .np le  and is  no t  repres  jn ta :
f i lms prepared from this compound.

F igure  6  cocrpares  the  es t imated th icknes_-  o f  t i
sorbed monolal 'er  es measured by el . l ipsonre:11. f "
homologous seLs  o f  compounds:  .  methy ' l . te : : r ina l
alkanethiols and slmmetr ical  d ia lkvl  sui f ides;  carb
acid terminated n-a- lkanethiols a"a ai l ty l  sul i ide,'mixed'  unslmmelr ical  d ia lkyl  g i j l f ides having the
C Hr ( C H2) ̂ S ( C H J 1qC O 2H. i .TL-r.e.ds! i m a t e d t h i c k n e s
nrethyl-terminated fi lms are- i ir i i imilar for alxane
and dialky; l  sulr id*s.  \ \ 'e bel ier i  ihat  the alk:rre:hiol .
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F igu re  6 .  F i lm  th i ckness  (by .  e l l i psome t r y , )  o f  r ep rese
n

n t a t i v e  f i l m s  a s  a  f u n c l i r t n  o f  c h a i n  l e n r t h

( (Cu , ; ' g6 rH) ,uy20carbon , - in_ . .uu , .s the t r , i . ud1 i i . |

: } : . i9 ! l : l0A; lhu . ' ,a t . the ' *upack i r rg ; ; ; i ; ; , i l . ,1 ,1 ' ] . :
rne rum Dy -I0 A; thus, at the sarne packin! density, the 

"r!1l,l.B;p 
o.;.shiao, s. v. hlr"*r.yi c.al_a, s. D. EilIncreasl 

.in..one 
thain by this number of .*lon. *oulJ i:i:i"r'r1:"rit:Tliff. 

ttr; r-c,i.* dl.#"J s*r"ii irr-i.,1"'g"".
\  v . v . t  L J  t o ,  P P  r o . J - I H .

ff#':l"fj#""{,,::i"#,ill=iiii,li":*:ntT ijif"tT,";iii:,::J,r;i""1,*:;t;r,:HjJ,,lIi\1."::
rglr*l*:":1,*i1"#:iilrj|Tl:*!..:""+:ll 

e:iirv qe."c'ed' siv"n 'lt" un"Jnil i'' o";";;;;''
thar the.c.rbo.xyric ";,0 ,";;",!T*j",i".,,ril:*il#t $:::=:iii]r .; "i.;,:*n::ru.Xii.l"i

11"4*:"*;i'n*:1*iii",','"'ill+#itffiT#:* iiT",ll,"'r..ii;i.ti:j;i;;jiHliii:;J,*T:tiil.
:f,il'.*fr'e""'Jlil['rTllterminateddiarkvi;r;J;;; it{i:i]i{i:qlJ?"'i'i1:;;;ii};'i:::jf,nl#;il
morogousriethvr-t".;in;'d;T,x,i:'"1i:$j."{r:i..,}i; 31,::,t:""1;ll""xj:;n:lli,s,i,lri:T?,",;,..,ilof the difference between carboxl.li. 

""iJ.".t"r"i"g'.ii j ;tems and methyl-terminated

;::ii1tt-fiiJ:..,",t:,,:# ,tii:.::-H l"Jfflrij:is t'it-fiidiri1.':iiil?illiifii.li,fiff;1*lnared sysre' resernbres ,n;;#uiX"r,T"ll,,J .,'",.Tf:il: 
mli:l,"mij*"llliiiii:i. , ,rrr;i;J ;i .;;

*nlttilfl*rthts}t#ilTnl;;:f mlff ilrrfi:,,slI!?d;',:.'d;-rrii jii,urrt
l,'i:L"ffi [f ";'1""'".'""Tf :fi ".Ti'P'ft :".i:ff ;;rrr"lt'lili_']".ffi ii;fl irf;"]'i#ui:.*$,;
,.,i.i'lifi,T::.',F,0".T"+i::i,ll"data ror the unsr,'rnme' 5",.$'J:iti!$J|.|i:*jf:Lif:,i.:,,,",};;,':;
*ffii:#: ffir,t*lt',.*q.ii:'ffiT;: r.:"i::1:.:r,:q,*ucibiritv.a,d as an initiarestimate or
f*i'":'li"t":,y"iih',#qj1i{:l!1'".f iT!.,l: Q;;a:l:,"*i'.!:;#*["*iJ:dt]:,';l'ffirow.sensirivitv u "ri,p."-"i.i',1Hi",'Tr:Xi"Ti,";ig r;1*";;:xr;""jtl:r*xil.l"*r*1iiyffil
l}:*:T*::'Jff::*i'"""'i"Jll: :'l'p'i' i""gl'f i'"'iil #'
:frTiil:il,3i*ii*,1ffi"t,'i;,,1h:ri*ru:r; ;,'{:,.*1,:#*l:f,,:",d::::::';'j,:i:'
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12-36 h.  This t ime is probably much longer than that
requ i red  to  reach equ i l ib r ium;  in  o ther  exper iments ,  ex-
tensive equi l ibrat ion between preformed monolayers and
organosulfur compounds in solution has occurred over this
t ime. { l

X-Rey Photoe lec t ron  Spect roscopy .  Obta in ing  re -
l iable XPS data for  the monolayer f i lms proved consist-
ent ly t roublesome unl i l  i t  became clear that  i t  was nec-
essar!  io use lorv X-ray intensi t ies and low temperatures
to minimize beam-st imulated desorpt ion and damage to
the monolayer f i lms. Previous invest igators have also
observed ser ious decomposi t ion of  an adsorbed layer of
xafrthates on copper at high X-ray flures.sz Figrue 8 shows
spectra for a series of samples: three points are particularll'
relevant. First, the gold substrate transfened directly from
the evaporator to the spectrometer shoq'ed t i t t le e ' , " idence
of carbon, oxyggn, or sulfur on the surface. This result was
not typical ,  however j  most 'c lean'gold surfaces showed
a peak  a t  -285 eV ( re fe renced to  Au 4 t1 /2  a t  8 -1 .Q eV)
due to  advent i t ious  carbon adsorbed on  the  sur face .
Second, the snmples of monolayers confaining carbosylic
ircid groups showed clear indications of the COzH catbon
of the saniple in the form of a broad (fwhm :" 1.6 eV)
Gaussian pe+ at  a binding energy of  about 269 eV su-
peiimposed on a linear background. The identification of
thil"peak is important because certain of these samples
showed neither a titratable c.arborylic acid nor t}e presence
ql g 

"_.EFonyl stretch in their S r,p..tru. Ind.ependent

Suonlnen,  E. ;
9, 691j605.

confrrmalion is prov' ided by et:mination of th..  O ls r
i n lens i t . v  i s  on ly 'seen here  in  the  presence o i
acid groups in lhe monolayer.  Third,  the mon'
ples show l i t t le intensi ty at t r ibutable to
sence of a sull ' .r peak is due botb to i|s low
and crqrs sect:on as well as fo the low intensin'
beam and co ; respond ing  low s igna l -ge-n i> is :
spectra. Spec::a nm on this instrument a-nd on a c
instrument ai  h, igher X-ray intensi ty c lear l , , '  shrtr
pected presence of sulfur. The important conclu.;ior.
these siudies L only that ,  so far  as XPS can indicai
mono la l 'e rs  hg" 'e  the  compos i t ion  expec ted  on  the
of  the  d ia lk l ' l  su l f ides  used in  the i r  p repara : r ,x .
conclusion is inportanl  in indicat ing thal  the r : r ' r r .
on the surface is not formed by react ion or deconp,
of  these dialk ' ' l  sul f ides or by format ion oi  a m,rr .
by  se lec t ive  adsorp t ion  o f  a  low-concent ra i i , r :  i r : : ;
preseni  in the Cialkyl  sul f rdes.  Prel iminar l 'da:a oc:
by  us ing  the  second photoe lec t ron  spec t ron ie :e i  a
cluded in the Erper imental  Sect ion' for  comp.r ; isor.
the data in Fi3ure 8.

In f ra red  Ref lec tance Spect roscop) '  ( IRS) .  F
9 sho*s IRS Ca'a for four diallo'l sulfides adsorbed oi-.
There are tn'c important pgints to- be made abo'-
spectra. Firs:, the major absorption'peaks roughl-r' r
ones observeC for the pwe sul f ides.  \1 'e in le ipre:
obsen'ation to mean that the adsorption process negi
perturbs the chemical bonds i,f the.i lutf ide molecul
ag.ee-ent w'ith the XPS data aboii. Second, rep'
samples showed spectra with ipall lrt irt ion. in pe.
tensitfes, shapes, and positio*,*#Sarl1' for the r:

,  \  . .

|  1 V

Y i t

Aw a

F r l

U

I  A !  s u b s t r a l e

5 0

- 1  . 00

0  6 0  1 2 0  1 8 0  2 4 0  s 4 0 0

T i m e  ( m i n )
Figure 7 .  K ine l ics  o f  formal ion o f  representat ive f i lms.  The upper  graph is  a  p lc i  o i  th ickness (by e lJ ipsometry ' )  as  a  i , - ln , - :
t ime of  adsorpt ion.  The lower  graph is  a  p lo t  o f  contact  ang le  (de ion ized water ,  pH 5.6 ,  un less o ther* ise spec i t ' led)  a . ;  a  [ ' . :ncr
t ime of  adsorpt ion.  Va lues of  confact  qng le  a t  pH 1 l  were measured wi th  0 .05 iv l  Na; l iPO,  phosphate buf fer .  The asrer i - . is  i . :
va lues for  a l l  samples before exposure to  the so lu t ion conta in ing the organosul fur  ccnpound.
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Figure 9 .  po lar ized in f rared externa l  re f lec t ion spect ra  o I representat ive f i l rns  prepareC b i 'sp . , ln r ineous assembl l 'o iC iunC"cy ' l  s

i i . i i i - . " iu"*yuna* l ; t j  .u i t - ,a* ,  r r - (meihy i rn io) . ina.canoic  ac id ,  and n- (hexacec-r l -cs- th io)undecanoic  ac id  ad:orbr tes i : ' - r : : r

e thanol  so lu t ions o" i f  gofJ .  S ignals  a t  29 i5  and 2g23 cm-t  are a l t r ibu ied to  the CH2 as immetr ic  s l re tch '  those a l  2353 anc 2S' ;

io i fr .  CHrsymmetric stretch, those at 17.{0 and 1?l? cm-r to the C:O strelch, a.nd those at '  2l9t l  and 2095 cm-r to the CD; a-i} 'm:

; | . ;a ;h  ; 'd 'CD,  ,y - -e t r ic  s t re tc t r ,  r . .p . . t -ue iy .  Other  pe+s are no| ,  in terpr .e ted in  deta. i l  bu l  cor respond roughl ,v '  to  those ob '

in  pu i .  .o-pou1i . .  Note the absence of  an observubie  C:O s t re tch in  the spect rum of  the f i lm prepared f rorn 1 l - (ner :

J* : t f r i " l l "J i .^no l .  ac id ,  even rhough r ig"^ f .  
"1 i i iUg lUt .  

to  the methy lene and deuler ium' labe led methy lene chains a :e  ob '

Scale  bars  in  absorbance un i ts  are f rov i ied for  the h igh-  a ; rd  low- f requenc) 'spect ra  o i  the deuter ia ted su l f ide '

ilJ 
'i?onu 

I'!*,',,6.n,,J[{*..],ii_^^

carbonyl group r.ith respect to the plane of the gold sub- minated chain is longer. For comparison, this r1:u:

strate. 
"Flr rehection IR speciroscopy, the stroigest ad- includes data for two homologous series o[ referenc!

sorption occurs for vibrational nrodes with transition di- pounds (Fig:ure 4): methrl-terminSjed ard caibr)Ktl

p"i!. 
"ri""t"a 

lerpendicular to the gold surface, and ierminated slmmetrical dialkyl sulfides. Recedin:c'

iirtually no absorpiion o..urc for dipoies parallel to the angles, d,,.showed the same trends as adr'.rncir': c

surface, It is conceivable in Bome of these sa-Dples thai. angles, d.. bui a;e uniformly smaller (see the Exp':rir

ior gorie reason, the ca-rboxyl.ic acid groups tend to orient Section)
paraLlel to the substrate. If, for e*ariple, this orientation Ntethfl'terminated s1-ste.ms (both symmetrifrl s'j

i"*i-i*a hydrogen bonding, then ih. b*d" would be and methyl-terminated. thiols; Figure'l) nainuin a

diminished in ariplitude, drie to both broadening and hydrophobicit.'-- until the number of methl lene g

ori"nt"rion, *d mignt thus be lost in the noise. ihere between the su!'JJ atom and the methy'l groups fall:

"pp"*" 
t" l. 

"" 
a p"riori reason to expect this particular approximately five. -The 

ghorter films becon: p:

oiilentatiorr, and independent evidence is needed for con- sivell ' more trl drophilic, reaching a value of C. - i

fumation. i11rateuer ihe originofthe low intensity ofthis (CHs),;S. \1'e hrve_not established the ori3ir, oitrr

absorption, there must be sJme significant difference be- crease in hldrophobicitv *ith de.creasing chair len'

twee;the structures ofthe \rnslm;letrical dialkyl sulfides any detail. Itisplausible to ascribe.it to th.e irllu::

havirg one carboxylic acid terminated chair and the sym- Iocal gold-sulfur o.r sul fu r-carbon 
"bon 

d dipol"' c:

Eehi;al bis(c;boiylic acid)-terminated sulfrdes, sincithe tacting water, to the interaction of the hiShl' poi

latter do show distinct IR absorbance in the carbonyl re- metal *'ith the !vater,- or, -perhaps, to direct co:1:ac!
gion. water with suLt-ur arrd gold atoo by penetraiion be

,'idootact Angle of Water on Dialkyl Sulfide Mono- adsorbed organosulfuimolecules. .Independent el
'layerg. . Fisuri fO gummarizes the measured wetting cheoicel studies of thiols on-gold electrodes injil 'a'

'' pi'.;p",ii.. ;f 
" 

;;d;;;i;;;;;;;i;i;;';i;y;,: the densitv of.pinhole defects incrbdiee as the chrin l
,,. '^ .,Lving the structure CH3(CH,I,*.S(CHJroCO2H prepared - of alkairethiols decreases,to,l.,, ' ,, ' . t, '  .. ,
, . ,  ^  t ' .  r  r  t ' t a t .  ̂ ^ ^ - L ^ - - - . 1  : ^  ^ ^ : J  r ^ - * i - ^ t ^ I  o . - l, 

':ti 

"a-.orption 
i.o- ett inot.-S'iriritar iita were ibserved The carboxylic acid terminated slntems are mote

j ^ - - : - ^ r - , 1  . , ; l ; ; .  ^ . , o r  t h p  l l l l L..- ;J.:iil;;;;il""d;ffi;;p;;il;;i;F.'d;il;; tnan ihe rnetlvt'te:*i"ti:A't:!*r.q:" t.h,'.f:l
.tr, -:i'.'u-ii.iiiiii"r, aiir,,liiil,"riiii.'ii.ill "r 'i,l,u.yi."" "i"r,"i" 

r*gtl'i.';t"i""a. rnb'ti'. p-ivti-. acid term'
*,+ft.ii;l!al*.";li;;h;i-L;;;i"a;Jti. *tJttri. ihiol" u" tinirorrolv-wettable:,!4i* o' ror all s5

*liifii?itiiiii:T'.ffi;;'';;" ;".rtil il#;;;;,)ii;i; : 6tsd;t.j c-b.ivfii *ig.t"ffis ej--'t'i'd cft! :taOps.be twee n th e methyl- te rminated a"d ttte criibo xyli

I  sxto ' '  aus

*l.t:t*ff:i,
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m e t h o d  g

I
l u  l s l c t r ) , 0 . - c o o H

l \ ( c H r ) 1 : . n c o o H

rn- :o-^ . "  
1 ' '  "uuan: rng contact  ang les{de i?n i r . {  w3. ter ,  pH s .6)  for  monola l .r#:;iiliS l$l;.*J'l"l:::l* i;,.t'::::ladsorbates prepared uy -u,r,ilt'i:T:"ii:r^T:if.:3 tr-(n arkrrthio)undecanoi6i,:T:ir.iri3igr;.*r'9":::1";riii"lt:.'ds."T:j::[T';t,:,tr*$lt*i*.i{nltitr+:;]ii":iiffl''1if:ffi'?",..i1.enr '/arues ror rfre iniu,iu.l,";;;J;;,l.iil::r-" .1ff,,1?i,1,?li*?$;:,;i:::|:fJ:*Htr*;T:*XlriT 

J:
sulfides shorr"large variation in their w,ettabil ity with chainlength. For sho.j.il;i;;;i, tr"", *I[i lui ..tnylenegroups)  d"  is  a lso _0o.  fo ,  .nr in .  h ; r : i " ; io  o,  moremethvlene units berw'een *.*"rr*;j rh.;Lio*1,Ii. 

".id
'z group' the varues of contaci angle i".r .". .  rronc -400((cHJ,o) to 

:!0' ricHr)rlj. For-,,.oarison, the conLacrangle of water on polyeriii;";, (CHr;^, is d. _ 103". Thesimplest interpretLt ion oi ih. iuu ro. the carboxyric acidtermina ted smme trical diurkyi.urnd.r, and on e consis te n twith orher data, b ;ir"t dffJv'rt"-, shourd be consideredas viscous l iquid o. l iquiJcffstal l ine f i lnrs and that ther n c r eas i n r h'd rop rr o u i c i ti .o'., u r u t..-; t il h ;'in.r.". i n gdilurion oi *'u porli ';;;-ir;;icid moiei;;;;i nonporarmethy ' lene groups.
r he dah for unslmmetrical gidfryi sulfides conLainingbo t h m e thrt q.*i b"-/;.' ;:i j. t" r_. i,.,a ted ch ains are, asexpec red, q uaritiitir'.rv in rr r,,,.i i"t. u. ;;;';ilse of thecorrespondinr  symmetr icar  rnethy l - terminated aad car-boxvric acid terminrruj-ai l i r . i i i .urna...  The quesrion ofcentral concern is whetfreiil;;. i: *y eridence in the datafor the unsvmmetricar Ji" i tvr , , i rr iJ..  

' t iJ '  
.ugg.rtsrructure t" , \ :  

^O.i1l1"r i* fu' .p.ndicular to the meanplane of the gord subsfrate and imprying systematic cov-u,'*g and re'ealing of the joiar c*6"i;L,? ,'.ij'iloup *ttr.,cnanses in the length of thf o'.tfryf-t";l;"rli.irin. fr.,uroost interesting,ieature 
"r}, . ' i "u lrr ,o i i .  u".r ' ,"gu orthis quesrion is 

n:: f ; ,  dr.ol ;  0" observed berween rn= 6 and rn = 4' This s-harp inciease in hy,drophilicity witho e creas in g l e net h. i n t h e rI e r'rr-ii-i r r.. i n ; re d ;i;"in i, u..yunlike the smJoth ;;;;; ' ir,r*.-a for rhe symmetricaldjal.kyt sulfides- 
*:";*.",i il.|.a,ta is appreciabte, andnot all compound:.r*:eie exarnined for possibre artifacts dueto co n tarn in a r in q thjols. N#il.t..; :il;;ffift tu in gdialkyl sulfides prepared uy u"ir.. methods A and B arecompatible. \\'e .on.tua. ,r-rit ,i. trends in these daia arere.q and estabrish u r.ig"nififilt'.i*ge in hydrophobicitv1'ih a small change i,i *.,.-Jrliiuru or.the adsorbid un-

:ffi;f:* **. .ume;: ;ril;;;. compariblawith ft ,rt

group a' the methl ' , l - terminated.hs becornes comparabreto the carboxy.l ic acid t .rrninut.a . i .r . i"- i .  j ."grn.
A secondr l . : l : r "  o f  in .  data for  the unsymmetr ica ldiarky'r surf ides suggesting structure is the uuiu. of d. forlong merhyl.termiffi:;.;;;, 

Th;;;lr; (r" _ 100")are comparable to those ror polyeth;b*,ii?Lulish 
thatt h e c ar bo x v- U c a c i d grg p.' i i-t*:q i^j; ;J ;: : 

" 
m p r e t e i,,.hidden from waterl  Thus, a 

,a"rf  a*.r116. group is appar-enrl1' sufficie.nty]fg. ,?El. comptete"ty * i,na.rly.ingcarboxyric acid moietr" A sim'ar uffu_.t has been obse*.edfor long'chain cster.-or tnu-"t.ohor derived b1. reducti ,nor pol;'ethvtelScaruoryiorli;ipE;'g,"i ;to for act.so rbed  mono lay .e rs  h i r i nn - ' r( c H2), 6 co ; H T'il,! ffi ; il? ;1,; J:l;:'ff: jt !i i; i.,;unsymmerri.ll^::lfldes hauTng fr", o.,..i,oijr.rn",inaredchains (g^ -  
190" t  - i r  l . r r } run. t i  

" ,  
obsen'ed for  an in-terface presenting 

"l_o.ii*.tlr.iuut;. methyl g:roups (HS-(CHr)r6CHr, d. :-115") arj  . .rpqrrut. to onu'.Jmprisingpredomin-t, t : ,9|^, 
11w. 1r; iy.thy. l .ne ,0^ _ 103"). Thrsdif ference bei* 'een the conLaci a-ngre of water on rneth'r.and methl 'rene-cont"jninf i" turrr.u. may arise from the

ii,';i;J,'||J:1T :: :!' rit.' .'.u, ,.du.ing-tie rarerar
rr r.,p,.i" ; :r ifif''fl1J i: : lX #j: ii* T,..1 *,,sulf ides having ".t  o.t" rJi t i . i ] t .r* inrted chains is ressstraightfo'o'*J. e-*p..i**Hir., ,nu scatter in these d:rrwas greater  than that  for  other  systems examined.  \ i .enote here some of  the r . . tu . . r^ that  might  cont i ibute t . .the interfacial free ..";r;;;;;rr o'onoiry.;;G.. Firsr,the adsorbed films i'. i i;;*ig* are sufficiently rhinthat thev'are rnore hi'i;;;;iri. rr.,.n thicker systems, in.dependent of any s.tructure in the organic layer (presum-ably due to inberactioro beroJn *.r", 

T4. *.u goli and/orgold-sutfur interphase). 
-i;;;;j,,the 

stabiliri or rhe hy..drocarbon-air interfl:q'" 

".",", **. that oii J"rto*1.ti.acid-air interface; thi; ; ; ; ; i  of .relat ive .er-abi l i t ies is' probably reversed r"J furl;fr*r *itrr wahr.'T.here is thu->
;:f i:T"",1,J,1?:flr;J'io',**,.ndqiliuo',ini,.u

. 
" 

;,.,-..^.,-.o 
ln these urulmmetricat-eu'ido-tl-onu 

in

ilr 11 f e'";o it;.il;:il;X'i,ff fr,Ti:XHt* ft *
, . . : , t , ; '  l l . + - i .  r  . .

.5;:.;il+-{i"it  . - ,  - \ ,  a . '  '  
) t



ea

t t t t t t t l
0  4  B  12

pH
Figure I  l .  Advancing conLact angles o[selected aqueous buffers
fo r  mono layer  sur faces  prepared f rom d idocosy l  su l f ide ,  1 t ' (n -
docosyl th io)undecanoic acid,  1 l - (n-eicosylrhio)undecanoic acid,
I l - (n -octadecylthio) und ecanoic acid, I L - (n -decy'l thio) undecanoic
aci , l ,  and bis( l l -carboxy'undecy' l )  sul t - rde adsorbed onto gold.
ConLacl angles w'ere measured within I min and are not necessaril-v
e q u i l i b r i u m  v r l u e s .

wh ich  the  in te r fac ia l  f ree  energ) '  has  been min imized by
changing the composi t ion of  the interface to ma-r imize the
number of  CHx/CH3 groups ( for  a nonpolar interface) or
CO2H groups ( for  a polar interface).

Contact  Angle Ti t rat ion.  Previous, extensive studies
of interface-funct ional ized polyethylene have establ ished
the  u t i l i t y  o f  measurements  o f  B"  as  a  func t ion  o f  pH as
a method o f  examin ing  the  charac ter is t i cs  o f  in te r fac ia l
acids and bases.l lts f icrrrre 11 shows relevant data for the
d ia lky l  su l f ide  based mono layers  s tud ied  here .

The long-chain, symmetrical melhyl-terminated dialky't
sul f ide (CHr161ir)r , ) rS shows no change in contact  angle
with pH, as expected for an in ler face having no ionizable
froirlsl The contact angle with water of the slmmetrical,
carboxylic acid terminated dialq'l sultlde (HO2C(CHJ ro)S
at high values of pH is d, - 20o and is significantly larger
than the value of  d* = 0o obsen'ed for carboxyl ic acid
te rmina ted  th io ls ,  Th is  d i f fe rence ind ica les  tha t  the  in -
ter face of  the dialkyl  sul f ide based system is less ordered
than thal  for  the th io ls.  The dialk l ' l  sul f ide monolay'er
apparent ly  p resents  carbox l ' l i c  ac id  g roups  to  water  in  a
matr ix of  methyl  and methl ' lene groups. Data that are
numerical ly very '  s imi lar  are obsen'ed for poly 'ethylene
carborylic acidt3 and for cerlain carborl'lic acid terminated
si lanes on glass.{s
' The data for the unslmmetrical dialkyl sulfrdes are in-

terest ing pr imari ly because the carboxyl ic acid groups in
these systems do not seem to ti lrate:r3 the values bf d. do
not seem to demonstrate a reversible change in the wett-

iS-, abil ity of the fi lm surface with changes in th_e fH of the
,:*c "confacting water. "In these mbnolayers incorpora[inf long

t - ' m e t h y l - t e r m i n a t e d  c h a i n s  ( C F t r l g H t 2 r , C H I ( C H ) i e , a n d

:.-: ' CHr(CHz)ri) the values of 0. at low values- of pH are..cb-m-
': ;, 'i pirable t-o those'for giolyethylenti and suggest nii irifltieirce. f  
;  -  

v v  v . . v u v  
. r v r  y v . J  v  ! . r J  r !  r r v  ( g . u  e e 6 6 w J  e

; ';;-'r;of the caiboxylic dcid gioup on the monolayer-{itrii in-
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n i f icant  decrease in  0 .  w i th  pH in  these sy 's lems :
ins tab i l i ty '  o f  the f i lms at  h igh va lues of  pH,  ra th
any ef fec t  o f  ion izat ion o f  the carboxy l ic  ac id  grcr .
example,  the data for  CH3(CHJi ,S(CH)16CO2H re
tw 'o  se t s  o f  t i t r a t i ons  ca r r i ed  ou t  a t  t he  same  l oca
the  f i lm .  The  po inLs  rep resen ted  by  numbers  1  t
3  were car r ied out ,  the f i lm was washed,  and ther .
4  through 9 were obta ined in  the same locat ion.  T
in  con tac t  ang ' l e  w i t h  i nc reas ing  pH  i n  t h i s  sy ' s tem
p a r t i a l l y  i r r e u e r s i b l e .

The  da ta  f o r  t he  uns ) 'mrne t r i ca i  d i a l ky ' l  su l f i
taining methl ' l - terminated and, ca:bo:* ' l ic aci,- l  terr
cha ins o f  equal  lengch-C Hr(C Hr)eS (C Hr)  r  -  C OrF{
a n  i n t e r e s ' , i n 5  c o m b i n a t i o n  o i  e l f e c t s .  T h e  v a l u e
pFI 1 (t0") L signit-rca.nt l ,r ' lo* 'er than thai for pol l 'e

and ind icates a  s ign i t - rcant  in f luence of  the pL\ lx  ca:
ac id  g roup  on  t he  we t tab i l i t l ' o f  t he  su r face .  Non .

the  con lac l  a rg le  o f  wa te r  on  t h i s  f i lm  shows  on l r '
o r  n o n e x i s t e n !  d e p e n d e n c e  o n  p H :  t h e  d r o p  i n  d "  i
s a x l e  n n a g n i i u l e  a s  t h a t  o b s e r v e d  f o r  f i l m s  h a "  i r
p le te l l '  bur ieC carbox-r ' l i c  ac id  groups a- ' .d  prob. rb l l ,
p r i n ra - r i l 1 ' e i ch ing  o f  t he  o rgan i c  mono lay ' e r  a :  h i g l -
o f  p H  r a t h e r  t h a n  s i g n i f i c a n t  i o n i z e t i o n  o i  t h e  c a :
a c i d  g r o u p .  \ \ ' e  b e l i e v e  t h a t  t h e  a b s e n c e  o i  a  s i g :
change  i n  6 ,  r v i t h  pH  i s  due  t o  t he  l o r v  d i e l ec l r i c -  c
of  the env i rorunent  in  which the carbe ' rx ! ' l i c  a ; ic l  gr

l o c a t e d  a n d  p e r h a p s  t o  s t e r i c  h i n d r a n c e  t r - r  S i ) l i .

c a r b o x y ' l a l e  e : i o n s  a l  t h i s  i n t e r l a c e ,  r v i t h  a  r e s u i

c r e a s L .  i n  e f r e c i i v e  p K .  o f  t h e  c ; : b o r 1 ' l i c  a c i C  g r "

m . rgn i ruc le  t h : :  i s  un reachab le  us ing  eque ( )us  s ( ) l u

the  usuC  ra j i ; e  o f  va lues  o f  pH .  The  ac i c l i t l '  o f  ce :
a , ' i , l  q r o r r n s  b ' : : i t l  ^  t - " '  ' ^ - s  r v i t h : n  a  i r " r ' d-  * . J L . l  d  l g \ Y  c L r I S ) L ^ U r t l

c o n s t a n ' ,  n e C i u m  i s  e x p e c t e d  t o  d e c r e a s e  s l : o n 3 ! "

t he  much  l r ) ' , \ ' 9 :  d i e l ec t r i c  consLan t  r e l a t i ve  l L )  ! ! ' 3 ' -

exr -mple,5J the va lue for  lhe pK"  o f  acet ic  ac i i j  i . ;  2 - i
gas  phase ,  11 .9  i n  d ime th l ' l  su l f ox ide  (e  { , i . 1 ) ,  a r . r
w 'a l e r  ( e  7E .3 ) .  The  e f i ec t  o f  t he  l oca !  en " ' i r oame i - .
ac iC i t l ' o f  ca ibo . ' c y ' l i c  ac id  g roups  i s  a l so  * 'E ' l l -C , r , ,

ed'sss The envtonrnenl of a carbox] ' l jc a.-- ic sr()u;
5 -10  A  benea :h  t he  su r face  o f  a  mono l r l ' e r  n . : : h :  r

r e s e r n b l e  t h a :  o f  2 , - 1 , 6 - t r i ' t e r i - b u t 1 ' l b e n z  i c  a

2, -{,  6- t  r  i  -  f  ' -r  i  -  b u ty' l  p he nol ;m th es e co rn pcr '  :  r .  r  I  .  r  :  r

t o  i o n i z e  i n  a q u e o u s  s o l u l i o i l .
- I ' h e  

a b s e n c e  o f  a  s i g n i i i c a n t ,  c o n i a c l  a n : l - - '  t i : r

t h i s  mono laye r  m igh i  a l so  re f l ec t  r econs t r r . l c ' . i  i l  o i

s u r f a c e  o r  e i e c l r o s t a t i c  r e p u l s i o n  o i  c a r b  r : t - r  l - r

t h r o u g h  a  I o r r ' - d i e l e c l r i c  c o n s l a n l  r n e d i u r n .

I n t e r f a c i a l  R e c o n s t r u c t i o n .  1 \ ' e  i n i e r  i : o t n  t

i l  this paper thal monolal 'er f i lnrs ba.ed on clr-r ik-r i

a re  re l a l i ve l - r  C i so rde red .  I f  t he  o rgan i c  c , , ' : : t p ' ) :

these f i lms a ie  cons idered as f iu ids  the l 'cou lc ,  in  p

r e a r t a n g e  t o  r r i n i m i z e  t h e  i n l e r f a c i a l  f r e e  e t l e r j

p l . r c e d  i n  c o n i a c t  r v i t h  d i f i e r e n t  e n " ' i r o n n : r l . r ' ' -

(5 i l )  N { , ro re ,  J  \ t ' . '  Pea :son ,  F . .  G  Krne l j : ;  c : , i  . \ . / " ' r ' : ' : '
\ ! ' r l e y  &  S o n s :  N e * ' \ ' o r k ,  l 9 3 l ;  p p : 5 1 - 2 5 , i

( 5 { )  P i n e ,  S .  H . :  H e n C r i c k s o n ,  J .  B . ;  C r a n ,  D .  J ;  F i r : r : : r
Or , i t n ; . c  Chc r r , : s : , -1  ,1 lh  ed . ;  N lcCrae ' -H i l l :  | l e r r '  \ ' o i k  I  l , '  - 1 ,

( 5 5 )  C o r d o n , J . E . T h a  ) r g a n i c  C n e , r : i s f r y  c f  E ! . : c : ' - l ; . 1 ' :  ' .
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Figuru '  12.  E i iec l  o I  exposu-re  to  a i r  on the advanc ing contact

a;:eles of selected uqu.orJU"ifers for- monolly'er surfaces prepared

i,;"; ;; ai i:;;;;1il;d.;/i . utr'a u p d s o rt e d o nto gold'

might then be faced with di f ferent structures,  depending

on"the environment.  This phenomenon of  surface recon'

, i ru l t ion is wel l  estabt ished for pol l 'ethylene carboxyl ic

r . ia and i ts a.r iur t i t les,  a l though tht  
* t tconstruct ion 

is

k ine t ica l l y  s low a t  room tempera ture" '
We have tr ied to establ isfr  the importance of  surface

recons t ruc t ion  in  J . i . tn ' t in ing  the  charac ter is t i cs  o f  the

interface between -onolol .erJ of  d ia lkyl  sul f ides on go. ld

unJ  to r * -  o r  h igh-d ie lec t r i c  cons tan t  med ia .  The resu l ts

o I  these e f to r ts  do  no t  ind ica te  any  la rge  in f luences  o f

reconstruction but are open to at least two interprelations:

f - r rs l ,  that  there is no reconstruct ion,  that  is '  the charac'

teristics of the interface are e*sentially independent of the

environment; second, that reconstruction occu*l too rapidly'

to  be  de tec ted .
-  \ \ ' i t h  t h e  e x c e p l i o n  o f  C H r S ( C H z ) r o C O z H  a n d

St tCHr l19CO2H)2,  . . *po .u 'e  o f  mono layer  f i lms  to  a rgon

oi 'a i ,  ( io:"-aiutu. t r i . -constant media) or water (a high-

dielectric constant medium) for prolonged periods at room

tempera turu  , . tu i t .a  in  no  thun.g t -  in  the  in te r fac ia l

charac ter is t i cs  o f  tn .  mono layers  (as  measured by  the i r

contact  angle * ' i t t  * 'ut . t ) .  These two carboryl ic acid

i . r . in" t .daiut t  yt  sul f ides show smal l  changes in inter '

facial characteri. i i .s reflecting the previous history of the

sample.  Figure 12 shows t l ie dala '  In br ief '  samples

.ondi t ioned"by exposure to argon for per iods of  2-24 h at

room temperaturu uru consistent ly s i ight ly more hydro-

phobic than those condi f ioned by exposure to water for

Figure 13. Schematic i l iustration of.rhe influence of the orderinS

;i?-,1;, on rhe i.;; l ;;;fresenred _b.1' pe.rfecrly ordered fi6ns

ii; ' ; i l  ir.,.- iol.. iv oia.r.a sulfide firms in this srudy (B).

s imi la r  per iods  o f  t ine .  These da ta  a re  cons is ten t  wt th  a

. . rJ iaJgree of  interfacial  reconstruct ion ref lect ing prei '

eiential Jegtegation of the polar carboxylic acid groups a:

; ; ; ; ; r ;  Jtgi . ' i . - \e 'a ier  in ier face and e:<puls ion of  thes:

; ; ;G fr"* in.  nonpolar.organic-argon interface'  These

Ef fu . r r ,  horvever ,  a re  re la t i ve ly '  smai l  (49"  N 5-10"  )

I t l " ; ; . r ,  i t  is  d i f i icul t  to erclude some inf luence from a

s m a l l a m o u n t o f a c s o r p t i o n o f a r ' o l a t i l e , n o n p o l a r c o n .
t " - i " ^ . ,  in  the  . *p . r - io . ' .n ts  invo l ' ing  cond i t ion ing  i r

;g; ;  Exper imenta- at temprs to faci l i rate reconstruct io i r

o f ' t t . . .  mono layer  t - r lms by '  heat ing  thgq in  a . rgon fo r  '

h  a t  E0 "c  ( the  mel r ing  po in r  o f  the  par l ia ld ia lky l  su l i rc .

i s  110.0-111.5  oC)  resr . l l i ed  in  desorp l ion  o f  the .Fr lm f ro r :

t h e  s u r [ a c e  ( a s  r e f l e c t e d  i n  t h e  e l l i p s o r n e t r i c  t h i c k n e s s )

D  i s c  u s s i o  n

T h e  d a t a  s u m m a : i z e d  i n  t h i s  p a p e r  I e a c i . t o  t w o  b r o a '

conc ius ions  concern ing  mono la l 'e rs  fo rmed b1 '  adsorp t io :

o f  d ia lky l  su l i ides  on  go ld '

F i rs l ,  eKposure  o i  c iean go ld  under  normal  labora to :

c o n d i t i o n s t o s o l u t i o n s o f a n u m b e r o f d i a l k y l s u l f i c =
;;;; l; h rapid forrnation o[ equil ibrium monolayers. T]-.

o ig t^ i .  mono lay 'e r  i s  reaso l * ty  s lab le  to  exposure  I

uq'u.ou, solutions, ercept al high values of pH' The slste:

is amenable to wide manipulat ion by'  means of  changes .

I t r .  . , r -pos i t ion  o f  lhe  d ia lky l  su l f ide :  the  major  expe:

m e n i a l  p o i n t  i n  t h t  r e p r o i u c i b l e  f o r m a l i o n  o f  t h e

monolay:ers is fo pur i fy the dialky ' l  s ' ' l f ide in such a r ' r

as  to  av 'o id  .on tu" t inu t ion  b ,v  the  more  s t rong ly  (a :

perhaps  rap id ly )  adsorbe.d  th io ls '' - s . . ind ,  
. . l i - " . . .mb led  mono lay ,er  f i lms .  fo rmed f rc

dialL; ' l  sulr ' ides are s igni f icant iY' less densel l '  packed a:

Iess  ordered than those prepared bY '  adsorp f ion  o f  a l l '

ne [h io ls .  n f  t f . ,ough the  lv idence fo r  s l ruc tu ra l  o rde i

monolay'ers for-eC from alkanethiols is only sketcheC

lf ' r is  prp. t ,  t f ' t i t - .onclusion is based on tw'o types of  c

s e r v a t i o n s , f r r r t , t h e t h i c k n e s s e s o i t h e f i l r n s f o r m e d f r
alJfyf sufrdes?. gtnt'ul1'' lorver than those formed f;

* " togou.  a lkanet i i io ls  as  measured b ; 'e l l ipsomet r l "  a

smaller it.r.n]un'ra-l increases in thickness are obsen'ed
"i".r.uti"g 

th. i;;Sh of the pollmethl'lene chains' Secc

lf.,u .*U&y.lic acii terminaieCdialkyl sulfides. show rn

higher contact  angles rv i th.  water than do carboryl ic a

i . i . i .ut.a trrlJ.ithe merhyl-rerminared dialkyl sull,

. - [ iUi t  s l ighf ly lor" 'er  conlact  angles wi th water tha: '

methyl ' terminated t}r io ls '"-i i ;. 
.onclude that the mcst r.seful ph1'sical.model.for

diJty ' t  .und. iGs is thal  of  a th in l iquid ' . l iquid cr1 ' :

; ; ;6.  
"r r .norua 

to the gold suooort  I ' ia the gold-su

coordinat. Uo"a big*. ril' Ettn if Liquid or glassy-' u

sys tems cannot  ie iu l l y  i so t rop ic :  o rder  imposed b1 '

g.ontotry of  u l i * f t t ' ' tnt  of  the dialk;- l  sulrrde.moiel

the  go ld  ,u r ru . .  .u r i . * t .nd  to  some er ten f  th rc iug l

these l 'e rY  th in  f i lms '

t
I

.  l - l c x r ) , n c o o xeu  
l r : . 1CHr ) loCOOH
I
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(61) stricrly apeaking, it is a.decreP. ir", the tolal free coer3y of lhe

ryr tem that  dr ives reconstructron. .  we use the.qP,,T- t f : l * r f i : :

:i.':1"#' ff :'liiiJr' ; lil t 
-iii. 

tt' u ir, t.'.. t io n. af the o rgan lc-fluld in'
te rface that dominatu .tt"niu. in the total freo energy upon lccog"truc'
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L{onolayo-r Fi lms prepared 
from Dialhyl Suti ides

baskets and comprised a home.made diffr.rsion.p'roped evaporator(Ha'ard u"tlt^"J:{lFL) equipp"d wirh a riquiiiitrogen trapoperaring with a base pressur. of-t  x lb; i ; i l ; 'NRC tvtodel3 I l 6 d iffusio n- pum ped- evaporato r [p ro fesso * riu u'*d rinr*m)equipped with a r iquid nit iogen trap.and 
"p*rt i" iwith 

a basepresir i ' rre of I  x l0{ Torr, a h-ome-ourlr evaporator fprof. Krem-
l"_:..r ]  j_1:l tryd^:, i th a. l iquid nitrogen rrap and operarins wirha bas€ pressure of I x l0-? Torr, and a modified V;; evaporator(AT&T Bell Latora'-"-'i:t) .q",tr:_g with a clro-pump and op-erat ing wi th  a .base pres.ur . -o f  i0 - r  Tor . .  The erect ron-bearnevapo ra to r (\f IT il{i croe I ectro n ics La boia tory,l' *."'i ' frorne_bu il tvacuum system uti l iz ing a sroan Technorogyi i . . t .*-u."- 

; ; ;the evaporator 
1::^._q;ipo.o 

*.t l  
l_l i ; ; le;; ; ; ; .  rrap andoperated wi rh  a .base pressure o f  r0-?  To; r  \ f  i th - ihe except ionof rhe home-made evaiorato. fft.i.*d Unir..riifin'rl, all gavesimilar resulrs. The unsatisra.tory resurrs obtain; using gordsubstrates orenl;e! r_n thi.^u"apo.ator may have been caused bycoe! 'aporat ion o f  copper  f rom the erect roau.  

"na-aonsequentcontaminat ion o f  the go ld  subst ra tes.  At  Harvard and BeuLaboratories, electroniJfradu, . ingt.-. .y,. tal (  t  t  l )  si l icon wafers(2- or 3-in. diame!e.) o,er-. . t .*.Jin rr" i  r , l -n.,blteozl/Hrso,
and r insed wish d is t i l red,  de ion iz id  o .a ter  and absolu te  e thanor ;at NI ' I 'T' ,  the standard RCA crea' ing proceduren was used. Thewafers were coated w"ith 5o-150 A of cr to promote adheslon and- 2^tlo0 A of Au, as measurea uv 

"quurt 
crlstar thickness monitor.Gold-coated wafers  were remor .d  a ; ; ; - ' . " rp" r " tor  w i thTef lon-coated tweezers  and w.ere s tored in  w.afer  t r ly ; ,  *^ppuain  pa ra f i rm .  Go rd -coa ted  wa fe rs ; i ; ; r d ' b . ' ; ; ; ; i i h .  I  weeks ince the1,  conranr inare i r r . r .ur r ib ly  

"p""  ; ; ; i " ; ; ;  s torage.Be fo re  use ,  go rd -coa ted  wa fe rs  * ' u ru  . u t  i n to  app rop r i a te  a i zes(usud l y  l - l .S  cm i n  w , i d th  and  3_ i  c * .  i n  l eng th )  bysco r i ng  t hewa fe r  on  t he  go ld . coa ted  s i de  w i rh  a  d ; r ; " ; i L i p  cu t t e r(Brookstone) a-rd.breaking th" *af.,  with Teflon-coated rwe€ze,., .s i l i con dust  w 'e ;  hrown f r "om the lubst ra tes by 'a  s t reanr  o f  argongas.  The go ld  subst ra tes were then weshed 3 t i .es  wi th  e thanorby us in3 a l 'mL d isposabre gr"* ' ; ip . , te  equipped * i rh  a  rubberbu lb  and  d r i ed  i ri '.^ J i u r. i;: - i': ft ',':ilil;:: ? : :.t: : :;l : .: I::il. n: Tteu ipsome t r y ' and  con rac r  ang re  i n  o rde r  t o  de te rm ine  t he i r  su i t .ab i l i ty  for  use in  the pr .por l t ion Jr  -onora l ,er  f i rms.  su i tab lesubslrabes for the pr.potaiion of monoray.. fid; ;ll;e fouowingcharacter is t ics :  ( t )  They * . ru  u i ru" l ly  f ree o f  defects .  (2)  Af terbeing washed wirh erhanol rh;y h;;; . ;r jd;; tb*tu . [ ipro_.tr i .proper l ies  indeoendent  o f  the [ocat ion or  the spo l  erarn ined onthe substrate. In oractice, . l r ip.; ; ; ;r ic measurements were takena t  t h ree  l oca r i on i  on  t he  g " l e  r ; b ; ; r a re  t ha r  we re  sep rua ted  byal leut I  cr.r.  I f  the porarize, ,oudittg. feu *i t tr in 
" 'r-*r i  

, ,  *0.15.( th is  ra .nge corresponds to  aboui rS-n o f  a  f i lm * i th  aa index ofre f racr ion o ,  t  0" . ) l , lhe go ld , r *as jy is .a  t " 'U.  . " i i . t . t " ry  fore l l i psome t r l '  expe r imen ts .  ( 3 )  c ; r d  subs i ra tes  t ha t  had  beenwashed wi th  e tha. ro l .shorve j  , "  =  S i - ;g"  (de ion ized-o.u tur ,  pH5'6) '  The contacr angre on freshiy eiaporated gord-coated wafersaf ter  remor .a l  f rom Ihu . ropor ; i *  
i . ,  q rn i .uut .  d : ;b ' .  ur rdincreased on s lor . lge to  aboul  9( ) . .t re a r e d, o u d . h ", u. t e r i zc. d i n r h i s *, ;;:: ;;:J :'.1 r;t"liiL' i3:su l cs .

There a le  sev 'erer  issues concern ing the preparat ion o f  su i tabreg ' r l d  subs t r . r es  f o r  t hese  . r r J i " r .  
' F i r s t ,  

p rec rean ing  o f  s i r i conwafers  be iore the e, , .aporat ion was cr i r ica l  for  prepar ing go ldsubst ra tes thr t  rvere f ree of  r r r i t r t .  a . ru . , . ,  s i r icon subst ra tes that
l t i j - t  i -proper l ,vc leaned resu l red in  gord subst ra tes wi th  v is ibreoetects  and c loud '  reg ions.  such def 'ec ts  w.ere arso observed forf i lms evapora led 'on g lo . . ,  so s i l i con is  a  prefer red subst ra te .b eco n d, e v'a po ra t io ns of gold o n to s i  r  icon' * urr.rt*u-r! ' ."r . i .doul in such a fa-hion as to minimize heating of the 

""f ; ;  
dgriog

l? : r . : t , "o" ra t ion process:  heat ing o f  the wafers  cou id  resu l t  inor t tus ion o[  s i l i con or  chromium ihrough i l r .  g" r i l "y l r . '  r t  * *not necessary., ho*.ev,er, to cool the , i- l i .on 
"" i .r ,  

i t r ing the
;1 'T ' r : i l ion process in  order  to  prepare su i tabre gotd sub" t r " t " r .rn  prac i ice evaporat ions $ 'ere p l r formed wi rh  the s i l i con waferstu.'ahd at ler't r2 in. from *'r. ri'upo*iio" ro*..,'"t r"i pr*.**(<10-€ Torr )  and ar  f  

" r "  
. r "p" ru i i " " ' r " r .s  (10_20 A/s) .

Ldngmuir, Vol. 4, No..2, lggg BTg
Third, attem_p_ts fo clean gold 

:u-b.jr-q'e-for rerxe by treatmenrwirh chemical reagents (e.g;.,  hor l : .{  
{ro; i i0;;7Hrso.) or bvplasma cleaning ( in oxygen"""a7o, hydrogen plasmas) have noibeen corurs ten{ty.u..u"!iut;;;;. r,i pr.liifi [*ing the goldsubstrares for r-epeaLed use in monorav.; ;- ;- ;r i ; ;nLs invorvedadditiond handling of the sub.t rte. th;r inrrfo;.ri.r.",.; thus,i t  was usuaLry  moru des i rab ie  to  pr .pur .  f resh subst ra tes byevaporat ion than to  c lean and reuse thur .

svnthes is  o f  D iarkvr  sur f ide_s.  The d ia lkyr  sur f ides wereprepared by two merhois, A and e t.q' i l  
-Ji ;rrh; 

A invol,, .edp repar in  g  (n  -a lky l  rh  io)  u  ndeca no ic . '  ̂. ia .  ar ; ; ' l j  -_ercap ro .undecanoic acid and n-alky' l  biomides, *. t-r. ,J 'g^from n-arka-nethiols and r l 'bromounaui*oi.  acid. The purity of compounds* 'as  estab l ished b l ,mel t ins  po in i "  (<2 oC in 'J" r ' . i ' r " r is facron.elemental analysis, 
""a p,oi* .{11n rp..,r,r*o"p-i: "ii l^;;i;;

of rhe carbon nurnbers, n, for Jtr iur" 'r i ; ; ." i ; t j  9, 10, 12, r3,14,  16,  17,  and 2 l )  used in  methJ A were determined to  be gg%or betrer b:,g". chromarogr.ot,r l lCCl S;; i ;  io ' ,  *"ty.r i ,  by,CC were prepared by d i . .o i l in r  tnu b . " ; ; ; ik ; . ,  tzo ms)  inhexane ( r0  g)  and in jec . t i " ;  c -uL"r*pres b1.a s_winge inro  a  3%SP2 tOO column- 
.Intenrioni l ; ;pi ;g of I  t  -(n-al j<1.1chio)unCeca.noic

ac id  so lu t ion w. ich.  
!% w. l r+ ,  o f  a- "  ' .mercaptoundecanolc  ac iC oran a lkaneth io l  ind icated that  rh . . .  porunt ia l  in^rpur i r ies  (or  the i rdisult ldes) se'erery inf luenced in--.  ou..*,ud varuls of rhe conracrang les '  Usua l l y  t hese  impu r i t i es  we re  eas i r - r . r emov .ed  by . co rumnchro matograp h1'.  and recri 's tar i izat ion from r,.-"". .  

-rhe 
p uri  11.oi I t-(n-all.7lchio)'ndeca,'roi. a.ic w.as detennined to be su-rficienrwhen s imi l r r  res t : rLs  w 'ere obhin*d f ron,  merhods A and B.  Theph ;s i ca l  p rope r r i es  o f  t he  d ia l ky : l  su r f i des  a re  r i s t ed  i n  Tab re  II rerhod A.  Th is  gen.era l  p ,ocedur . ; ; ;  ; ; ; ; ; ; i i . !  un. r , "nn, . .rr ica. l  diCky' l  sulr i_des is i l lust iated tor I  L-(merhl. lrhio)unCecanoic

acid. To a IOJ-mL 
$ask 

cgnfini ig 50 mL oi ourn"r.,of (dega-"sedb1 'bubb. l ing argon through the s t i i red m. thenor  ror  I r  reast  l  h tr r . r :  add . . , l  l t .me rcap toun , l ccan , r i c  ac i J  ( ; c , r - ; ; :  i . 29  _n . ' , r l ,ro l lowed br  met !11 
: :91d.  

(3 : )5  mg,  2  5? mmor)  i ; ;  longer  a lkyrcha ins  t he  b rom ide  wa l  used  i ns t Jad  o f  t he  i od ide .  The  m ix tu :ervas st irred under &rgon, and sodjum meLal ( l  l6 mg, S.0.1 mg-atom)was added '  The resu l t ing so iu t ion wa:  crea;  
" . i ' i ,o .ogeneous.The react ion mix ture was s t i r red ov.ern ight  , ,  , *n '  t .mperatureunder arson. The product was Lorutua"ui ; ; ; ; i ; ;  i lu re"ct ionm ix tu re  i n ro  a  beake r  con ta in i ng  wa te .  ( 100  mL) ,  concen t ra i e t iHCI  (5  mL) ,  and d ie th ; , t  erher  (3 '00 mL) .  Th. ;a( ; ;  tayer  wassepa ra ted ,  ex t rac red  w i rh  de ion i zed  w ,a re r  l t ; - i i l  mL )  anCsalurated aqueous,NlCl  (100 mr. ) ,  ar i .a  * i in ' l l r i r " "s  soCiumsultete, and f i  l rered. On .*,"orr lof 

-rhe 
e rh.:r b; ; ; ,r ; ; ;rpora t i ,rr : .a w'hjte soud *'as obtained. p'...p,5Lrtiz-alion f,o* h.*r,.,.. yierc.:tiI  I  . ( m e t h - v l c h i o ) u n d e c a n o i c  

a c i i
i \ [ e thod  B .  Th i s  gene ra l  p rocedu re  f o r  pcepa r i ng  unsy . r : rme .tr ical diCx;,1 suJl l_Ces is i- l lLrstr: ted tor I  l .(doCecl.t thjo)undecanoi:

aciC. To a l ' r)-ml f laqk con,;r ining S0 mL of , . tn"r"f  tdegas.;eCw ' i t h  a r g o n )  r r . a s  a d d e d  s o C i u m . i . t u t  ( 2 6 g  n g ,  l l . ?  m g - a t o m )fo l l o r r ' ed  b ' , ' dodecane th io l  ( 1 .00  mL ,  l . l g  g ,  5 .g5  mmo l ) .  A f ; e ;t he  t h i o l  had  d i sso ' . ed ,  l t - b ro "ooundecano i c  ac id  (1 .55  g ,  S .S . irnm()l) was adced and a.crear homrg.neous sorution formed. Aft. .rap.prox imarr ' r1 ' ,  5  min the s .ur r rdr .  p" roduct  pr . . lp i r " i . i ' r ro , , ,  t i . , .so lu t i on '  The  reac t i on  m i r ru ru  i n .  s t i r r ed  o rL rn ig f t  a f  r oon rtemperature under  argon to  ensu:e conrpret ion.  rn . i , r "auct  , . .asiso la ted by 'podr ing the react ion r ' i * rur .  in to  a  beaker  confa in ingwater  ( tOJ mL) ,  concenrra teC HCI  (J  mL) ,  *a  a i . f f . r l l i l ; i ; ; , fmL ) .  The  e the rea l  l a1 .e r  o .o .  . . p r r r t ed  a ; rd  ex t rac ted  w i : hdeion ized water  *  x  tob , , . ,L)  ; . l - ; ; iu rared aqueous Nacr  ( rcr )mL) '  d r i ed  w i t h  anh l ' d rous  sod ium su r fa te ,  and  f i r t e red .  A f i e rremoval of the ether.by'rotocr apesation, a w.hire solid was obLaircCtha t  f  i e l ded  pu re  r r - ( dodec l : t r t  i o )u "a rcano i c  ac id  on  rec r r . s -t a l l i za t i on  f r om hexanes .
I  l - l \ [ e r cap toundecano i c  Ac id .  ] t e tha .no l  ( 250  mL)  r r  3_ radded t'o a s'GmL round-botion'rJ flask and.a.sr*.a 

"iih 
argo;r.Sodium meta l  ( t .73 g ,  TJ. . t  n :g-aro* l  

" .u ,  
added and a l lowed roreact under an argon.atmospheie. Ttre todi"-o'ut ioi i f i '* tut io"

* 'as  coo led wi rh  an ice ba ih ,  and th iora.* t i .  u . iJ ' is .q-o , r . ,  i ; . *mmol)  * 'as  added fo i lorved b1 '  l  r -bromound. . *o i .  u . iJ t ro .o  g3?'7 mmol). The mlrture w'a-, heated at reflur for s h and coolecto  room temperature wi th  a- r  ice  bath.  O.g*ruJ i 'N ' ; ; ; ; ,NqoH (150 mL) was added ,o t t , .  *u.t i*-h*t i i r** ir  u .u.".nula, and the mix'ture wB:r a.r.ro*.ed to ,rn,r.'ro;;:'ThTieactio"
*zu cmlcd in an ice bath and poured *'ith stirring i"to. rmornr-

\

^ (621 Van Zant.  p.
ban Joce,  CA, l9&l ;  p

I t ( iuochip
&r.

Fab ri c a t io ru Sem iconductor Scrvicio:
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u ' ;  i ' h
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Table I.  Phyricel Propert ler of Adsti ibi t i r

compd

method' o f

rynthesis EoP,  oC

tH N.t'fR
data analyses

cH3s(cHJrocOsH

cH3(CHJ55(CH2) rocO2H

CHs(CHrgS(CHz) roCOzH

CH3(CHr roS (C H:) roCO:H

CHJ(CH2)  r  rS(CH2)  rocO:H

CH j(C H:) r25 (C Hi) toCOrH

C Hr(C Hr)  r rs (C H2)  tocOrH

C H3(C H2)  r {S(C Hr)  rocO2H

cHr(cHJ rss (C Hr) rocO:H

cH3(c H2) r6s(cH2) roco2H

cH:(cHz) us(c H:)  rocozH

cH3(cH2) r?s(c H2) rocozH

-=--:'' -

C H:(CH:) res (C H2) rocOlH

CHr(CHJ:rS(CHr) rocO:H B

cH3(cH2) r ss (cH2) r sco2H B

CD3(CDz)  rss  (C H2) 'oCO?H

lcHs(cHtel ls

ICHr(CHJrrJ:S

43.5-45.0 300 NtHz (CDCU; 2.47 (t,
'  3 H),  t .60 (m),  1.29 (s)

2 H), 2.33 (t, 2 H), 2.07 (s, calcd for  CI2H2.SOl
C , 6 2 . 0 2 ;  H ,  1 0 . . { l ;  S ,
found
C ,  6 2 . 3 1 ;  H ,  1 0 . { 3 ;  S ,
ca lcd for  Cr ;Hr .S0r
C ,  67 .50 ;  H ,  11 .3 .1 :  S ,
found
C ,  6 7 . 5 8 ;  H ,  l l . 5 , l ;  S ,
ca lcd for  C2rHr :SOr
C ,  ? 0 . 3 3 ;  H ,  1 L . S i ;  S ,
found
C ,  ? 0 . 5 8 ;  H ,  1 1 . 0 1 ;  S ,
calcd for C:2H{.,S0r
C ,  7 0 . 9 1 ;  H ,  1 1 . 9 l :  S ,
found
C , 7 1 . 0 5 ;  H ,  l t . S . i ;  S ,
ca lcd for  C:3H. ,dSOr
C ,  ? r . q r ;  H ,  I 1 . 9 : ,  S ,
found
C ,  ? 1 . 6 8 ;  H ,  I  I  6 i ;  S ,
ca l cd  f o r  C : rH . .  jSO,
C , 7 1 . 9 - { ;  H ,  1 2 . t r l ;  S ,
found
C ,  7 2 . 0 3 ;  H ,  1 2 . ? v ;  S ,
^ ^ l ^ l  t . - .  / -  L I  C . r ^ )
L d l L q  t v t  v ^ 5 r  r - i . \ - . J _

C ,  7 2 . . { 0 ;  H ,  1 1 . 1 1 ;  S ,
fou nd
C ,  7 2 . 6 5 ;  H ,  l 2 . C L - :  - s ,
ca lcd for  C: i l - { , rS, )  -
C ,  ? 2 . 8 3 ;  H ,  l :  :  j  S ,
fou nd
C ,  ? 3 . 2 9 ;  F { ,  I I  :  .  :
C ,  7 2 . 8 1 ;  H ,  1 2 . 2 :
ca lcd for  C: .H5.SOr
C ,  ? 3 . 2 { ;  H ,  I 2 . ? : r ,  S ,
found
C ,  ? 3 . 5 5 ;  H ,  1 2 . ' { i ;  S ,
calcd for C?.9H$SOi
C ,  7 3 . 6 2 ;  H ,  l l  3 ' 1 ,  S '
found

50.5-5t .5  250 lv lHz (CDCl j ;  2 .49 ( t ,  4  H) ,  2 .3{  (1 ,  2  H) ,  1 '58
(m) ,  1 .2?  ( s ) , 0 .88  ( t ,  3  H )

63.H1.5 300 lv lHz (CDCU; 2 . ' t8  ( t ,  4  H) ,  2 '33 ( t ,  2  H) ,  1 '55
(m) ,  1 .31  ( s ) , 0 .88  ( t , ,  3  H )

65.G-65.5 3C$ l \ lHz (CDCtr ) ;  2 .49 ( t ,  4  H) ,  2 '34 ( t ,  2  H) ,  1 '58
(m) ,  1 .30  ( s ) , 0 .87  ( t ,  3  H )

?0 .O-?1 .0  300  l l lHz  (CDC l r ) ;  2 . ' t g  ( t ,  1H) ,2 ' 33  ( r , 2  H ) '  1 ' 55
(m) ,  1 .2 {  (m) ,0 .87  ( t ,  3  H )

?0 .5 -?1 .0  300  l v lHz  (CDCI : ) ;  2 .19  ( t , 4  H ) ,2 ' 3 {  ( r , 2  H ) ,  l ' 5?
(m) ,  1 .2?  ( s ) , 0 .87  ( t ,  3  H )

1J : - i t . 1  3u1 r )  \ IHz  (CDCI : ) ;  2 . { 9  ( r ,  1H) ,2 .3 {  ( t , 2  H ) ,  1 .58
(g1 ) ,  l . 2S  ( s ) , 0 .8?  ( t ,  3  H )

?5 0-?5.? 3Co \ lHz (CDCh):  2 .18 ( t ,  4  H) ,  2 '3{  ( : ,  2  H) ,  1 '60
(m) ,  1 .2?  ( s ) ,  0 .88  ( t ,  3  H )' l . l

I L
all
tJd
a : . .
l r
i l '

!I 3tlr l  l l tHz (CDCh); 2. '{3 (t ,
( n ) ,  1 . 2 {  ( m ) , 0 ' 8 ?  ( t ,  3

4  H ) ,  2 . 3 3  ( r ,  2  H ) ,  1 . 5 6
H )

?6.5-79 {

/ / . D - / Y . J

?9.5-8: .0

I  V . J - d  i  U

8{.0-Es.3

68.0-89 5

6;8;

C ,  7 3 . 9 6 ;  H ,  l l . ' {  1 ;
ca lcd for  C39H;^SO
C , 7 3 . 9 5 ;  H ,  l l - l l :
found
C ,  ? . t . O ? ;  H ,  l l  l ; ,
calcd for C:.. ,Fi: ,S0
C ,  73 .9S ;  i - i ,  I  I  { l :
found
C ,  7 { . 1 9 ;  H ,  l l  ' { 1 ;
ca lcd for  CrF i . : .Sf )
C , 7 { . 6 3 ;  H ,  1 :  i l .
founC
C ,  T { . 5 r 1 ;  H ,  1 l  i i :

calcd for C:,1-{, . 'S
C ,  ? ? . ? 6 ;  H ,  l 3  i l ;
found
C,  ?8.0{ ;  H,  l3  l t - i ;
calcd for C3dl-{: ,S
c ,  80 .21 ;  H ,  l 3 .S - { ;
found
C,  80 .03 ;  H ,  13 .91 ;
calcd for CsH,'S
C ,  8 1 . 1 5 ;  H ,  1 3  9 3 ;
found
C , 8 0 . { 5 ;  F { ,  l 3  S , l ;
' i  l - - . . 1 ' , , . : .

250  l v tHz  (CDCI3 ) ;  2 .49  ( t ,  4  H ) ,  2 .3 {  ( t , 2  H ) ,  1 ' 57
(m) ,  1 .25  (m) ,0 .86  ( t ,  3  H )

250  I v tHz  ( cDc l3 ) ;  2 .1 i  ( r '  4  H ) '  2 .33  ( t , 2  H ) ,  1 .57
(na) ,  1 .23 (s) ,  0 .86 ( t ,  3  H)

3u.0 l l tHz (CDCI3) ;  2 . {9  (1 ,  4  H) ,  2 .3{  (1 ,  2  H) ,
( m ) ,  1 . 2 9  ( m ) , 0 . E ?  ( t ,  3  H )

2a0 l l tHz (CDCI: ) ;  2 .13 ( t ,  4  H) ,  2 .3{  ( t ,  2  H) '  1  57
( m ) ,  1 . 2 8  ( s ) , 0 . 8 8  ( t ,  3  H )

250  N tHz  (CDC[ : ) ;  2 .49  ( t ,  ' t  H ) ,  2 ' 31  ( l '  2  H ) '  1 ' 56
(m) ,  1 .2 {  ( s ) ,  0 .67  ( t ,  3  H )

250  i \ tHZ  (CDCI ) ;  2 .d9  (m ,  b r ) ,  2 .33  ( t , 2  H ) ,
(m) ,  1 .23  ( s ) , 0 .86  ( t ,  3  H )

: r

\ f

< t

calcd for CrrF{.,St-)
C ,  ? 5 . 2 2 ;  H ,  l l  a  l

found
C ,  ? { . 9 S ;  H ,  l l  i r . . :

ca l cd  fo r  C3 ,F { - -S t ) -
c ,  ? { . 9 J ;  H ,  l l ' i .  s

found
C ,  ? 5 . 1 0 ;  H ,  I i  ' ' i  S

\ f

-

?6-?8 250 l \ lHz (CDCI3) ;
(co) ,  1 .32 (m)

250 NIHz (CDCI: ) ;
( r ,  3  H)

40.0-{1,5 300 NIHz (CDCl3);
0 . 8 8  ( t , 6  H )

2..{9 (r ,

2.50 (r ,

2.50 ( t ,

H ) ,

H ) ,

4 4) ,

1 . 5 7

1 .63

/ - \  O 9, t

( ro ) ,

( m ) ,

2

4

2.36

1.5.5

1 .5?

( r  i

i

/ n l

( m )

H ) ,

1.26

1.29

L.27
:

66.ffi7,0 3LE ltlHz (cDcl3);
0.87 (r ,6 H )

2 .49  ( t ,  4  H ) ,
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Iv{onoloYer Films PrePared from

Table I  (Cont inued)

Dialhyt Sulfides

method
of

synthesis

IH  N} IR
data analyses

compd m P ,  o C
ca lcd  fo r
c , 3 2 . 0 0 ;

c{H6so{
H,  4 .03 ;  S ,

lHOsCCH2lrs

IHO2C(CHz)z]zS

IHO2C(CH: ) : l :S

IHO2C(CH,: ) ,o l :S

IHO:C(CH. , ) , s ] :S

I H O : C ( C H r ) r r l ] S

I H O ( C H : ) r r l : S

IC  HrO . ,C tCHr )  15 ] rS

128.Fl30.5

130.0-132.5

t  t  t - 1 1 2

1 r0.o-t  1r .5

l r r i - l l q
I  I  r . u  I  L v

r 1 ? - 1 l q
l l  I

8 { .5 -86 .0

78 .5 -?9 .5

300  l l lHz  (CDCt r ) ;  2 ' 19  ( t '  4  H ) '  2 ' 35  ( t '  4  H ) '  l 6 l

(m) ,  1 .4  3  (m)

300  l v tHz  (CDCU;  2 .68  ( r , 4  H ) '  2 ' 3 {  ( t '  4  H ) '  161

(n : ) , 1 .23  ( rn )

3C0  l \ lHz  (THF-ds ) ;  2 . ' t 6  ( t ,  1H) ,2 ' 20  ( t '  {  H ) '  l ' 5 ' ;

(m) ,  1 .29  (m)

inso lub le

f ound
C ,  3 2 . 2 1 ;  H ,  3 . ? { ;  S ,

ca lcd  fo r  C6HroSO{
C,  { r ) . - t - { ;  H ,  5 .66 ;  S ,

f , ; und
f  ,  { r ) . f i i ) ;  H ,  5 .39 ;  S ,

c a l c d  f o r  C r : H x S O ,

c ,  5 + . 9 + ;  H ,  8 . { 5 ;  S ,
f cund
c ,  { - t . l s ;  H ,  8 .?3 ;  s ,
calcd for  C22H{:SO{
L ,  b J . b J ;

t o u n d
c ,  6 5 . 9 0 ;
ca lcd  fo r
c ,  ?0 .?9 ;
f ound
c ,  7 0 . 8 2 ;
c r l cd  fo r
/ -  " r  1 1 .
\ - - ,  /  l . , J  l ,

f r )und
c ,  ? - l  3 9 ;  H ,  1 2 . l ? ;  S ,  { . 5 1
c. r lcd f , ; r  C: :H.60?
C ,  ? r )  5 : l ;  F { ,  1 2 . 3 S ;  S , 8 ' ; ' ;
i , -ru nd
C ,  ? r ) . S 0 ;  H ,  1 2 . 5 8 ;  S ,  E . S ;

H ,  1 0 . 5 1 ;  S ,

H ,  10 .57 ;  S ,
c3:Hd25O{
F { ,  11 .51 ;  S ,

H ,  1 r . 3 9 ;  S ,
c{ {H36so{
H ,  1 2 . 1 9 ;  S ,

2 5 0  l \ l H z  ( C D C I : ) ;  3  6 1  ( t '  1  H ) '  2 ' 5 0  ( t '  t  H t '

E  H ) .  1 . 2 3  ( m )

300  l v tHz  (CDCt3 ) ;  3 ' 65  ( s ,3  H ) '  2 " {3  ( t '  4  H ) '

t . 5 l  ( m

9  o i  l r

Tab le
5 . 6 )  o n

I I .  V a l u e s  o f  C o n t a c t  A n g l e  ( D e i o n i z e d  W a t e r '  p [ I

R;; ' ; ; ; ; iu, iu"  Fi l ; ;  Preiared by Ardsolnt ion for  2 ' t
3.a g (80 7o) oldidocosy' l  sul i ide The produtl  

" '9 
recr1'stal l i ' r

i* i . ' . ' f ront hot ethanol to give shiny' * 'hi te leaflefs'

Fo rma t i o r  o f  5 . i i ' A r " r . - b l . ' ' l  I \ l ono laye rs '  Cene ra l '

monolayer  n t - ,  * f 'e  p iepu"d by '  the immers ion of  go ld  sr '

strales r-using f.non-toit"dtott"" into precleaned 2G.mL gl '

bot t les  tha l  conta i "J  tppf tx imate ly '  l5  mL of  an unst i r red

lu t ion (e .g . ,  0 .01 'o . i " t4 'a ia lkY ' l  tu i i - tdu in  e lhanol )  a t  ambi '

temperaltue (usually 2C-i25oC) ior t2-3b h' Afterwards' the t-rl

were walrhed by , i"Ji"g both sides oi rhe coated substrate 3 t i :

; i ; i  ; " ;p to 'pr iu iu  i l "enr  (e '8  :  I  mL of  e thanol )  bv  us i : '

d isposable  g l " r .  ; ; t ; t t  uqu ipptd wi rh  a  rubber  bu lb  and t i

dr ied in a stream oitgon ff  '  ;r '1 1 The propert ies of the f i

* - r .  rn .u .ured immej i " t t ly  b1 'e l i ipsomelry  and contacL ar '

; " ' ; i " ; ; ; ;v .  bora subst ra les ' *ere Drepared and t reatec

standardp,o. .d* - . . - t t , " t , * .descr ibedfur ther in the-pafa3:
concerned with th;;refarat ion oi gold subslrates and were u

immediate lyaf ter theywererreshedrr - i thethanol .GlassweiSl :
bortles that were *"d'fo, adsorption r*'ere cleaned either by f-ri'

and empLy ' ing the bot t les  3  t imes each wi th  melhy lene ch lor

de ion ized water ,  
" th"no l ,  

and pure aCsorpt ion so lvent  o t : i

mers ion of  the weigh ing bot t les  i1a g lass con la iner  con la i ;

a  so lu t ion o i  1 : ' t  H"pr igOzt i  I - { 'S .o ,  (concn)  a t  80 oC for

fo l lowed by f i l l ing i " i . ' .11pt i . in3 ' r i - .e 'bor r les  3 l imes each *

*u'*t ,  . t t ,*ot,  * i  p*u adsorption sol 'r 'ent '  The latter proce(

;;;";*= .-ployt if lhe gla-r;'care hac p::riouslv beer exp

t lf*f"l GIa; Uottt.. *.rJht.t4:ed u.ing T.eflon'co.ated tq'e'

during the clea,r in! p' l" ta"tt  and al iow'ed to drain and dr

a wooden rack.  Adsorpt ion so lu t ions were prepaled by weig

a few milligrnms oirutiidu and approximately' 15 g of pure sol

into a precleunJ ZO--f '  gla- 's * 'ei3hing bott le'  l r . lost o:

monolayer f i lms in this study *t" 
-ntnttated 

by gelf-assei

f rom so lu t ions n ' i th in  1- ' t  h  o i  p"p i tu t ion '  N lonolayer  f i l :

s imi lar  qua l i tv . ; i l ; ;  p t tp" ' !a  t i 'u t ing adsorpt ion so lu

up to several weeks old" Afier several hours of adsorptior

monolayer nf-r. ; ;- iutuin.d their l imit ing propert ies [F

Z ). I n add it io n, tl. p'op9 tt 11 s .o 
i r e p r e s e n ta t i v1 

-l-t-[1' 
n r e i

by adsorption t oao-fiSfor 2{ h.and 10 days were sinilar ('

I I) . 
. 
The r*.up,iiit'Uryo n 

"*9li 
c s ol u t i o ns o f mercaltoalL'

acids to oridatiJn *ul .1., . . ted afrer 2 rt .eeks by rH NNIR

troecopy and indicit"a U;t less than 3% of the mercaptoal!

acid had oridiz, jJ-to ihe disulnde. occasional ly, 'adsorpti

lu t ions , . ru  orJoI ;J -Ut :  * ing degessed ethanol ' :Eet :

f t  
" "a  

10 Days f rom Tet rahydrofuran

compd

O. (Z f  i t ) ,  d . ( l 0 .daYs) ,

deg  deg

s [ ( cH : )  r oco2H] :
c  H3(c  H: )^s  (c  H2)  roco2H

n = 0
n = 9
n = 1 6

n = 2 1

s [ ( c H : ) : r c H J l :

4 1  3 6
83 80
89 83
9 t
99 100
99

1 1 0  1 1 3

4 l

beaker containingjce waler (2CI1 mL)' concentrated HCI (35 mL)'

a;rd diethyt.r i . ;T' i l i " 'C0 Ji.-  in. eih.real layer was separated

and ext racted wi th  de ion ized water  (3  x  100 mL)  and wi th  sat '

urated uqu.o*'N"Cf if SO rnl). .The ethereal layer was dried o'er

anhy&ous ,"di;rdiafe and frlteied, and the ether was removed

by rotoeVaporuion to viura a white sol id. After recrystal l izat ion
- f iom 

hexan. . ,^ i l  g  i i ;2 , -y . ie ld)  o f  product  * ,as  recovered.

A number 
" i . ; ; ; ; t ' i tur 

dialkvf sulf ides were p-repart{ I t
reaction of t fr . 'c#erp*ai.g alkyl bromides * ' i th l i thium sulfrde'

Th is  procedure is  represented by the fo l lowing:

Di.n -decyr 
-srrni".  

To a l f i j -ml f lask conl" ining 50 mL of

degassed ,rr.tf.,"I'roi*as added l.bromodecane (2.00 e,9'0'{ mmol)

fol lorved Uy *ni larous l i thium sulhde (0'416 g,9'0' t  mmol) '  The

reaction mlrture was stirred at reflu-r under atgon overnighl The

reaction mixt l ie *u. Jto*rd to cool to room temperalu-re and

poured into i iui tyr-. th;t  (200 mL)' The-eih.ereal laver was

erhacted q.ith deionized waber tg i fOO mL), &ied over anhl'd-rous

s4firrm r,'rlf"b:ij;;, ;e;"*uupottttd' leaving a clear liquid

The l iquid piJr.t  wL purif ied by cold recrysfal l izat ion frorn

absoluie ethanol' 
'- :

Di-n'docotvf'btffiae' 22'Br6modocoeane (5 g' 2'8 mmol) was

dissolved in 20 mL of chloroform. A eolution of anhydrous lithium

rulfrde' (0.9 I ;, G.6' -.oD and tr.imetlylh.e rad.qcylammonium

ilfi;ii0 &ih 3;i;i;;;tas adied to the bromide, and
i the resultinc two-phase mirture stkred at reflur for 8 b' A white

: i. .'ff i;r*i t r f,; ;[ "* tai;'r.'t r " ;' 
;al .bt l.d t6 roo m te m irc iiii u r e'

t' rTbe'*lid *a.l;il;d.i;y nftiutio'o'and dried in.vacuo to gi"le



saz' tiiiiaiii v"ii.
Tab le l-

ethanol : l t"pl:ga uy eiro.btro; fronr selected

: 
.. 

: -.!. i,;i:sni;i;"* et at.' " :: i-,f'€'i
S o l v e n t r  " '  ' - - t . '

compd
thicknese, A 0r, deg thickness, I 0r, deg thickness, A

_ {.ohyarofuds{(cHJ,o-b, heradecane

59.
4 l t

L 2
8

t 2

a
o
tU

f i to

4gd, 56.
484,  51'
36t, 54'
45 t

45 ,
526
/ o '
92'
90.
9 { .
I  I 1 . ,  4 6 d

0r, deg
I  l n
I  t .

CHr(CHz)^S(CHrroC02H
n = 0

n = 9
n = 1 5

n = 2 L
S[(CHr; . ,9gr , "

. , oAdso rpc ion  f r on. va r u es o i .o ;;:;':"'j :l.rTi"r;J;'i:,T;

4 1 6 .

936
6v '
9 1 ,
gg t

I  1 0 6 ,  4 5 a  : j ,

: : t u . , .  
pH  5 .6 )  measured  be fc r rexper imen ts .  d  Va lues  o f  con : . : - . t

I  l? . ,  45c

eJl ip;cr : :e t ry erper inn  ̂.
ang le  ( ,1exadec-  .  - '

8
l 0
n

8 0

6 0
o -

25"

6 I 'a lues of  contact
pH 5.6)  measured

ang le  (de ion ized
ucer  e l i j psomet ry

O l

Tab le  IV .
by :i:"."ff:y,"^,I, lq wit h. Et han ot Fi rm sA d s o r p t i o o  f " o - ' i '  

" t r t t  r - r r l i l n o l  F i l 6 t

T e t r n  r . . r _ , : l i "  
D i d o c o s y l  S u t n a uTetra  h) 'dro iur io ' fo .  g  h

Prepared
i n

d.(HD), .
deg

1 2 0

1 0 0
t i m e s

was  hed
thickn..r,--dlfr]|

00
I

^-
I

I

o

l 0

dug
9 <

O l
a t

J J

o i

O l

21
, 1

/ <

u l
i l 0
l l 0
l i 0
1 0 9
109
l l 0
u0

.{6
. to

46
t i

' U

15
t :

A J

t :
A J

t :
A J

g t o  r  !
r o  I  t '

( son ica : :on  f , . r r  l 0  rn ini n  l5  mL o f  ErOiJ i '
o } feasurernenh u

;il;:f fSff",.',*ilntHT::r:i::"gi:T;,,Ji,.Ji j;,i#_?:bl

"qiffi;*lf ff nT: ;',il r ::"""::. i ir i r a r_r o r h o s e o. b t a i n e d b y.t:;iii,:il:JT:'i{3ii,i;'t*:jffiffi f f:#F[Hffi
ii HTTT; ::;T. : [: Tl H :]i "': 

I u t i o n s . o n,r n io * s u s p e n d e d

ti{"',:Ti:n';ffi :?trt#gi,f, "ii1l'il"-',:'"'"ff },?i*i
If, ii "x f; i?:ll.' m" " i i i ai$r ::fr i ::-" : :?; :9J'l- tra,i,l.,i,i; .i': :'ff : fri$ii; H : il ffi :.'- #: ;* #,Tilf
T'"""0T I i*[tj:]1": 

s u r e rn e n t, 
;, c g I ?. ! an g r es w e r e d e r e r.

I i,'i"::,'{'lJ rrrd: r i[ffi i{,H } lT i : I *ir ru; : r
: : ; f i :  , i t 'J:r: ' re 

determi"*aHli t  i ts intersection *i th the

ff i."fi :i;ft ,"r,','"3iljfi :T*,*s,}il*x,.ffi il.{f i:
l .,j :d ;;, *. ; ;;";" Jl; ",i;+i.; lll3.,_*u,.n s t f " Ii," r r. a . " 

j
:Jiil'-":ffi3t :::i:': ",'srs "i;; i:'u'' 

or the drop used w as

,:il.":;:tr.j;:jf iTdil:i*.";triii:,ii:'+ff ::ii't:
i:::1.,:.,;;;;i:l'f :,;,nH*;'.'":T::i-:f;, jfr'fii,ii jj
,,Hli:T "E !,.Tfl iti-fr : hi; :.TI{*H":: fllilTi:i
, ::{: '!!, :tFil ":Ti; fffl:t+:xT: * il];fru: Ti il j.l : ilHl iffi ' :: :;::." ?tr i;:.i ndT fi d. g{;si: ,"H

F igu re  l { .  Rece<  
m

i:ii .&$*i ::", :*i:,j {in ff iiil lpff i ffii: i,*i;:.
B..gT.d. br- merhod A;; J,;':-:l:'.',-.: represenr adsorbares

nfiljl*Tiltx,l,T.1;?i,,;';;:: jffi ,_i1, jJ#::t::

I

.t !!

o ,  t { ! l ' l ' , t1?.n
J  

r - ' , t / t t . n L  n l

.  I  m . l i o d  A
' O  n r 1 6 o 6  t

- 1 0

T a b l e
F i l m s

l ' .  C o n t a c t
be fo re  and

A a g l e s  o f  t V a t e r  ( p H
a f t e r  S o a k i o g  u o i " , , i . '6)  oa I f  onola_r.er

- " ! " .  f o r  2  Da1 ,s

conr pd
d .  ( i n i t i a l ) ,

cug
d.( l inaJ),

r l  
" -- ' 5SIrCH,),oCo]E r".-.-

c Hr (C Hz)^s (-c H., t, oco, lt
5 l

7 S
rSl
q l

9 \

l l t

n = 9
n = 1 6
F  -  l f, e  -  

L l

s[(cH,; , ,611r;"

n = S

< r

/ o
'i "l

Q '1

t  t  r  / ^  i  .r r r  ( J  C J ) . S )

i,5!.li :fl T:::iffi ;::#;,,;J : 1 n i. ::t : e,.8' f. r r e c e d i n :
r* 41t'ff .it;,' ;i;:ii il : ti j T t ti i+!:,jl; ffi ';: ;
;1;r*"'r;t'i"lil^,'viJ".*;l;[;,i:].:il;,lff ,ru:If, ,,;
receding conract '^t j- l : t tut ion of the ses.i ie'*; ; :  Trlue, oi
vanc ing l ; , * ,  

*s lu  are shor+n in  r rgure 1{ .  va lues of  ad-p.T.*;q * ;l;il:f .iTJ: ̂ ?iX,"o::senrarive iL, o.,ufor fihrs befo re ;q qr l,_;*ff 
,r.51,jff*,fgffi 

3*oSrs (rable v). rn both in;;;;;'J".i,H#"::1.:i:lobserved. vvrrr rrrsLtrnces, no sirnificEnt cbiirge was
,, .^I l l ior : .9t . ry Iweasurenxents.  r r ,  

.1: ._-- , : , . .
w. e r e m a d e * i t r, i R ;;;i; ; R . J.l';. n"{i# Tr:F; ffi Tr: f il :
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I"{onolayer Films Prepared from Dialhyl Sutfides

120

1 0 0

8 0

ea 60

4 0

T a b l e  v I .  A t o m i c  c o n c e n t r a t i o n s  o f  R e p r e s e n t a t i v e  F i l m s

E s t i m a t e d  b Y  X P S

compd % A u  % C  % S  7 o O

32.3 5{ .9  3 .0  9 .8
I  t . l  ' 1 . 1  l { . 5
80 .0  6 .7  13 .3

31.7 62.2 1.5 8.6
83.8 2 .4  13.8
85.0 5 .0  10.0

29.0 55.9 2.5 r2'7
?8 .6  3 .5  17 .9
88.9 3 .7  7 .1

33.  I

35 .9

58 .?  r . 2  ? .0
81 j  1 .8  10 .5
91 .2  2 .9  5 .9

61 .?  2 .3  0 .  t
96.3  3 .5  0 .2
92.3 7 .7  0 .0

. .  ̂ . '...:
Langmuir, Vol. 4, No;-?, !988 333

.  - )  :  : '
I

.  . . l .  - (  C  H r ) r  r C  H r
^ " 1 - - , c H r ) r r c H t

o ̂ ,1,1:[:]::3?l'

^ . . 1 "  - ( C H 2 ) 1 6 C o o H
a  ^ " 1 ' \ (  c H 2 ) , o C H ,

L ^ . , .  ?  t

E A,i'.l!l i i;5;"-

^  ^ . 1 " / ( C H r ) r o C O O Ht  ^ " i ' - ,  c H 2 ) r o c o o H

Time (min)

ll*ffr',";,.,S'jl'J,:,'":*:*nU::!* illH"l1;fli'.i'.:i:;: i"""';:1,:TfflJ:i"*l,]:iIm: flfsti"i'adso'iption 
rro:i

T a b l e  V I I .  E f f e c t  o f  V a r i a t i o n  o f  p H  o n  C o n t a c t  A n g l e s
( d e g )

compd

0, 0, Ad.
(p l {  5 .6 )  ( pH  t3 ) '  (PH  5 .6 - t 3  ' '

cHrs(cH2)  roco?H
obsd for  Au,  C,  S,  O
obsd for  C,  S,  O
calcd for Cr2SOr

C H3(C H:)rS(C H2) toCO2H
obsd for Au, C, S, O
obsd for  C,  S,O
calcd for Q,7SO,

cHr(cH:) r2s(c H2) roco2H
obsd for Au, C, S, O
obsd for C, S, O
calcd for C2{SO:

cHr(cHJ,F(CHJ rocOzH
obsd for  Au,  C,  S,  O
obsd for  C,  S,  O
calcd for  CrrS02

HS (CH:) r ,c  H3
obsd for  Au,  C,  S,  O
obsd for.S,-S, O
calcd for C12S

HS(CHt rocO2H
obsd for  Au,  C,  S,  O
obsd for  C,  S,  O
calcd for CITSOZ

S [ ( C H r ) : r C H : ] :
c Hr(c Hr)^s(c Hr)  roc0rH

n = 2 L
n = 1 9
r . = L i
n = 1 6
n = 1 {
n = 1 0
n = 9
n = 5
n = 0

st(cH:) rocOrHl :

r r l

V D

9.1'
Y l ,

/ o

/ o

80
l o

13
{ l

t i

r  r  o b
I  t -

60

85 '

b J
? n

b J

h /

z.)

8

I
I

.t 't

L I

t 3
9'
6

1 l
8

l 5
1 {
9 \

nl l l0nolayer f i l .cos of  c ia lky ' l  sul f ides are not  atable to 0.1 )

NaOH solui ion.  In i t ia l  confact  angles are reportcd wi th. in I  min ' :

app l i c " t i on  o f  tes t  d rops .  lCon tag - t  ang le  va lues  fo r  bo th  ac i c r

and basic drops were reproducib le i f  the monolayer was in conta ' :

" i t i ,  
O. t  N | i ;OH solut ion for  less than I  min.  'Af ter  erposure t

d ; ; ; ,  o f  0 ,1  N  NaOH,  d .  fo r  0 ' l  N  HCI  dec reased  f rom 9 ' { "  t o  8 l

and  d .  fo r  0 .1  N  NaOH dec reased  f rom 85o  to  66o '

2  r . 5  58 .9  2 .2  17 .5
?.{.9 2.8 22.3
?8 .6  7 . r  1 { . 3

el l ipsomefer equipped with a HrNe laser l ight source (6328 A).

The angle of inci ience was ?0.0o, and tbe compensalor was sel

ar -.{5.01. Further detai ls concerning el l ipsomelry experiments

have been described previously by AUara and Nuzzo.rs NIea'

euremenLs necessary ior the calculation of the fiho thickness

consisted of the deteimination of two sels of polarizer and analyzer

readings (averaged values of P1, 41, P3, and 43) for the 'bate"

gold s;bshate arid the conesponding set of values for the substrate

coated with a monolayer f iLno.
Values for each set of polarizer and anallzer aettings, messured

in zone 1 (Pl and At) and zonrj 3 (P3 and 43), are the aversge

of al least three rneasutemenfs taken at different locations
(separated by at least 1 cm) on thg sqmple and lrad a rosd'mum

sc"ite, of +t j .15'.  These me{ulurements wdre determined with

thg snmple erposed to air and witbin r0.4-in 
"ttl 

S: ramples

(P '1 ,  A '1 ,  P '3 ,and A 3)  r l 'as  determined for  the monolayer  f i lm '

i .b"tt of ualues of thickness a:rd p (where p = (P'1+ P3- 90" )

*J tnu phase shif t  A upon ref lect ion. is given by 2p .+ 
90') rr :

gu. . r t t .a  wi th  a  computer  program based on the a lgor i thnr  '
"ivt.Crr.t rnm using thaaveraged sels of values for P[, Al, P3, a:

el io, the bare st ibstrates and optical constants fgt ! !9 f i lms t

n , = ' . 0 ; a n d h l = 0 . V a l u e s o f t h i c k n e s s f o r t h e f i l m s w , e :
determined by comparisons o[ lhe obsen'ed aver-age values oI

fo tn. corresponding calculated va-lues olp gl lhickness'-- 
i-;"y Fnot*t""iron Spectroscopv. Thq Iry-S.d^a3 in Tab

\. i  were determined b1'using a Physical Electr<i;icsllodel 5-

rp.frr"-.ter (NIg Kc X-ray'sowce, cylin&ic8l bgtpi anal1'ze

b;1'pa.r" eherd in' t" io* io*l otiu;"t"a-"6&-tAitig m nsr:
Sfp OSg. Sarnlies for XPS uralysis were'from]dleitron-bea
euaporated gota'rut.ittt.. t'ta were anal1i.a,ipj4.*g to pr

..Juttt alre-ady described. Samples n'ere cut.gFJ'cm X 1'c

;q;; *i}. aii""tond'tipped .utt.,, **hed witbit'hanol' a:

introduced into the ep.i i*tut.t. ioi each ff iIe a surv

;;;; and high-i*iru1i"" tp".t.'i of C li,-dltF,'?' and ;

;;; ;;"11.. t.i.' ri'' e pe a k are as ob ta i 
".t4 -$3g{tbg.rn ul t i n I

,."tir. *.ru .boubrtd& to aLocoic cbnceiliiuoTi-by irsing t

i;u""t'';;;;ii;i;; i';i; -', o.zso; I If$-Pi? tl' o;'
Au {f 712,2.8. Thesq atomic percentages.l lg
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