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Long-chain alkyltrichtoroeilanes, CI3Si(CH),R, adsorb from solution onto silicon--siticon dioride (Si/S-iOz)

subsi"ites at d fo;tn ordered alkylsilorane m-onoLyer films. These films were characterized by wettability'
ellipsometry, and XPS. Excepi for very short cliains (n = 0, 1,2), the wetting-of these monolayers was

"iiiit"iii"it""iil"a"pendent 
oi chain leigth. The presence of small amounts of water was necessarv for

t1i6 formation of these films. The alkylsil6xane monolayers were stable in common organic solvent€, wat€r,

and scid but were d€6hoyed by prolonged exposure to base. Simple reactions on vinyl-t€rminated monolayeis

i"n"r"t"a 
"t"ohot-, "arb'oxylii: 

ircid-, ind bromine-terminated iilms whose contact angleswere lower then

id;;;iid;;;"Ly; but whose lengths were targely unchanged. Meas_uremenk of .rhe conract angle
of acid-teriinated interfaces as a functi-on of pH indiiaied that ionization of the surface-immobilized acids
required stronger base than does ionization of soluble carboxylic acids. Monolayers containing-mixtures
of inethyl and 

"carboxyt fnt 
"tio"aities 

e*hibitcd wetting properties that minored the composition of the
interface.

Introduction characterization of these frlms, and the correlation of the

This paper describes the preparation of organic mono- molecular structure of the organosilicon-compounds with

layer fihns by adsorption 
"ira 

i"""tion oi 
"iiyftrichloro- 

the macroscopic properties (e.&-wettability) ofthe mon-

"if;". 
on .iiicon*ilicon dioxide tSilSiOrl r"fi"t 

"t"., 
tn" olayers derived lrom them. The formation of organic
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Figure l .  Schematic representation of the formation of alk1, ' l -
si loxane monolayers by adsorption of alkyltr ichlorosi lanes (R-
(CH2)"SiClst lt = 0-17) from solution onto silicon-silicon dioxide
(Si, 'SiO2) substrates. The SiO2 layer was i0-20 A in thickness.
The monolayers were 6-2? A i .r  t i r ickness.

monolayers from organosilicon compounds on appropriate
suhstrates (particularly on glass and on the native surface
ox ide layer  o f  s i l i con)1-7 is  one of  severa l  methods for
forming organic monolayers. Others include the adsorption
of  a lkaneth io ls ,s- la  d ia lk- " - l  d isu l f ides. i5-1 ;  

"n6 
d ia lkv l  s r r l -

1;6..t8' ts on gold: fatt l '  acids on alumina;2o-22 and alcohols
and amines on p la t inum.23

Because the organos i l icon-der ived monolavers  are
phvsical ly robust, they are widely used in technolog! ' ,21.25
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The s tud ies o f  Sagiv  &nd co-u ' r , rker .  :1 . , ' .  t -  . . . . i . r r r l i -hed that
rnonolavers  der ived f r< lm long- t  h i r i r , , . -  r .h  r . '  : .  i . . l ros i lanes
a re  h igh l - v -  o rde red . t  o  O t t r  exan t i n , r t : ,  ' : ,  I  ' l r . - r  r vs tems
had two ob ject ives.  F i rs t .  w 'e  s  i :nr  I  ,  , : ' .1 ) i t re  the
proper t ies  o f  these f i lms n ' i th  tho:e  r , !  . : t - . . r . ,  i  , r t :  r r ro to-
l aye rs  f b rmed  hv  t t t he r  me thods .  5e t ' , l t i : .  i \ t .  : t ' ended  to
e x a m i n e  s i n r p l e  o r g a n i c  r e a c t  i , , r ) -  , , ,  ,  : : : - . : . r  . n  t  h e s e
monolayers  and to  use these r€sct ion:  t , ,  r i . . r t .1 ,  l r r rze the
chemica l  env i ronment  wi th in  the mon. lar  r f

The a lky l t r ich loros i lanes used here hac j  i : r  : l  ruc ture
C l . r s i (CH2) ,R  (F igu re  1 ) .  The  ex ten t  l r ,  \ \  h : ,  : .  i he  g roup
It is segregat.ecl at the sol id-vapor (or.r, l l , i  11,. i  ; i . t  t :) terf 'ace
c iepenc ls  on the degree of  order  r i - i thnr  i i r r  nr  'no iaver .

\ \ 'e  lv ished to  compare monolaver  t i in r .  ' : . . r :  , i i t ' fe red
pr imar i l lv '  in  the po lar i ty  o f  the group I t  \1 :nr  l to lar
g roL l l ) s  ( i . e . ,  R  =  CH2OH,  CO. IH )  a re .  i l r  \ \ a , . r t ' .  i ncom-
pat ib le  w ' i th  the t r ich loros i lane grou l ) .  \ \ ' r  :  h t r r i , i re  gcn-
erated sr r t 'h  l l , r la r  funct iona l  gror - r ; ts  l r , , l r .  : r  ,n t i , , la r  pre-
c ' u r s ( ) r s  t t ' s l l ec i a l l , v  R  =  CH:CH. r )  a t t e r  I , , t ' : - . . 111 , , I l  o f  &
mono la l ' e r  t i l n r  o f ' t he  l a t t e r .  Sag i v  dnd  t  , , - ' , \  rA r r s  have
used  s im i l a r  s t r a teg ies .5 ' 26 -28

This investigati t)n rel ied heavi ly on c()mpari: , 'n: t  \-ray
pho toe lec t ron  spec t roscop \ '  (XPS) ,  e l l i l r - , r n t r ' i r , . ' .  & t rd
wettabi l i ty. Our work and that of others have .h, * n that
wet t ing is  one of  the most  sur face-sens i t ive  le t  hn iques
current ly  ava i lab le .2e 3 l  XPS and e l l ipsontern l r rov id€
in format ion averaged over  the ent i re  th ickne: :  , , t  the
m<lno layer  (a l t ,hough XPS is  cer ta in ly  more :€n: r r ive tc l
the organic  groups c lose to  the monolayer-a i r  ur ter tace
tha r r  t o  t hose  nea r  t he  s i l i con  d iox ide -mono iave r  r n te r -
t l r t ' ( ' ) . ' t  

r :

Resu l ts

Preparat ion of  Alkyl t r ichlorosi lanes. We svnthes-
ized alkyltrichlorosilanes using two procedures (Scheme
I). Method A involved reaction of a Grignard reagent with
tetrachlorosilane3a and was used primarily for silanes
containing a terminal vinyl group. Method B used the
platinum-catalyzed addition of trichlorosilane (HSiClr) to
a double bonds and provided a practical route to saturated
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t r ich loros i lane, -  and a lk l ' l t r ich loros i lanes conta in ing a

rernr inar l  es ter .  NN' {R spect roscopy suggested that  the

l rur i t ie :  o f  these compounds were greater  than 97Vo and

that  the impur i t ies  which we could  detect  d id  not  conta in

t h e  S i C l s  g r o u p .
Preparat ion o f  Monolayers .  Monolavers  were pre-

pared on clean si l icon wafers, whose surface is bel ieved to

Le s i l icon d iox ide,36 wi th  -5  x  1014 SiOH groups/cm2.37

The substrate was immersed in an unstirred solut ion of

the alkyltrichlorosilane in hexadecane or bicyclohexyl '1-25

mN{) for 1-24 h. The wafer was then removed f 'rom the

solu t ion,  r insed wi th  organic  so lvents .  and dr red.  
' fhe

substrate was typical l l 'exposed to the air I '9r l( t  tnin lr t ' l i rre

immers ion .  Du r i ng  t h i s  pe r i od .  t he  e l l i pso r r l e l r r c  i r t t g i e .

for  the subst ra te  were measured.  The sr - r l ls t ra te  nas thet l

t ransfer red in to  a  dr5 ' ,  n i t rogen atmosphere.
Because of the susceptibi l i t l '  of the si l icon chloride bond

to hydrolysis, i t  was necessarl ' to l imit the amount of rvater

present in the system in order to ttbtain monolal'ers of good

qual i ty .  Except iona l  care (o f  the leve l  used in  handl ing

organolithium reagents) rvas. however. not necessarl'' The

surface of the silicon--silicon dioxide substrate was certainly
not anhydrous,3s-40 and a thin f i lm of surface-condensed
water may be necessary fbr the formation of the monolayer.

Although these monolayers were usually prepared while

keeping the solut ion of alkyltr ichlorosi lane under a ni-

trclgen atmosphere, they ccluld also be formed under am-

bient laboratory conditions when the relative humidity wa-q

Iess than 40%. When stored under nitrogen, the solutions

for the formation of the monolayers cotr ld ire usetl  f i rr

severa l  weeks.  When s tored in  the laboraton 'a l In( ,sJ lher t ' .
t he  sc l l u t i ons  we re  used  r i ' i t h i n  l J  h ;  i - r l 1 t ' r  l ' 1  i r  . r  r  i t i l r l e

g l rec ip i ta te  o f ten formecl .
N lono lave rs  C ( )n t l ) osec l  o t  me thv i -  and  r  t nv l - t e rn l i t l a t e r i

a l kv i s i l anes  \ \ ' e re  t he  eas ies t  t t t  f o rm .  These  n l ( , l l i i l \  t ' r -
r ve re  a t t t ophob i c '  t o  t he  hvd roc ' a rb ( )n  s ( ) l L I t i on :  t ha t  i . '  t he r

emergec l  t t n i l o rn t l v  d r v  I r t , n l  t he  : o l u t i t t n .  \ l t ' no lave rs
hav inq  t e rm ina l  es te r  g roups  emerged  n ' e t  f r om the  so lu -

t i t in  used in  the i r  format ion.  Unfor tunate ly ,  i f  the a l -

k1' l tr ichlcirosi lane in the solvent adhering to the substrate

was exposed to water, a clc'udi '  f i l i i r  dep<-lsi ted t ln the

surface, presumably'  due to the formation of a gel of

polymeric si loxane. Removal of this f i lm by washing was

impossible, although i t  could apparently be largely re-

moved by actual lv wiping the surface with a t issue or

swab.al We therefore prepared these films from dilute (0.1

mM) solut ions in methl ' lene chloride or carbon tetra-

ch lor ide in  order  to  min imize the amount  o f  a lkv l t r i -

chlorosilane that was left on the surface. These monolayers

were r insed with methvlene chloride before exposure ttr

the ambient atmosphere.
Contact  Angles.  The techniques used to  measure

contact angles have been described elsewhere.2e These

(35) Lukevics,  E. ;  Bel l 'akova.  Z.  \ ' . ;  Pomerantseva,  M'  G.;  Voronkov,
M. G. In Journal  of  Organometal l tc  Chent ist r l '  I ' ibrar l '  5:  Organo-
metal l ic  Chemistry Reuieu's ' .  Se1' fer th.  D. .  Davies,  A.  G.,  F ischer,  E.  O.,
Normant. J. F.. Reutov, O. A.. Eds.: Eisevier: Amsterdam,1977; pp 1-179
and the references cited therein.

(36 )  Car im,  A .  H . ;  Dovek ,  M.  M. ;  Qua te .  (1 .  F . ;  S inc la i r ,  R . ;  Vo rs t ,  C .
Sctence 1987. 237. 630-632.

(37) Zhuravlev,  L.  T.  Langmuir  1987, ,1.  i l16-318.
(38) I ler ,  R.  K.  The Chemistr l '  o f  Si l ica Wi lev:

L-'hapter 6 and the references cited therein
( l l9)  van Roosmalen,  A.  J. ;  Mol ,  J .  C.  J.  Phrs

2.r85-2488,
(40) De Rooi j ,  N.  F. ;  Sieverdink,  R.  J.  S. ;  ' f romp, R. NL. Thtn Sol id

F- t I nrs 1977, 47, 2Il-218.
t.1 l) Sagiv initially observed that this procedure cotrld be used ttr

remove inorganic deposits left after oxidations with ;rotassium per-
manganate. Whether this procedure causes any damage to the monolayer
has not  been estahl ished.  See ref  5.
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Figure 2. Methvl-terminated alkylsiloxane mon,rlavers prepared

by  adsorp t ion  Of  n  -a l k l ' l t r i ch lo ros i l anes ,  C  H , t  ( -  H ,  )  "S i ( '  I  r .  ( )n to

S i , /S iO2  subs t ra tes .  Each  d i l t a  p l i n t  r€p r€s€n t :  t neas t t remen ts

on  a  d i f l e ren t  s i l i con  s r rbs t ra te  { ' s t i a l l r ' .  n t t t t t r , l ave rs  t ' r , t l l a i t r i ng

a  g i v e n  r . h i r i n  i t , 1 q t i t  r r r , r * , p ! " r , l l i t r e i 1  , l t  i t l  l e r t . l  r , , i r ,  i 1 1 1 ] 6 , 1 1 1 ' n C l e t l t l l
, ' o n s t i l l i i e d  . , , l r i i , , n .  ,  i  ' l r '  , r l k ' ,  i ' l - , ,  h l ,  r ,  ' ' i i . r l t r  t t l  l l i t v t l t , h e x v l

, , r  l l e \ ; t r ' i t . ,  i r t t t .  ,  . \  ,  . \ , : \ , 1 1 ,  i t , {  (  I t : , 1 , .  1  a l l g l P S .  r / d .  T h e  c < l n t a c t

. i l r : ] t . -  ,  |  , \  r t r  r  r r '  1 i , ,  \ t  ' i r .  t i i l ' h i ' i t  ] i n e .  t h , r . e  o l ' h e x a d e c a n e

1 l - '  r r r . r  ! ' | ,  i l  l ' . .  ,  -  : : r r - ' : . r  ' t  h l (  k l l e : : e -  t A t .  T h e  s o l i d  l i n e

: - . . 1 ) : f - - f  1 . ' -  l : . ,  ' .  - '  . ; i , f ' . 1  :  . t ' c i - 1 - : r l i l C I { ' :  f i t  l i l f  n  =  \ - 1 1  ,

l i r -A: r l rgnt t ' t . t t>  \ \ere  ro t r t i r le l l '  made wi th  de ion ized water

pH , - r . t i )  t rn( l  r i . r th  hexadecane.  The va lues repor ted are

t 'he r rsr ra l  quas i -equi l ib r ium sta t ic  advanc ing angles,  dr .2e

\lost discussions based on measured contact angles

begin with Young's equation (eq I).zs'tz Here the 1 vaiues

J*u = 7.1 *  ]1u COS l /

represent  the sur face tens ions (or  energ ies)  o1 ' the so l id-

vapor  (sv) ,  so l id- l iqu id  (s l ) ,  and l iqu id- r 'apor  ( lv )  in ter -

f'aces. The free energies of the interfaces are related to cos

0 rather than to r/ i .  We note that Young's law is an exact

thermodynamic re la t ionsh ip  on lv  f  or  s5, 's tems at  equ i l ib -

r ium.a2 Al l  r i f  the svstents  that  w 'e  . tud ied exh ib i ted s ig-

n i f icant  hvsteres is{ ' t  in  the meast t red advanging,  d" ,  and

reced ing .  / i , .  t ' r t t t i t t l  : l t l g l es . t  g ' a te r  l duH :o  - ' 1 rHzo  -  10 "  ( a t

f /nH,{ - r  l1 t i " r .  l : l '  r l l l  r ' , ,H. ( )  ,  T0o1.  r - t ,1  20"  (a t  |u t 'o .=  34t ) )

and ar i '  th i ts  t t , r l  a t  eqt l i i ib r ium.  Th is  hysteres is  is  ap-

proxirnateh' t  on.tatrt  i t i  terms t l f  energy (that is, the value

6f  c6s l i , ,  ( ' ( ) :  / i ,  ( i .2  is  Constant ) .
F igure 2 lrresents l i"  for monolayers prepared from a

honrologorrs series of methyl-terminated alkyltr ichloro-

si lanes. Our values of d"Hto agree with those reported by

Sagir'.r \-ahres of /)rHD are slightly ltlwer than those of Sagiv

bui agree w'ith the values of tllman et al.# Values of l/"Hzo

were consistentll' less (3-6") than the corresponding values

on self  -assembled monolayers of n-alkanethiols on gold.r l
' Ihere 

was no alternation in d"HD for alkylsi lanes having

odd and even nLlmbers of carbon atoms. Such alternation

has been reported fbr monolayers of n-alkylcarboxylic acids

(42) Adamson. A.  W. Phls ical  Chemistr t '  c t f  Surfa ' :es,4th ed. ;  Wi ley:
New York,  1982; pp 338-341.

(43) Dett re,  R.  H. ;  . lohnson. R.  E. '  .Jr .  J .
1506-1515 .

(44) Ti i lman, N. :  Ulman, A. ;  Schi ldkraut , . . l
Chem. Soc.  1988, 110.  6736-6144.

( r )

New York,  1979;

Chem.  1979 ,  8J ,

I'hys. Chem. 1965, 69,

S.; Penner,  ̂ 1 . L. J. Am.
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Figure 4-. Angle-dependent XPS survey spectra of a monolayer
prepared by adsorption of octadec_"-l tr ichlorosi lane (CH3-
(CHz)lTSiCl.,  OTS), onto an Si/SiO2 substrate. Spectra were
obta ined at  takeof f  ang les o f  90o,  35b,  and 15o.

Figure 5.  M.dels for  the binding , f  a lk ' ls i l rxane monolayers
to.Si /s io,  subst_rates.  (A) The s i l icon atom in the alky i t r i -
chlorosi lane.  RSic l . , ,  f . rms three bonds t ,  h 'dr . rv l  groups at  the
sur face  o f '  t he  subs t ra te  ox ide  la r .e r .  The  fo rmat ion  o f  th i s
s t r u c t u r e  d r e s  n . t  r e q u i r e  a n v  a d s , , r b e d  w a t e r .  r B i T h e  s i l i c o n
at 'm in l ts i ( '1 .  t i r rnrs one or  t rvo bonds to surface hr .droxvlgfoups.' l ' h t .  

ren ra i t t c ie r  , , 1  t  he  S i  ( ' l  bonds  a re  hvd ro l r - zed .  re iu l i i ng  i n
t h e  l . r r r r r r l ; r 1 1  , f  - l l a n , , l . , S i O H r a n d  S i  f l  S i - l i n k a g e s  b e t w e e n
. rc j . i a t  rn l  . r i k i . : r . , , n t ->  

' l - he  
S i { ) -S i  I i nks  can  a l so  b ind  g i th in  the

I l i l 1 1 1 , 1 i l 1 . y  . r  j k i  l . t i . i l t t -  \ \ ' n { , > e  . i l i t ' , , n  a t o n t  h a s  n o t  f < l f  m e d  a n V
l t o n d :  I o  1 [ "  : r l r l i i (  e

For a trans-extended chain, the projection of the carbon-
carbon bond onto the surface normal (z axis) is 1.26 A.52
For the C-Si and Si-O bonds, the projections are 1.b2 and
1.33 A, respectively. Including an aaditiond 1.g2 A for the
terminal methyl group,53 we expect a monolayer prepared
from octadecyltrichlorosilane (ors) to have a thickness
of 26.2 A. The observed rang e of 22.6-27 .6 L (Figure 2)
brackets this value.

The length (/-) of a methyl-terminated monolayer con-
taining n methylene units should have the dependence
given by eq 2. A best fit to the experimental data for n

L = 1 . 2 6 n + 4 . 7 8

= l-L7 has a slope of 1.26 A per methylene unit and an

l_l-,q
5 0 0

B i n d i n g  E n e r g y  ( e \ ,

Ig_u"q 3: X_PS spect_ra of alkyltrichlorosilane monolayers, R_
tCHrtrSiCla (R = CH3CH2, C-H?:CH, CH3OCOCHT), on Si/SiO,
substra,tes: survey spectra (left) and higi-resoluti,on specira of
the carbon 1s (center) and sil icon 2p (right) regions. the C fs
and si 2p spectra are each normalized to t[e samJ maximum peak
height,

on alumina2' and, to a smaller extent, for alkanethiols on
go ld . l r

The contact angle of hexadecane on surfaces prepared
from methyltrichlorosilane (cH3Sicl,) was unb-ulou..
while these fi lms were probably not monolayers (see be-
low), the observed contact angle was highe. ihu' that on
monolayers prepared from ethyl- and propl'ltrichl.rosilane.
Polysi loxane f i lms prepared from CHrSi(OCH,),  har.e a
lower crit ical surface tension (and thus a higher contacr
angle) than films prepared from the corresponding ethr-l
compound.2s

Ellipsometry. Figure 2 presents the thicknesses esti-
mated by ellipsometryas'a6 for a homologous series of
methyl-terminated alkylsiloxane monolayers. We have
compared these thicknesses with values estimated by
low-angle X-ray reflection and found excellent agree-
-atr1.a7'a8 The X-ray measurements also demonstrated
that these structures were actual monolayers rather than
a mixture of uncovered and multilayer regions. we believe
that th-ese ellipsometric thicknesses have an uncertaintv
of *,2 A.4e,b0

The data are remarkably consistent: for a given alkvl
group, the th icknesses measured on di f ferent Si  SiO,
substrates fa l l  wi th in a 5-A range. These est imated
thicknesses correspond * 'e l l  to a m.del  for  the m()n(, lar-er
har- ing the n-alk ' l  chain in the al l - r rans conf ' rmat i .n anci
o r ien ted  near lv  perpend icu la r  to  the  sur face  rF igure  I ) . ' l

1 5 '

_ (45) Azzam, R. M.. A.; Bashara, N, M. Ellipsometry and polarized
Light; North-Holland: Amsterdam, 192?.
_ (46) McCrackin, F.J,.; Passjrglia, E.; Stromberg, R. R.;Steinberg, H.
L. J. Res. Natl. Bur. Stand., Sect. A. Lg6g,6Z, S6S-gll. '
_ (4.7) Wasserman, S. R;Whitesides, G. M.;Tidswell,I. M.;Ocko, B. M.;
Pelslpl!. S.;Axe, J. D. J. Am. Chem. Soc., in press.

(48) Tidswell, I. M.; O_cko, B. M.;pershan, p. S.;Axe, J. D.; Wasser_
man, s. R.; whitesidgr, 9, M. Phvs. Reu.8., submiited for puLlication.

-(49) Ellips.gTetry is ultimately based upon Fresnel's uqu"iion, for the
reflec^tion of light from an interface. These equations 

"...r*" 
that the

interfaces are perfectly smooth. while this assumption is, at best, only
approximately true, theoretical and experimental studies'indicate thai
ro-ughnesses below 50 A (peak to valley) should have little efiecl on the
ellipsometric results,, Felrtermaker, C. A.; McCrackin, F. L. Sur/. Sci.
1969, 16, 85-96. Smith, T. Surf . Scj., lg26, 56,282-2it.

" 
(59) 

Tllipsometry.cal: in !h-eory, determine both the length and re_
fractive index of a thin film. This simultaneous determinatiSn relies on
the precision of the measurement of the anaryzer an_d polarizer angles.
our accuracy is such that, for films less ttran roo A i; thi.k;ess, we
cannot obtain values for both the length and the refractive index of the
alkylsiloxane monolayers. See ref 46.

. 
(51) Infrared spectroscopy- using polarized radiation suggests that

these monolayers are oriented nearly-pe.pendicular to the s'u-rface (tilt
angle @ = 14o + 18'). This orientalion would lower the lengths of al-
kylsiloxane monolayers by B% compared to alignment with t-he normal
to the plane of the monolayer. For a monolayer"prepared from oTS, the
ch_ange in length for 4, = 14o compared to d = bo would be 0.g A. 

'S;;

ref 1 and 44.

(2 )

(52) All distances are derived from standard bond rengths assuming
that all bond angles in the trans chain are 109.5o.

(53) The contr ibut ion of  the methyl  group is  est imated by summing
the covalent radii of carbon (0.7T A) a.,d hyd-.ogen (0.37 A) ana the vai
der waals radius of hydrogen (1.2 Ar and projecting this surn onto the
lgrTal axis. Lange's Handbooh of Chemistrl, 11th ed.;Dean, J. A., Ed.;
McGraw-Hill: New York. t97ll.
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Figure 6.  Rat io of  the atomic intensi t ies of  the carbon ls rCt
and sil icon substrate 2p (sub) peaks in XPS for alkvisiloxane
monolayers prepared from CH3(CH2)"SiCl.. The intensitl '  of the
substrate is a mathematical construct from the intensities of the
Si 2p, SiO2 2p, and O 1s signals (see Appendix in supplementan'
material). The parameter C-. sub. is the ratio of the volume
atomic densities of cr1'stall ine sil icon and of carbon within
crystall ine hydrocarbons. This parameter, C-/sub-, is theoret-
ically 0.8. The function ln (Clsub - C-/sub-) is approximately
linear for C-/sub- = 0.6-1.5.

intercept of 4.02 A.54'55 We therefore concur with previous
studies based on infrared spectroscopyr'aa that the alkyl
chains in these monolayers are trans-extended and that
any tilting of the chains with respect to the normal axis
is small.

X-ray Photoelectron Spectroscopy (XPS). The
survey spectrum for a monolayer prepared from OTS
(Figure 3) showed only three elements: silicon (2s, 150 e\':
2 p , 9 9  e V ) , 5 6  c a r b o n  ( 1 s , 2 8 5  e V ) . 5 7 ' 5 8  a n d  o x v g e n  ( 1 s . 5 3 2
eV;  2s ,  23  eV;  Auger -KLL.  9 ; ;  e \ ' ) . s  The spec t ra  d is t in -
guish between the bulk sil icon r2s. 1il) e\': 2p. 99 e\-r signal
and that due to the surface oxide t2s. l5-1 e\': 2p. 10ll e\-r.;3
The peaks at  116, 133, 166. and 183 e\-  are subsidiarv
peaks of the sil icon resulting from energv loss to the bulk
plasmons of the substrate.m'61 As the angle between the
plane of the electron detector and the normal to the surface
(takeoff angle) decreased (Figure 4), the intensity of the
carbon signal increased relative to that of the signals of
silicon and oxygen, the intensity of the oxygen signal in-

(5a) The best fit to the data for n = 5-17 has a slope of 1.31 A per
methylene unit and an intercept of 3.46 A. The difference between these
two fits is probably insignificant, since the intercepts differ by 0.56 A and
since, even for OTS, a change of 0.05 in the slope corresponds to a
difference of less than 1 A in thickness.

(55) The uncoated substrate has a higher surface energy than the
monolayers. Contamination would therefore present a larger problem in
the characterization of the substrate than of the monolayer and thus
would lower the perceived length of the monolayer. Since the measured
lengths were not systematically low relative to the model of a trans-ex-
tended chain and since the aqueous contact angle of the substrate was
Iess than 10o after the measurement of its optical constants, we believe
that contamination was negligible.

(56) Siegbahn, K.; Nordling, C.; Fahlman, A.; Nordberg, R.; Hamrin,
K.; Hedman, J.; Johansson, G.; Bergmark, T.; Karlsson, S.; Lingbren, I.;
Lindberg, B. ESCA: Atomic, Molecular and Solid State Structure
Studied by Means of Electron Spectroscopy; Almquist and Wiksells:
Uppsala, Sweden, 1967.

(57) Gel ius,  U. ;Hed6n, P.  F. ;Hedmon, J. ;  L indberg,  B.  J. ;Manne, R. ;
Nordberg, R.; Nordling, C.; Siegbahn, K. Phys. Scr. 1970,2,70-80.

(58) High-resolution spectra of the carbon region contained only a
single symmetrical peak even for thin monolayers (e.g., those from
Cl3Si(CH2)6CHj. The implication that the carbon attached to silicon has
the same core binding energy as the other carbon atoms in the alkyl tail
was confirmed by comparison to monolayers prepared from Cl3Si-
(CH2).CHB (n = 0-2), all of which showed only one carbon signal.

(59) Wagner,  C.D.;  Riggs,  W.M.;Davis,  L.  E. ;  Moulder,  J .  F. ;  Mui-
lenberg, G.E. Handbook of X-ray Photoelectron Spectroscopy; Perken-
Elmer Corp.: Eden Prairie, MN, 1979; p 52.

(60) Kittel, C. Introduction to Solid State Physics,6th ed.; Wiley:
New York, 1986; p 262.

(61) Marton,  L. ;  Leder,  L.  B.  Phys.  Reu.1954,94,203-204.
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Figure 7. Rate of formation of an alkylsiloxane monolayer
prepared from CH3(CH2)r3SiCl3 (TTS) at 20 oC and 30% relative
humidity. (A) Advancing contact angles of water and hexadecane.
(B) Ell ipsometric thicknesses. The calculated thickness for this
mono laver .  1 , , " i , , i  =  l l . l  A .  i s  hased on  the  assumpt ion  o f  a
trar ls-e\ tended r ' , )n l ( ) r rnat ion for  the alkvl  groups. wi th the chain
a r i :  [ ) r r l ) e t t t l t t  r t l t r r  t , '  l h e  : u r l a C e .

c'reased relative to that of sil icon, and the intensity of the
sil icon dioxide signal increased relative to that of bulk
sil icon. These observations are consistent with a model
for the monolayer as a layer of hydrocarbon above a layer
of silicon oxide, which in turn lies above bulk silicon.

XPS detected no chlorine in the monolayers, even for
those derived from Cl3Si(CHt"CH, (n = 0, 1). Itr absence
was thus due to its absence on the surface, rather than to
attenuation of the chlorine signal by the hydrocarbon layer.
Since there was no chlorine in the monolayer, each silicon
atom from the starting alkl ' l tr ichlorosilane must have
formed three sil icon-oxy'gen bonds of some type (Figure
5). Studies on silicas indicate that the density of hydroxyl
groups in the oxide does not exceed one group every 20
A2 (approximatelv one firr each exposed silicon atom).37'3s'02
This densitv is not sufficient to support attachment of a
monolay'er entirelv bi 'Si-O-Si bonds between the orga-
nosilane and the substrate. We have found, using the
technique of X-rav reflection, that the area per RSi group
in these monolayers is 21 4 3 [z.rz Attachment of the
silicon atom of the starting silane entirely to surface hy-
droxyl groups would require one SiOH per 7 A2. We
therefore conclude that water is involved in the creation
of Si-O-Si bonds between the alkylsilane moieties of the
monolayer and Si-OH bonds.ffi{s The rates of formation
of these monolayers support this conclusion (vide infra).

(62) Madeley, J. D.; Richmond, R. C. Z. Anorg. AlIg. Chem. L972,3€,9,
92-96.

(63) Kailury, K. M. R.; Krull, U. J.;Thompson, M. Anal. Chem. 1988,
60, t69-t72.

(64) Sagiv, J. J. Am. Chem. Soc. 1980, 102,92-98.
(65) These types of structures are often assumed in discussions of solid

supports for reversed-phase chromatography. Majors, R. E.; Hopper, M.
J. J. Chromatogr. Sci.1974, 12,767-778. Melander, W.R.; l lorvath, C.
In High Performance Liquid Chromatography;Horvath, C., Ed.;Aca-
demic Press: New York, 1980; Vol. 2, pp 113-319.
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Structure and Reactiuity of Alkylsiloxane MonolaT,ers

Figure 6 presents the atomic ratio of carbon to the silicon
substrate (C/Si."b) as measured by XPS for monolayers
prepared from saturated alkyltrichlorosilanes.ffi This ratio
has approximately the expected exponential dependence
on the thickness of the monolayer (see the supplementary
material to this paper). This result demonstrates that the
length of the monolayer as determined by ell ipsometry
correlates with the total number of carbon atoms in the
monolay'er.

The XPS spectra of monolayers prepared from CH3SiCl3
were. as in the contact angle measurements, atypical of
alkl'lsiloxane monolayers. The intensity of the C ls peak
was 80-100% that from monolayers prepared from
eth)'ltrichlorosilane (CHBCH2SiCIJ, instead of the expected
50%. This result suggests that these structures were
probably disordered bilayers rather than monolayers.

Rate of Formation of Monolayers. Our objective in
examining the rate of formation of these monolayers was
primarily to determine conditions that yielded monolayers
reproducibly. Figure 7 follows the formation of a mono-
layer prepared from tetradecyltrichlorosilane (TTS,
CHs(CHz)r3sicls). The length of the monolayer reached
a plateau of 20 A after ca. 40 min. This length was ap-
proximately that expected for a complete monolayer (21.1
A).

Humidity influences the time needed to form a mono-
Iayer. When the monolayers were prepared by immersing
the sil icon wafer in a solution of alkyltrichlorosilane
maintained under a dry atmosphere, a complete layer was
obtained only after 5 h; when the same experiment was
conducted under air at 30% relative humidity, formation
of the monolayer was complete in approximately t h. We
believe that this difference in rate was due primarily to
different amounts of water adsorbed on the polar surface
of the Si/SiO2 substrate or otherwise available for the
formation of Si-O-Si linkages.

Stability. After being washed with ethanol to remove
contaminants adsorbed from the air, monolavers of
methyl-terminated siloxanes that had been stored for 1g
months in closed containers under air had contact angles
and Iengths indist inguishable f rom those determined inr-
mediately af ter  preparat ion.  \ lore polar s l l r ta( ,es con-
taminated more rapidl 'than nonp.lar.nes. but e'en rhese
cou ld  be  c leaned bv  r ins ing  w i th  e thano l .  Rubb ing  rhe
surface vigorousll '  r+'ith a tissue or cotton s'*'ab did nor
change the thickness or wettabi l i t l -  of  the monolal ,er .

\lonolayers prepared from CH3(CH2)r3sicl3 (TTS) were
stable in contact with aqueous acid at room temperature
and hexadecane at 75 "C (Figure 8). When exposed to
aqueous base at room temperature, approximately 50%
of the monolayer had been removed after 80 min. While
the substrate appeared normal at 80 min, after 160 min
its surface was visibly etched. The negative length ob-
served at this point probably was due to attack on the
native oxide. Since the silicon-oxygen bond hydrolyzes
under basic conditions,6T this destruction of the monolaver
is not surprising

The resistance of the alkylsiloxane monolayers to de-
sorption in hot hexadecane contrasts with the rapid de-
sorption observed for alkanethiols adsorbed on gold;
hexadecanethiol has a half-life for desorption of B0 min
at 83 oC in hexadecane.ll Thus the formation of alkyl-
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Figure 8. Stabi l i ty of alkylsi loxane nr()n,) la\ers prepared from
CH3(CH2)r3s ic l3  (TTS)  and exposed r , ,  , , .  i  \  HCI  a i  20 oC (O) ,
0 .1  N  NaOH aL  20  oC  ( r ) ,  o r  hexade tane  ,O r  a t  ; 5  oC .  (A )
Advancing contact angles. The contact ani.e> i,l $.ater are above
the dashed line; those of hexadecane are fplr,q' r B r Ellipsometric
thicknesses. The negative thicknes- atrer erpr)sure to the 0.1 N
NaOH probably indicates etching ot rhe surtace t ixide after the
monolayer had been removed.

s i loxane monolayers  is  not  the resu l t  o i  a  par t i t ion ing of
the const i tuent  molecu les bet rveen :ubst ra te-bound and
solut ion phases. ! \ 'e presume rhat rhe formation of these
monolayers  is  dr iven b1 '  the iormat ion of  the cova lent
s i l i con -oxvgen  bond  ra the r  t han  bv  t he  mar im iza t i on  o f
van der  \ \ 'aa ls  in teract ions bets 'een ad iar .ent  a lk1. l  groups.

T h e  e t c h i n c  , ' t  t h e - e  n t r , r :  , . < r . r r :  i n  b a s e  w ' a s  o f t e n
he te r ,  r ! .Q I ) f  , r l : .  \ \ ' , -  . ,  , t l e t t x t r :  , b .e r vec i  e tC .hed  SUf faCeS
( ( ' : l l .1lnin{ i) . i l r  i - tr> : : ' .  

" , ,  
hlr } :  lne IIr  rp1,]r. 'ar \ \ 'as apparently

r I ' . la r  i  ' , \  f t r r r  i t ' .  , i : l t - t  . r recr .  lhe :u i t : t ra te  had been v iS ib ly
g r r t t ec i  

' l ' h r .  
r r : r , i . t : r - r { { € : i :  t ha l  e t t h i ng  \ \ ' as  i n i t i a t ed  a t

defects  in  the i i lm anc i  pr ( )ceec ied rhrough the creat ion o f
reg ions  denuded  o i '  m r )n ( ) l ave r .  Th i s  mac roscop i c  he te -
rogenei t l '  demonst ra tes the presence of  a t  least  macro-
scopic islands, although i t  does not provide proof of the
microscopic structure of the monolayer. In contrast, in-
complete monolayers, prepared by removing the substrate
from the solution of alkyltrichlorosilane before the mon-
olayer has completely formed, have a uniform, liquidlike
strUCture.47,48,68

Reactions Involving the Terminal Vinyl Group. We
generated alcohols and carboxylic acid groups from vi-
nyl-terminated monolayers, using procedures similar to
those developed by Sagiv.5tr Figure 9 presents the contact
angles and ellipsometric thicknesses for three vinyl-ter-
minated monolayers. Although the contact angles were
uniformly lower than those of the corresponding methyl-
terminated monolayers, both the contact angles and
thicknesses mirror the trends observed for the saturated
alkylsiloxanes.

Figure 10 summarizes the oxidation of the vinyl group

120

(66) This ratio is used in order to eliminate variations resulting from
changes in t-he X-ray flux impinging on each sample. The inteniity of
si".r6 is actually a mathematical construct which appioximates the si/Sio,
substrate as an infinite layer of pure silicon. s-e-e Appendix in supplei
mentary material.

. (6-7).Cotton, F. 4.; Wilkinson, G. Aduanced Inorganic Chemistry, Brd
ed.; Wiley: New York, 1972; p 321.

(68) Previous characterizations of the structure of partial monolayers
have relied on systems which had been prepared by etching of completely
formed monolayers. Blodgett, K. B.; Langmuir, I. phyi. Reu.lgBI, E,
964-982. Tomar, M. S. J. Phys. Chem. 1924. ZB.947-950.
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Figure 9. Vinyl-terminated alkylsiloxane monolayers prepared
by adsorption of CH2:CH(CH2)"SiCI3 (n = 4,9, 15) onto Si/SiO2
substrates. Each data point represents measurements on a dif-
ferent si l icon substrate. (A) Advancing contact angles. The
contact angles of water are above the dashed line; those of hex-
adecane are below. (B) El l ipsometric thicknesses (A). The sol id
l ine represents  the best  l inear  least -squares f i t .  The increment
in  th ickness per  methf  iene group is  1 . -1 .1  A.

1-l-1-l-r-l-1 -T-r--I-l-r

2 9 0  2 8 6  2 8 2  2 9 0  2 8 6  2 5 2

Blnd lng  Energy  (eV)

Figure I 1. XPS spectra (survev and high resolution of the carbon
ls region) of reactior-r prodrrcts from vinvl-terminated alkvlsiloxane
m o n o l a v e r s  p r e g r a r e c l  l r o r r r  ( ' H , . . ( ' H r ( ' H " t " S i ( ' l r  ( n  =  . 1 ,  9 ,  1 5 ) :
t a r l r o r r l i r  i r t i r l  l r , , r r r , r r i r l r i t r r , n  r r i t h  I i \ l n O .  \ a l O 1 .  a l c o h o l  f r o m
h v r i r , ' l r , r r i t t t ( ' n , i . l l H  .  - .  H , O _  \ a ( ) H r .  a n d  1 . 1 - d i b r o m i d e  ( a n d
r t ' .  r l r ' ' :  : ' r '  : : . : : t  1 ' , ' :  - i ' ,  r . r - -  l r " t t )  r r a ( l i r ' t t  \ \ ' l t h  e l e m e n t a l  b f O m i n e
, l J r _ ,  l ' h t  (  .  -  . 1 r g ' : r i r  , 1 r ' e  I l l , r n l a l i z e d  t o  t h e  s a m e  m a x i m u m

l l r a k  h r r * h l .  A : ' i  l n r ' ! ' t . . r > r : .  t h e  - i g n a l  f r o m  t h e  f u n c t i o n a l i z e d
carhrn At()mtstdecrea-.e:  re la l i r .e Io 1["  s ic 'na]  f rom the methvlene
g r ( ) u l ) s  i n  t  h e  n i o n o i a v e r .

came more hydrophi l ic  as v inf  i  groups were converted to

carboxylic acid moieties. The limiting value for the contact
angle of water was d"Hzo = 30". The wettability of a
methyl-terminated monolayer was unchanged after expo-
sure to the oxidant. Ellipsometry demonstrated that
neither the vinyl- nor the methyl-terminated monolayer
changed in thickness during the reaction.?1 The change
in contact angle was thus due to oxidation of vinyl groups,
rather than to etching of the monolayer. The conclusion
that the thickness of the monolayer was unchanged upon
oxidation is reasonable. The reaction replaces the CH:
CH2 group with a CO,H group: the change in length re-
sul t ing f rom this react ion is less than the precis ion of
el l ipsometn' .  F- igure l1 shows XPS spectra for  a mono-
layer prepared from 10-undecenyltrichlorosilane (Cl3Si-
(CH2) 'CH:( 'H, t  af ter  oxidat ion.  We were unable to de-

(69) I -emieux.  R.  [ - . :  r 'on Rudlof f ,  E.  Can. J.  Chem. 1955, 33,
1701  1709 .

(70) Sagiv has used KMnOa alone to oxidize olefins contained in a
monrilaver (ref'5). ' lhis 

reaction has two major products in solution, a
vicinal diol and an rr-hydroxy ketone (Wolfe, S.; Ingold, C, F. J. Am.
C:hem. Soc. l9ll l, /0,3.938-939 and references cited therein). Although
the KMnO,i NalO, reaction has a complex mechanism, it generates
carboxylic acids quantitatively under similar conditions. In addition,
Sagiv has used an oxidation procedure in which the oxidant is spread on
the surface, while our oxidations were performed by completely im-
mersing the sample in the oxidizing solution. Sagiv has reported that
permanganate oxidation of a vinyl interface resulted in a surface which
was completely wetted by water. These results were obtained for Lang-
muir-Blodgett films, which may lack the stability of the siloxane systems.

(71) We have continued to use an index of refraction of 1.45 for al-
kylsiloxane monolayers even after modification of the terminal vinyl
group. This approach is clearly arbitrary, but, even for the bromination
reactions discussed below, using the refractive index of elemental bromine
(1.66) alters our estimate of the chanse in thickness by onlv -0.4 A.
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Figure [0. Oxidation of methyl- and vinvl-terminated alkyl-
si loxane monolayers prepared from CH3(CH2)l3sicl. l  (O) and
CH2{_H(CHtrbSiCls (o) by KMnoa (0.5 mM)/Nalon (tg.s mM)
at 20 oC. The advancing contact angles of water (A) and ellip-
sometric thicknesses (B, in A) were measured as a function of the
time, ?", of oxidation.

of a monolayer prepared from 1G-heptadecenyltrichloro-
si lane (HTS, CIBSi(CH2)15CH:CH2) to a carboxyl ic acid
by KMnO4 and NaIOa.6e'70 As expected, the surface be-
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-,,nota]'ers prepared
from CHr:CH(CH2)eSiCl3 and treated i i  i th rr i t luoroacetic an-
hydride (2Vo v:v in hexanes): surver'  ( lefrr and high resolut ion
of the carbon ls region (right). The C 1s spec.tra are normalized
to the same maximum peak height. (A) \ ' inr. l- terminated mon-
olayer. (B) Alcohol-terminated monolaver prepared from A by
hydroborat ion (1 ,  BHr t  2 ,  H2O2/NaOHt.

o f  the CO2H group could  not  be d is t ingu ished f rom the
SiO2 background, the intensity of the oxvgen signal had
increased by l0%.

Figure 12 compares aqueous contact angles for the
monolayers  obta ined by ox idat ion <t f  C, . .  C11.  and C17 v i -
nyl-terminated monolayers. The contact angles of the acid
interfaces created by this process \\ 'ere approximately in-
dependent of the length of the si lane.; '

As a check on these results. we have used an alternative
method for generating a monolal 'er having terminal car-
boxyl ic acids. We prepared a monolaver having terminal
ester  groups by adsorpt ion o f  C l .S i rCH"r .  CO,CH3 onto
a s i l icon wafer .  We then hvdro lvzed the ester  groups in
th is  monolayer  wi th  concent ra ted aqueous HCl .  The
contact  ang le  for  the ester - ( ' ( , t t ta t t t ing in ter face was g"Hzo
=  73o : t ha t  f i r r  t he  hvd r , , l v ze r j .  t ' a r i r ox r ' l i c  ac id - con ta in i ng
i r r l e r t a c e  \ \ ; t : , , , t '  "  =  J r r ' ' l - h r  r , r r € : l x ' n d i n g  c o n t a c t  a n g l ;
t i r r  t he  i n te r l . i ( r .  I ) r e I , . r r . c l  i r . ,  , , r i da t i on  o f  a  mono laye r  o f
s i ,  ( ' H -  r  . (  

' H  
t  
' H  

-  ; r i  , r  i t ) -  \ t  3 .  i r  H : r )  =  3 4 o .

. { l rh , r ' r r : - I t  
" \ r  

i  . rn : - . , , :  } ) repare s i loxane monolayers  ter -
r n i n a t e d  s r t h , . . r r l r ,  r r , i t  a c i d s  d i r e c t l v  s i n c e  R S i C l 3  a n d
R( ' t ) _H  re t i , . l .  : I r L r r l L r ra i j v  r r e i l - de f i ned  ca rboxy l i c  ac id
ternr inatec i  nr ,no laver-  have heen prepared b1 '  adsorb ing
a l kane th io i s  r i ' i t h  t e rm ina l  CO:H  g r ( )ups .  HS tCHT) r0 -20C-
OrH,  onto go ld . r r  The contact  ang le  o f  rvater  on these
monolayers, O"Hzo = 0o, is significantly lower than that on
the corresponding siloxane films. We can estimate the
amount of acid at the solid-water interface of the oxidized
siloxane monolayer by using Cassie's assumption that the
interfacial free energy of a mixed surface is a linear com-
bination of the energies of the functional groups at the
interface.TT'78 This estimate suggests that approximately
80% of the exposed interface consists of carboxylic acid,
with the remainder presumed to be hydrocarbon. Wetting
alone, however, cannot distinguish between hydrocarbon
remaining from incomplete oxidation of a highly ordered
monolayer and hydrocarbon exposed in a disordered
monolayer whose consti tuent vinyl groups have been
completely oxidized.Te

(76) Although the range of contact angles (d""f - 25-38') was larger
than that of the initial vinyl-terminated interfaces, in terms of surface
free energy this range corresponds to only -15% of the total change
induced by the oxidation. This range was calculated by comparing the
difference in cos d" for the maximum and minimum contact angles of the
acid-terminated monolayers to the difference in cos d" between the vi-
nyl-terminated and the (average) acid-terminated monolayers.

(77) Cassie, A. B. D.; Baxter, S. Trans. Faraday Soc. 1944, 44,546-551.
(78) Cassie, A. B. D. Discuss. Faraday Soc. 1948, 3. 11-16.

- 0.5 120 j)

o
J , ^
< :
: r

a l
I

Icos 03

Change
Length

(A)

n

Figure 12. Reaction products from vinyl-terminated alkylsiloxane
monolayers prepared from CH,:CH(CH2)"SiCI3 (n = 4, g, 15):
carboxylic acid from oxidation with KMnOa/NaIOo (O), alcohol
from hydroboration (1, BH3; 2, H2O2/NaOH) (r),  and 1,2-di-
bromide (and related brominated species) from reaction with
elemental bromine (Brr) 1j;. Each data point represents mea-
surements on a different substrate. The markers represent typical
errors in the measurements of contact angles and ellipsometric
thicknesses. (A) Advancing contact angle of water. (B) Change
in ellipsometric thickness (product minus reactant) of the mon-
olayer as a result of the surface reaction.

tect the presence of manganese, iodine, potassium, or
sulfur. Since the sensitivities of manganese and iodine are
large in XPS (Mn 2p372 ry 7.2 and I Sdun r 15.8 relat ive
to carbon),72 *e conclude that no residual oxidant re-
mained on the surface. Although the sensit i ' , ' i t ies of S r2s
-  1 .48 )  and  K  (2g  )  =  2 . I 5 ) ; 2  a re  l oq ' e r .  t he re  \ \ ' e re  n ( )
s igna ls  f rom these e lements  in  the XPS specrrum.  \ \ 'e
have occas ional ly '  found sodium (up to  a  monolaver  t  or
ca lc ium (up to  0 .2  monola] 'er t .  The exact  form or  source
o f  t hese  con tam ina t i ng  e lemen ts  i s  unc lea r .  a l t hough  so -
d ium was present  in  the ox id iz ing so lu t ion. ;3

The high-resolut ion C 1s spectrum for the vinyl group
after oxidation clearly showed the appearance of a broad,
new peak centered at 289.2 eV (CO2H).?4 The main
carbon peak also became asymmetric, presumably due to
a small shift in binding energy for the carbon atom bound
directly to the CO2H group.?5 Although the oxygen atoms

(72) These sensitivities are those supplied by Surface Science Labo-
ratories in the ESCA 8.0B software. They are the photoionization cross
sections calculated by Scofield, corrected for the dependence ofthe escape
depth of an electron on its energy. Scofield, J. H. J. Electon Spectrosc.
1976,8,  I29-t37.

(73) Polydentate acids such as EDTA complex strongly to calcium.
Because of the high density of carboxylic acids at the monolayer-air
interface, the interaction of calcium with chelating acids is a reasonable
model for the interaction of calcium with the monolayer. Fenton, D. E.
In Comprehensiue Coordination Chemistry; Wilkinson, G., Ed.; Perga-
mon: Oxford, 198?; Vol. 3, pp 32-33.

(74) The carbon atom of a carboxyl group is expected to have a shift
of 4.5 eV relative to the carbon atom of a methylene group. See ref 57.

(75) The asymmetry of the methylene signal could be modeled by an
additional peak at *1.5 eV relative to the CH2 signal. The energy ob-
served here is 1.2 eV higher than that reported in the literature (ref b?)
for a carbon atom a to a carboxylic acid. The intensity of this peak was
equal to that of the carbon atom in the acid group.
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We have examined two additional reactions involving
the terminal vinyl group (Figures 11 and 12). The first
is the introduction of an alcohol group via hydroboration.
Sagiv has successfully used this reaction for the creation
of multilayer assemblies.26*28 We observed BaH2o = 45-55o
for these r.o-hydroxylated interfaces, in agreement with
Sagiv. We conclude, by comparison with the analogous
hydroxyl-terminated monolayers prepared by adsorption
of c,.,-hydroxyl mercaptans on gold (0""ro = 0o),r1 that ap-
proximately 70% of the solid-water interface was hydroxyl
groups. Ell ipsometr-v indicated that the vinyl-terminated
monolayers had thicknesses simi lar  to those of  the hr ' -
droxyl  systems der i i 'ed f rom them. XPS spectra ol  the
oxidized monolal'er (Figure 11) showed a nen' lteak at 286.6
eV character ist ic of  a h1'droxvl-subst i tuted carbon atonr.
Survey spectra did not reveal  surface contaminants.  but
the boron cross sect ion is smal l  t t ) .19 relat i r -e to carbonl ; :
and occurs in the same region as the plasmons for Si  2s.

Additional evidence for interfacial h1'droxy'l groups was
provided by trif luoroacetl ' lation using trif luoroacetic an-
hydride. The contact angles of the resulting material (0^"fr
= 88o, d""o = 51o) were s imi lar  to those observed for
trif luoroacetate esters prepared from monolayers of HS-
(CH2)1lOH on gold (d"",o = 96o, d"to - 69o;ao but lower
than those for monolayers prepared from Cl3Si(CH r)z(C-
F2)?CF3 (d""'o = 109o, d"to = 71o). The XPS spectrum
(Figure 13) showed the expected F 1s signal at 688.5 eV.
The intensities of the acid and trifluoromethyl species in
the high-resolution C ls spectrum were equal to that of
the alcohol, suggesting that this treatment had resultecl
in acylation of all the alcohol groups in the interf 'ac'e.
Exposing the vinyl- terminated mr. 'nola] 'ers to the san)e
reagent  d id  no t  in t roduce f luor ine  in to  the  m, 'n , r1Aver
(F igure  13) .

We have also allowed the vinvl-terminated monolal'ers
to react with Br2 in a CH2CI2 solution to generate terminal
CHBTCHTBT and related brominated groups (Figures 11
and 12). This interface showed daH2o = 80o. Ellipsometry
indicated that the apparent length of the monolayer had
increased 2-B A. Since the reaction introduces two bro-
rnine atoms, each approximately the size of a methyl group,
into the layer, the observed change in monolayer length
is reasonable. XPS confirmed the presence of bromine in
the surface (Figure 11). The bromine was labile on ex-
posure to X-rays, and the init ial intensity of the Br i3d.,,2
and Br Sdr, , r  peaks decreased by 10-15% in the t ime re-
quired to obtain reasonable spectra.

Comparisons of  the C 1s peaks in high-resolut ion XPS
for homologous monolal'ers terminated b1'CO2H, CH2OH,
and CHBTCH2BT groups demonstrate that XPS can pro-
vide at least semiquantitative information concerning the
relative quantit ies of functional groups in alkylsiloxane
monolayers. For all three. as the number of methylene
groups in the monolaver increased, the intensity of the
peak due to the oxidized carbon atoms decreased relative

(79) Angle-resolved XPS spectra for the CO2H-terminated surfaces
showed no change in the relative intensities of the C ls (CH2) and C ls
(CO2H) peaks as the take-off angle *'as varied. If the acid group were
located at the surface, we would expect to see the intensity of the car-
boxylic acid peak rise relative to that of the hydrocarbon signal as the
takeoff angle decreases. While the effect of takeoff angle would be small
for even a well-ordered monolayer (the relative intensity of the acid
should approximately double as the takeoff angle changes from 90o to
15"), the absence of a detectable change in the ratio of the C 1s acid and
hydrocarbon peaks suggests that the carboxyl-terminated monolayers
were partially disordered. Some angle-resolved XPS spectra indicated
that the location of OH and CHBTCH2BT groups in vinyl-terminated
monolayers that had undergone hydroboration or addition of bromine was
at or near the air-monolayer interface. Such spectra were not, however,
reproducible,

(80) Bain, C. D., unpublished results.
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Figure I L Flxtent ot reaction within alkylsi loxane monolayers:
\PS :pt,t ' t rr t  ( :r lrvev r lelt  t .  high resolut, ion of the carbon ls (center)
anrl  l rr ,rnrirrr, i r l  regior.rs rrrght))o1'r invl-,  hydroxyl-,  and carboxyl ic
rrt  ici- terminaterl  nrr )n( ) lavers prepared from CH2:CH(CH,$SiCl3
rH I 'S t  anc l  then t r in t ' t i ,na l ized wi th  e lementa l  bromine (Br2,  1%
in ( iHrCl r t .  ' l 'h t 'C 

ls  and Br  i ld  spect ra  are each normal ized to
the same maximum peak height. The Br 3d spectra for B and
C have been smoothed by using a nine-point algori thm with a
symmetrical tr iangle convolut ion function (Savitsky, A.; Golay,
M. J. E. AnaL. Chem.l964, J6, 1627-1639). The dashed lines in
the Br 3d spectra for B and C represent the amount of bromine
remaining on these surfaces relative to A. (A) "-CHBrCH2Br"-
terminated monolayer prepared by bromination of the vinyl-
terminated monolayer prepared from HTS. (B) Bromination
product of the acid-terminated monolayer prepared by oxidation
with KMnOa/NaIOa of a monolayer prepared from HTS. This
monolayer contained both CO2H and *{HBrCH2Br" groups. (C)
Bromination product of the alcohol-terminated monolaver pre-
pared bv hvdroboration (1. BH,1: 2, H2O2/NaOH) of a monola5'er
prepared fronr H'I 'S. This monolaver c'ontained both CH2OH and
"  ( 'H t l r ( ' t L l j r "  r r r , r r l ; -  F , , r  A .  FJ .  anc l  ( ' .  "  CHBr ( 'H2Br -  r ep -
r ( ' : e111 .  t h t  l , -  r i i i r r , , n r i r l t .  anc l  r e l a tec l  i r r om i t t a ted  spec ies .

1o that ol the un:ui)st i tLrted polrrnethvlene carbons (Figure

I1 r .  \ \ ' h i l e  t he  i n tens i t v  o f  t he  ca rbon  o f  t he  CO2H g roup
rvas dif ' f  icult  to quanti fy because of the breadth of the
peak, the changes in intensity of the C 1s signals for the
CH2OH and CHBTCH2BT groups were approximately
those expected.

We have used the bromination of vinyl groups in an
attempt to assess the extent of reaction of the KMnOa/
NaIOa and hydroboration oxidations. The carboxyl- and
hydroxyl-terminated monolayers that resulted from these
reactions on monolayers prepared from HTS were placed
in  a  1% so lu t ion o f  Br2 in  CH2Cl2for  2h.  The XPS
spec t  r a  f o r  t  hese  mono lave rs ,  as  we l l  as  t he
('HRrCHrFlr-terminated interface prepared by reaction of
the v in l ' l  g roup wi th  F l r ,  a lone.  are shown in  F igure 14.
\ \ 'e  note three features o f  these spect ra .  F i rs t ,  the bro-
minated ercid-ternrinated monolal 'er exhibited two bromine
env i r t . ,nments .  one whose b ind ing energy cor responds to
CHBTCH,FIT and another shif ted by - 1.8 eV to lower
binding energy. We have tentat ively assigned this new
environment to CHBTCOTH, although the only evidence
for this assignment is the absence of this signal in the
brominated hydroxyl-terminated monolayer. Second, the
amount of bromine in the CHBTCH2BT environment for
the acid was - 13% of that of the fully brominated in-
terface; for the alcohol, the amount of bromine incorpo-
rated into the monolayer was -7 Vo of that of the fully
brominated interface. On the basis of these spectra, we
would conclude that the hydroboration reaction had pro-
ceeded to a greater extent than the permanganate-per-
iodate oxidation. Although this conclusion is the opposite
of that deduced from the contact angle data, these mea-
surements may not be inconsistent. The assumption that
the inherent wettabilities of alcohol- and acid-terminated
monolayers are the same (0ut 'o = 0") is not necessari ly
correct. Furthermore, the contact angle measurements
indicate which groups are in contact with the liquid at the
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Figure 15. Dependence of the advancing contact angle of water,
iia. on pH for alkylsiloxane monolayers: methyl-terminated
monolayer prepared from CH3(CHtrssicl3 (l), vinyl-terminated
monolayer prepared from CH2:CH(CHz)rssicl.  (HTS) (a),
methirl ester-terminated monolayer prepared from CH.,OCO( C-
Hz)roSiCls (r),  alcohol-terminated monolayer prepared bv hv-
droboration of a monolayer prepared from HTS (o), and acid-
terminated monolayer prepared by oxidation (KMnOn.rNalOa)
of a monolayer prepared from HTS (o).

monolayer  in ter face.  whi le  the brominat ion o f ' these in-
ter faces ind icates the number  o f  unreacted ' inv l  gro l lps
that  are access ib le  to  the bromine.8 l

Contact  Angle  T i t ra t ions.  We have prev ious lv  denr-
onst ra ted the ut i l i ty  o f  contact  ang le  t i t ra t ions f . r  the
character izat ion o f  ac ids and bases that  are loca l ized at
a sol id-water interface.ls '2e These t i trat ions inv. l 'e the
measurement of the advancing contact angle, f i" ,  as a
function of the pH of the aqueous solution in contait *ith
the monolayer. In determining contact angle t i trat ion
curves for the monolayers studied here, the values of g, for
evert 'pH were measured on a single substrate. After the
contact angle for a solution of a given pH was measured,
the substrate was washed and dried prior to measurements
utilizing a solution of different pH. During this procedure,
the substrates became visibly contaminated, even when
the low-energy methyl- and vinyl-terminated monolayers
were examined. In order to minimize any systematic error
result ing from this contamination, we measured the con-
tac t  ang les  f o r  pH  =  1 -11  a t  r andom.  Because  o f  t he
instab i l i t r 'o f  the s ik rxane m.nolavers  in  ba^. ic  , . iu t i ,n .  the
contact  ang les f ' r  pH 12 and l  j l  * 'e re  mea.sured Ia . t .  l 'he
de te rm ina t i , n  . f  each  . f  t hese  con tac t  ang les  * ' as  rap rd
t ( i l  m in r .  and  r ' i t h i n  t h i s  t ime  * ' e  d i d  n r t  r bse r ' e  an '
destrtrct ion of the monolal 'er as a result of exp.sure to the
bas ic  drops.

Figure 15 presents the contact angle t i trat ions for
methyl-,  vinyl-,  hydroxyl-,  carboxyl-,  and methyl ester-
terminated alkylsiloxane monolayers. Neither the methyl-
nor vinyl-terminated monolayers exhibited a significant
change in contact angle as a function of pH. The apparent
drift for the vinyl-terminated monolayer is proba-bly an
artifact of using cos 0 to represent the energy of the surface:
the full range of contact angles observed for this sample
was only 40. With the methyl ester terminated monolayer
we observed a small  (5-11") decrease in 0" at high pH. A
similar decrease (6o) was found for the liydroiyl-1ermi-
nated monolayer generated by hydroboration of a vinyl-
terminated monolayer. We attr ibute this decrease to
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contamination rif the surface and, in the case of the methyl
ester. hvdrolvsis of ' the ester moiety since the contact an-
gles at low pH lirr these two monolayers were reduced after
the t i t ra t i t ins  hac l  been < 'ompleted.  The ac id- terminated
monr ' ' laver .  n  h ic 'h  rvas 1) repared by ox idat ion o f  a  v iny l -
terminated nr,rnolaver u'rth KMnOn/NaIOn, also exhibited
a pH dependencr. in rr:  t . .ntact angle. Unlike the alcohol-
and es ler - t t , rnr rnated rnonolavers .  however ,  the contact
angle  a t  lon 'pH t , r r  these ac id  sur faces was unaf fected by
exposure o f ' the monolaver  to  the bas ic  so lu t ions.

We define the pH, n of'a surf'ace-localized carboxylic acid
as the pH at which the value ol 'cos Ho is halfway between
that of cos 0" at pH 1 and 13 (ref 29) and the pH at which
ionization of the carboxylic acid first appears (as reflected
in a decrease in d) as pKt. The latter is probabl.v more
interpretable.82 We note that, because of charge localized
at the surface of the monolayer, the pH in the aqueous
laver next to the monolayer may not be the same as the
pH of the bulk solut ion.83

The fact that pK; > 6 establishes that, to attain the same
degree of ionization, the interfacial CO2H groups require
signif icantly higher values of solut ion pH than do the
CO2H groups in soluble carboxylic acids.& This decrease
in aciditv, which is also observed for carboxyl ic acid in-
terfaces on polvethvlene, probably ref lects the fact that
the intert 'acial i 'arboxvl groups were in an environment of
1 , , ' , 1 ' , 1 i e i e t  t r i t  t , ' t ' t s t r l t t t . l e

l n t e r f a c e s  I n c l u d i n g  ! l i x t u r e s  o f  M e t h y l  a n d
Carbox l ' l i c  Ac id  Groups.  \ \ 'e  have invest igated the
ef ' lec ' t  o t  d i lu t ion o l  the c 'arboxv l ic  ac id  in  the monolayer
on the apparent aciditv of that acid b1' creating interfaces
that had mixtures of terminal carboxvl ic acid and methyl
groups. The method for creating such interfaces had to
be chosen carefully. There is evidence from other systems
that, when the alkyl tails of the molecules used to create
"mixed" monolayers are of different size or have different
polarities, the composition of the monolayer may differ
markedlv from that of the solut ion from which i t  is
formed.e'1t '  Our method for preparing monolayers that
contained mixtures of '  terminal functional i t ies probably
rn in imized th is  proh lem.  The monolayers  s tud ied here
\ \ e re  p re l ) a re r l  l r , r n t  : o l u t i ons  con ta in i ng  bo th  HTS (C13 -
S i i ( ' H - , .  ( ' H  ( ' [ l - r  r u i r l  ( ' l . S i r ( ' H  r , . C H l .  S i n c e  t h e t w o
: i l i t r ) e :  c t r €  : i t n r i . i r  i l t  . t r r r (  t L l r e .  l t o l a r i t r ' .  and  s i ze .  we  be -
l i e v e  t h a t  t h e  r & t i r r  o t  v i n v l  a n d  m e t h v l  g r o u p s  i n  t h e  r e -
s t r l t i ng  I l t ( ) I t ( , l ave r  t ' l t , se l v  m i r ro red  t ha t  i n  t he  so lu t i on
t rom which the l '  w 'ere prepared.  Oxidat ion o f  the v iny l
groups in these monolayers by KMnOa and NaIOn yielded
the mixed methyl and acid monolayers of interest to us.
We assume, in the absence of any supporting data, that
the yield on conversion of vinyl to carboxylic acid groups
was the same in all of these samples. Since the oxidation
removed one carbon atom from the vinyl group, the num-
bers  o f  carbon atoms (16)  in  the methv l -  and ac id-
terminated molecules were the same.

Figure 16 presents contact angle titrations fclr carboxylic
acid containing monolayers prepared by' oxidation of
monolayers that incorporated HTS in fractions from 0%
to 100%. The fract ion of carboxyl ic acids in these mon-
olayers was probably -80% that of ' the olef inic compo-
nent. We note three important f'eatures of these mixed
systems. First, as the concentration of acid groups within
the monolayer increased, the monolayers became more

(82) Bain, C. D.; Whitesides, G. M. Langrnujr, in press.
(83) see the discussion on electrical phenomena at interfaces in ref 42,

Chapter 5.
(84) Moore, J. W.; Pearson, R. G. Kinetics snd Mechanism; Wilev:

New York,  1981; p 253.

- n q 1 2 0

(81) The accessibil ity of bromine to unreacted vinyl groups in these
two-types of oxidized monolayers may be different. rtre xtvtnon/Naloa
oxidation, which does not increase ttre length of the monolayer, iresum-
ably leaves the unreacted vinyl groups afthe air-monolayer inte.face.
The hydroboration add! a monolayei of hydroxyl groups over the un-
reacted vin-yl groups. The stoichiometry and produltr of reaction may
also be different (for example, the extent of formation of bromo ethers
or bromo lactones mav differ).



Percenl Aod

0%

1084 Langmuir ,  Vol .5,  No. 4,  1989

-  0 .5

0

cos 0s

0.5

1 . 0

p H

Figure 16. Dependence of the advancing contact angle ot \ .ater.
0", on pH for alkylsiloxane monolavers that contained mixture:
of terminal CHB and CO2H g.uup.. \ lonolaver: \\ 'ere preprarecl
by adsorption from solutions that contarned CH,{-HrCH"r,.SiCl,
and CH3(CH2)lssic13. The percentages uf  the v in-r ' l - terminated
alkyls i lane in these soiut ions u 'ere 0% .  20qr.  $%, 6(\%, 80%,
and 100%. The vinl ' l  groups in these monoial'ers were then
oxidized to carboxl'lic acid moieties b1'using KMnOn/NaIOa. On
the basis of the studies summarized in Figuri 14, the yield of these
oxidations was probably -80%. The vertical l ines represent
values of pH1,2: the value of pH at which cos 0" is halfway between
its high and low pH extremes.

hydrophilic. The contact angles of water (d"t0 = 30-108o)
appeared to mirror the presumed composition of the outer
interface. Second, the values of pKi and pHr72 became
larger as the concentration of the hydrophobic methyl tail
group increased.8s Third, the shape of the titration curve
for 100% (and perhaps also for 80% ) CO2H groups prob-
ably contains a substantial element of artifact. The .thapes
of these curves almost certainl l '  do not ref1ec' t  soielv a
pH-dependent conversion of  CO,H to CO, grr ' rups bur
rather the intersection of such u .un'. rfor pH 57.5r rr. ith
the axis d" = 0o (for pH 47.5).2e'82 For a cun'e of this ttpe,
in which the value of  pHrr,  does not correspond in any
simple way to the extent of ionization of the CO2H groups,
we cannot directly relate pHrrz to the acidity of these
groups. The apparent decreas6 in the acidity of the car-
boxyl groups in the monolayer as the fraction of methyl
groups increased probably results from the placement of
the acid moiety in an increasingly hydrophobic environ-
ment.

Discussion
With the possible exception of CHBSiCI3, n-alkyltri-

chlorosilanes form stable, well-ordered alkylsiloxane
monolayers on silicon-silicon dioxide substrates. Our re-
sults are in at least qualitative agreement with those of
Sagiyt-a'zo-28 and others.e They also support our previous
inference that wettability is a very surface-sensitive phe-
nomenon.s Although covalent Si-O-Si linkages are
clearly important in providing the exceptional stability of
these monolayers, the degree that water is required to form
these bonds is undefined. Ulman has used solutions of
alkyltrichlorosilanes in a hydrocarbon/CCla solvent to form
this type of monolayer.44 The solvent for these prepara-
tions had been equilibrated with water prior to use. This
procedure resulted in methyl-terminated monolayers that

(85) The apparent trend in pKlis complicated by two factors, both of
which will exaggeratp the shift in pK1. First, as the concentration of acid
within the monolayer decreases, a greater number of acid groups must
ionize in order to have a given change in the free energy of the iurface.
For the data examined here, the shift caused by this dilution can only
be on the order of a single pH unit. Second, since the energy of the
interface is a function of cos 0, it is more difficult to determine the onset
of ionization if the initial contact angle is near 90o.

(86) Holmes-Farley, S. R.;Reamey, R. H.;Nuzzo, R.;McCarthy, T.J.;
Whitesides, G. M. Langmuir 1987,3, ?gg-815.

Wasserman et al.

had up to 20 A of contaminating material on the surface.
Our procedure, using an anhydrous solution under a dry
atmosphere, appears to lead to cleaner monolayers.sT
When cleaning procedures similar to those used by Ulman
(wiping the surface with a cotton swab that had been
dipped in ethanol) were applied to the monolayers pre-
pared using our process, the length of the monolayer, as
monitored by ellipsometry, decreased by no more than 1
A. We have also used immersion times of up to 3 days to
prepare monolayers from HTS without any loss of oleo-
phobic i t r ' .

' l 'he el l ipsometr ic measurements imply that  the alkyl-
silorane m()nolavers are fairlv well-packed svstems. X-ray
ret lec ' t i r . i t r  nrr ,asrrrements indicate that  these monolayers
har .e  a  den- r r r  s l igh t lv  less  than tha t  o f  c rys ta l l ine  hy-
, - i ru t 'a r l r r )ns  l )u1 .  h igher  than the  dens i ty '  o f  l iqu id  hydro-
c 'arbons. l -1 '  Int ' rarecl  spectroscopv also supports the idea
that these monolavers are w'el l -ordered. The est imated
angle of t i l t for monolayers prepared from OTS (CHB(C-
H2)l?Sicl3), 14 + 18o,r'ar is only consistent with structures
whose order approaches that of the crystalline state. These
monolayers are therefore probably best described as liq-
uid-crystall ine or quasi-crystall ine materials.

A l imited study of reactions on terminal vinyl groups
that were incorporated into alkylsiloxane monolayers in-
dicated that synthetically useful transformations occurred
readily but that the yields were not quantitative. The
bromination of the residual viny'l groups in COrH- and
CH2OH-terminated monolavers impl ied that more vinyl
g roups  remained in  the  f  o rn te r  than in  the  la t te r .

E x p e r i m e n t a l  S e c t i o n
()t  neral.  (  ' f . t .nrrr i i : :  

ntethr l- .  ethvi.  propvl-.  hexyl-,  5-hexenyl-,
he l t t r  I  , , t  l t , - .  I to t tv i - .  c ie l '  r  l - .  undec ' r ' l - .  c l , rdect ' l - ,  te t radeCyl - ,
hexade tv i - .  anC  oc tade rv i t r i r ' h l o ros i l ane  we re  ob ta ined  f r om
Petrarch and d is t i l led pr ior  to  use.  S i l i t 'on te t rach lor ide (A l fa .
u l t r apu re  ) .  t r i ch lo ros i l ane  t  Pe t ra r c  h  t .  r  ; 1 . : 1 . -1 .4 .5 . ; . 6 .6 .7 ,7 .8 .8 .
9 ,9 ,10,10,  1O-heptadecaf l  uorodecv i  t t r rch loros i lane t  C l ,S i t  CH,  l r -
(CF2)7CF3, Petrarch), undecenyl bromide (Pfaltz anci Bauer),
dihydrogenhexachloroplatinate (Alfa), trifluoroacetic anhvdride
(Aldrich), and 1,6-dibromohexane (Aidrich) were used as received.
Tetrahydrofuran and ether were dried by distillation from so-
dium/benzophenone. Hexane was dist i l led from Na/K al loy.
Materials for preparation of monolayers: silicon substrates were
standard semiconductor grade silicon waJ'ers (3-in. diameter) from
Semiconductor Processing Corp. (Boston, MA) (n-type, laser
grade) and Monsanto (p-type). Hydrogen peroxide (Mallinckrodt,
30To), and concentrated sulfuric acid (Baker) were used as re-
ceived. Hexadecane (Aldrich) and bicyclohexl ' l  (Aldrich) were
purif ied b1- percolat ion twice through neutral.  grade 1, alumina
(F isher) .  So lvents  pr r r i t ied in  th is  manner  passed the Big leow
test.23 Carbt 'n tetrachloride was dried by dist i l lat ion from P2O5.
Methvlene chloride rvas dried by' dist i l lat ion from CaH2. Al l
solvents lor preparation of the monolayers were stored under
nitrogen. N{ateriais for surface reactions: potassium per-
manganate (KMnOn, Mall inckrodt),  sodium meta-periodate
(NaIOr. Mallinckrodt), K2COB (Mallinckrodt), NaHSOg (Fisher),
BH3-THF (Aldrich, 1 M), and bromine (Baker) were used as
received.

Water wa-s passed through an ion exchanger (Cole-Parmer) and
distilled in a Corning Model AG-1b glass distillation apparatus.
The buffers used for the contact angle titrations were as follows
(0.05 M except where stated):2e pH 1, 0.1 N HCI; pH 2, sodium
phosphate; pH 3,malonic acid; pH 4, sodium phosphate; pH 5,
acetic acid; pH 6, sodium phosphate; pH 7, sodium phosphate;
pH 8, sodium phosphate; pH 9, boric acid; pH 10, boric acid; pH
11, sodium phosphate; pH 12, sodium phosphate; pH 13,0.1 N
NaOH.

(87) We believe that it is presence of excess water that leads to the
contamination observed by others. The removal of such contamination
often requires the physical abrasion of the monolayer, which may affect
the structure of the monolayer.



Structure and React i t ' i t t  o f  l /h r  /s r l r , - r  ant  . \ [ , t r r , ' io r  r ' r .

The purit ies of reagents and adsorbares rr 'ere checked bv ga.
chromatography (Perk in-Elmer  : l92oBr  and iH and l ' rC \ \1R
spectroscopv (using Brr.rker ^\ \ l -  2;t  t  and A\l-30(1 spectrometers r.

P repa ra t i on  o f  S i l i con  Subs t ra tes .  The  s i l i con  wa te rs
(0 .015 -0 ,2  i n .  t h i ck )  \ \ ' e re  t u t  i n to  s t r i ps  {  cm  X  1 .5  cm.  These
st r ips  were p laced in  g iass ue igh ing bot t les  and covered wi th  a
so lu t ion o f  concenl ra ted H"SOn and 30V,  H2O2 (70:30 \ ' , \ ' ) .8"
(C 'aut ton: '  p t ranha-  s ,  tLLt t i r tn  react ,s  t ' io lent l l '  u i th  mant  ( ) r lanr t .
ma te r i a l , .  ana  . h , , r . Jd  b t  hand led  u ' i t h  ca re . )  A f t e r  t he  m ix tu re
had been heated ior  : l t ' )  min a t  90 oC,  i t  was cooled to  room
temperature and the l iqu id  was poured of f .  The s i l icon was
imnrediatelv r insed b1' f i rst completely covering the substrates
*' i th dist i l led u'ater and then decanting the l iquid. This process
\\a: r€pe&ted a minimum of 5 times. The substrates were stored
under $'ater until use. The silicon was used within 2 days of its
cleaning. After longer t imes, suff icient organic species had ac-
cumuiated at the airwater interface to recontaminate the samples.
Clean substrates were completely wetted by water.

Formation of Self-Assembled Monolayers. The cleaned
silicon strips were removed from water by using PTFE-coated
forceps (Pelco). After all traces of water had been removed by
exposing the sample to a stream of argon for 15-30 s, the silicon
was placed in a scintillation vial that had been thoroughly rinsed
with distilled water and acetone and dried in an oven at 150 oC.

These vials contained approximately 20 mL of an unstirred
0.1-0.5% (by weight) solut ion of the alky' l tr ichlorosi lane in bi-
cyc lohexy l  or  hexadecane.  (For  Cl "S i (CH2)10CO2CH3 and C13-
Si(CHJ2(CF2)7CF3,0.001% and 0.4% solut ions in CCl. u'ere used.)
The containers were kept under a dr1' nitrogen atmosl;here or
in  a  des iccator  conta in ing P2O5 (Baker ,  *granus ic . - r .  . \ f ter  1- .18
h, the substrate was removed from the deposit ion solut ion ancl
rinsed in 20 mL of CH2CI2. After this wash, the substrates \.\'ere
removed from the dry atmosphere and rinsed in 20 mL of CHCI..
and then 20 mL of ethanol to remove any residual organic con-
taminants. The sample was then rinsed with ethanol dispensed
from a 2-mL disposable pipet. The monolayer was dried under
a stream of argon, and contact angle and ellipsometric mea-
surements were made immediately.

Contact Angle Measurements. Contact angles were deter-
mined on sessile drops by using a Ram6-Hart Model 100 contact
angle goniometer equipped with a control led environment
chamber. The relative humidity in the chamber was maintained
at greater than 80% by filling the wells of the chamber with water.
The temperature was not controlled and varied from 20 to 25 oC.

The volume of the drop used was 3 gL; the observed contact angle
was,  however ,  independent  o f ' the vo lume of  the drop over  the
range 1-2t - )  gL.  The sess i le  drops q 'ere appl ied to  1 [6- : r . l r la t .e  i r r
f i rs t  f t r rming a 2-uI .  drop at  the t ip  o f  a  5 t t -ml -  . r - r inge rs t . rent i t i ,
G lass  Ens inee r i ne .  . \ us r i n .  T \ r  r ha r  n ' as  equ ipped  r r . i r h  . - r
PTFE-ctnted needle and a repeating dl-spenser rHamilton r.  The
svr inge was lo , * 'ered to  the sur face bv turn ing the screu.upon
which the s1'r inge platform rested. After the drop had come rn
contact with the monolayer, the needle was removed by' rotating
the screw in the opposite direction. While the needle was raised,
another 1 pL of solvent was added to the drop. Contact angles
were determined within 1 min of applying the drop to the mon-
olayer. The tangent to the drop at its intersection with the surface
was estimated visually. All reported values are the average of
at least six measurements taken on both sides of at least three
drops. Values obtained in this manner were typically 2-3o less
than those from the maximum advancing angle technique de-
scribed by Troughton et aI.18

Ellipsometry Measurements. Ellipsometry measurements
were made with a Rudolph Research Model43G0g-200E thin-film
ellipsometer. The light source was a He-Ne laser (X = 6328 A).
The angle of incidence was 70.0o, and the compensator was set
at -45.00. The measurements necessary for the calculation of the
film thickness consisted of the determination of two sets of po-
larizer and analyzer readings for the silicon substrate and of the
corresponding values for the substrate coated with a monolaver
film.

Each set of analyzer and polarizer angles, measured in zones
1 and 3,46 was the average of at least four measurements taken

(88) Pintchovski, F.; Price, J. B.;Tobin, P. J.; Peavey, J.; Kobold, K,
J.  Electrochem. Soc,  1979, 26,1428-1430.
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. -  , ' .  r . -  - f  l ) .1r i t te( i  bv at  least  1 cm) on the sample.
' f  . : '  r :  l ' : r - t - , r  t h i :  a v e r a g e  h a d  a  m a x i m U m  S c a t t e r
I  : . .  - '  : : . t - , - ' i l - , . r : l en l .  \ \ ' e re  de te rm ined  in  a i r  f o r  the

rrn ,  I  : l :  rpf i rov&l  f rom water.  The
: L l l r : l r r i r r . i \  r -  i . '  '  t  . :  -  ;  t 1 .  , : ' .  . n t n t e d i a t e l S t  a f t e r  t h e s e  m e a -
s i l ren l ( . i r l -  [ ' i r '  ' . . . . : , -  : :  " : . ,  r r j . r :  I o r  th€  suhs t ra te -mOnOlayer
: \ '>1t ' l l l :  \ \ ( ' : r  l l - . f -1:  . : - , -  :  : - .  :1.  ' l ' ; ' ' : l  . i l ' .  

-  
f t l l t l  a f tef  the SampleS had

l , e . t t  r r . r - f - . r , 1  r r . ' i .  . - ' t  : : .  .
' l - h e  

r e l r r r r ' 1  ; " r - l n r l r r  ! ' . . : r  i .  -  : i ' - ' : . ' : t ' , r l :  d e t e r m i n e d  d i r e c t l y
l r o m  t h e  i t n a l v z ( - r , t n c l  1 r , , i a : l z e r : ' t . : i i i r . i :  I  r  i h . : : n ( ( ) a t e d  s i l i c o n .
Re t rac ' t i ve  i nc l i c ' es  l o r  the  \  t r r i . r - i -  : . i i )> t r r i e :  : i r : t : ec i  l ' r .m  . l .B -1  to
; 1 . 8 8 .  T h i s  i n d e x  r e t l e c t s  t h e  c o n t b i n e d  t , r n t r r i ' t r 1 : r ) l -  ' r (  , m  t h e
sur face  s i l i ca  and  the  under l f  i ng  bu ik  s i l i c ' on .  L ' s ing  l r t e ra tL r re
va lues  fo r  the  re f rac t i ve  i nd i ces  o f  s i i i con  and  s i l i con  d iox ide . ' -
we have estimated that the oxide layer was 10-20 A in thickner.."
This th ickness is  consistent  wi th those der ived f rom scanning
tunnelling electron microscopy,36 high-resolution electron mi-
croscopv,sl and other ell ipsometric studies.e2

The thicknesses of the monolayers were calculated by using
the algorithm of McCrackin.a6 For this calculation, we assumed
that the monolayer had a refractive index of 1.45 and was com-
pletely transparent to the laser beam. This index is approximately
that of both liquid and solid straight-chain hydrocarbons (n =

I.42-I.4q.s3 Altering this value by 0.05 resulted in less than a
1-A change in the calculated thickness of the monolayer. The
algorithm yielded two values for the length of the monolayer, both
of which were complex. Since the length of the monolayer must
be real . ' ,ve chose the real  part  of  the complex number wi th the
:nral ler  inraginurr  t 'om1)onent as the th ickness of  the monolayer.
' l -he 

, r thr . r  t 'h , , i t  t ,  uas inherent lv  unreasonable s ince i t  was greater
than 1( l tx l . { .  

- l 'h icknes-es 
c jetermined in th is fashion are accurate

t o  t l  A .
X-rat '  Photoelectron Spectroscopy.  The XPS spectra were

obtained hv using a Surface Science Laboratories Model SSX-100
spectrometer (monochromat ized Al  Ka X-ray source;  10-8-10-s
Torr) referenced to Au 4f712 at 84.0 (ref 94) according to ASTM
STP 699. Samples were washed with ethanol and introduced into
the spectrometer. A survey spectrum (resolution 1.1 eV, spot size
1000 pm, one scan) and high-resolution spectra of the C ls, O ls,
and Si 2p regions (resolution 0.16 eV, spot size 300 p, 5-30 scans)
were taken for each sample. High-resolution spectra were also
obtained for  F 1s and Br 3d when these elements were present
in the monolaver.  At , rmic c()mp()s i t i ( )ns were determined b1'using
standard mul t ip ler  f i t t rng rout ines wi th the fo l lorv ing sensi t iv i ty
f a < ' t o r s :  ( '  l s .  l . r t ) :  S r  1 1 r .  r i ! N r J :  O  l s .  l . - 1 9 :  R r : l d . : 1 . 1 E 6 :  F  1 s . 3 . 3 8 . 7 2

l f i  [ { e p t a d e ( ' e n \  I  B r o m i d e .  
- l ' h r .  

l o r n p o u D d  u - a s  p r e p a r e d
i , '  ' i : l : l :  : l l t -  i ) l -  ,  f . 1 1  . : t .  ( , i  f ' r r e r i  l n a n  : i n d  S h a n i . 9 5  L  n d e C e n y l
f  , r , t r r . ( i t .  _  j .  \ r  1 1  p , , , : , . r l t c l  n r a g n e s t t t m  r : 3 . ; i  g .  1 3 6  m g - a t O m )
' , \ r r t : € . t l r ( l  i i r , r , : t : ' i  i ' l t l r , , ' r ' - r r a l l e d  g l a s s  b o t t l e .  T h e  b o t t l e  w a s
eva t  us t rd .  and  the  t l t rn {  ) s l )he re  \ \ ' as  rep laced  $ ' i t h  a rgon .  Day ,
degassed  THF r i r i n - t1 , t  * ' as  added  g ia  cannu la .  and  the  bo t t l e
\ \as placed in an ul t rasonic bath for  2.1 h.  The resul t ing solut ion
of  ( ) r ignard reagent u 'as added s lowly to a cooled,  degassed so-
lu t i c rn  con ta in ing  1 ,6 -d ib romohexane  (2 I .0  g ,86  mmol ) ,  and
Li2CuCla (10 mL of  a 0.1 M THF solut ion,  1 mmol)  in THF (55

(89) The refractive indices of Si and SiO2 are 4.086 and 1.4620, re-
spectively. Taft, E. A. J. Electrochem. Soc. 1978, 128,968-97L.

(90) These estimates are crude. Ellipsometry actually yields a complex
value for the thickness of the monolayer. For well-behaved s-"-stems, such
as the monoiayers described here, more than 95% of the absoiute value
of the length is real. For the estimates of the oxide thickness, the length
was more than 60% imaginary. This result suggests that the silicon oxide
on the substrate did not have a refractive index equal to the literature
value. The ellipsometric measurements reported here relied on the direct
determination of an *effective" index of refraction for the substrate, which
included the contributions from the bulk sil icon and the surface oxide
of the substrate. The lack of a definitive index of refraction for the
individual Si and SiO2 layers of the substrate should, therefore, have had
litt le effect on the measured thicknesses of the monolayers. A demon-
stration of the validity of the use of an effective refractive index for the
substrate is found in ref 45, pp 332-340.

(91) Car im, A.  H. ;  Sincla i r ,  R.  Mater.  Let t .  1987,5,  94-98.
(92) Archer,  R.  J.  J .  Electrochem. Soc.  1957. 104.619-$22.
(93) CRC Handbooh of Chemistry and Physics,56th ed.;Weast, R. C.,

Ed. ;  CRC Press:  Cleveland.  OH. 19?b.
(94) Anthony, M. T. In Practical Surface Analysis; Briggs, D., Seah,

M. P. ,  Ed. ;  Wi ley:  Chichester ,  U.K. ,  1983; Appendix l .
(95) Fr iedman, L. ;  Shani .  A.  J.  Am. Chem. Soc.  1974.96.  7101-7103.
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mL). The solut ion was st irred for 2 h at 5 oC, after which the
reaction was quenched with 200 mL of saturated aqueous am-
monium chloride solution. Stirring overnight extracted the copper
salts into the aqueous layer. The aqueous layer was extracied
with ether (3 x 100 mL), and the combined organic layers were
then extracted with saturated aqueous sodium chloride (2 x 100
mL). After the solution had been dried over magnesium sulfate,
the sol'ent was evaporated and the remaining oil was dried under
vacuurn. The crude product was eluted in 3-g batches with hexane
through a silica column (radius 2.b cm, length 31 cm). All fractions
containing the desired bromide, still impure, were collected. This
process was continued until the material had been eluted B times.
The enriched bromide was then purified in2.2-s batches bv MpLC
through a Lobar (E. M. Merck) prepacked column (radiu_s 3.T cm.
length 44 cm) containing si l ica-60 (63-125 pm) with hexane as
the eluent. The solvent was del ivered b1, a F\{ l  RP-SY pump
at a f low rate of 6 ml/min, and fract ions were coi lected 

"r 'u. i '1.5 min. The fract ions containing the pure bromide were com-
bined, and the solvent was evaporated: The isorated vield was
8 .1  g  (ZS  mmo l ,  30%) :  tH  NMR (CDCl r t  6  5 .9  (m ,  1 ) , 4 .g  (m ,2 ) ,
2 .0  (m ,  2 ) , 1 .8  (m ,  2 ) ,  1 .5 -1 .1  (m ,  24 ) ;  13C  NMR (CDCls )  6  189 .0 ,
114.0,  33.95,  33.73,  32.94,  29. i2 ,29.6 i  ,29.57,  29.49,29.21,29.04,
28.86, 28.27; mass spectrum, mf z (relative intensity): 31g (2), g16
(2 ) ,164  (6 ) ,  162  (6 ) ,  41  (100 ) .

Anal. Calcd for ClTHsBr: C, M.BZ;H, 10.b0;Br,25.12. Found:
C,  64.51;  H,  10.60;  Br ,  25.3 .

lG-Heptadecenyltrichlorosilane. This compound was pre-
q,ared by using the procedure of Whitemore, et al.e Magnesium
(2.02 g,83 mg-atom), l6-heptadecenyl bromide (5.00 g, 16 mmol),
and dry THF (?5 mL) were placed in a dry heavy-walled glass
bottle. The container was then sealed wittr- a septum and metal
cap' After the bottle had been cooled to -Tg oc, the atmosphere
waq replaced by evacuating and purging with argon (three crlclesr.
The bottle was then warmed to room temperature and placecl i.
an ultrasonic bath (10 h). A 500-mL round-brttomed f iask *. i th
a s ide arm was equipped wi th  a  magnet ic  s t i r r ing bar  and
flame-dried. silicon tetrachloride (-1.0 mL. 35 mmolr and dn'ether
(50 mL) were added to the flask while continualll'purging it with
argon. A water-cooled condenser was attached to the flask, which
was then sealed with a septum. The solution was degassed by
llirg a procedure identical with that for the Grignard reagent.
The flask was warmed to room temperatu.e, u.rd the Grig-nard
solution was added through a cannula. The solution was heated
at reflux (12 h) and then cooled to room temperature. The
condenser was removed, and a liquid nitrogen cooled trap was
connected. The solvent and residual tetrachlorosilane were re-
moved by a trap-to-trap distillation. The remaining solid was
triturated with dry hexane (2 x 125 mL). This soiution was
transferred via cannula through a sintered glass filter to a drv
500-mL round-bottomed f lask. A cold trap was attached. and
the hexane was removed under vacuum. After the remainine solid
had been warmed to form an oil, the liquid was transferied b5
pipet_to a dry Kugelrohr distillation apparatus. The crude produci
was distilled, and a fraction was collected from 91 (0.00-3 Torr)
to 119 "C (0.008 Torr).  This material was then redist i l led in a
short-path distillation apparatus. The product was collected as
the fraction that boiled between tOb (0.00b Ton) and 11b oC (0.00b
Torr).  The product Q.8i g,4gTo) was isolated as a clear oi l :  lH

LtJy_l 
(9_DC_19) 6 5.8 (m, 1), 4.9 (m,2),2.0 (m, 2), L7-t. t  (m, 28);

l ic  ryMR 
(CDC13)  6  139.2,  114.1,  33.8,  31.6,  29.66,  29.60,  29.52,

29.37, 29.r7, 29.01. 24.4. 22.3.
Anal. Calcd for ClTHsCl3Si: C, 54.89; H, 8.96;Cl,2g.bg. Found:

C ,  55 .73 ;  H ,  9 .1? ;  CL ,27 .46 .
By both NMR spectroscopy and elemental analysis, this ma-

terial contained an approximatnly s% impurity of 1-heptadecene.
The presence of this compound has no effect on the iormation
of monolayers from the trichlorosilane.

lO-Undecenyltrichlorosilane. This compound was prepared
by a procedure similar to that for 16-heptadecenyltrichlorosilane:

1! ry]t4! gPCt!) 6 5.8 (m, 1), b.0 (-, 2), 2.0 (m, 2), r.7-r.2 (m,
16) ;  rnQ NMR (CDCl3)  d  139.0,  114.1,38.88,31.99,  29.S2,29.Bg,
29.16, 29.09, 29.04, 24.47, 22.3g.

Anal. Calcd for C11H2rCl3Si: C, 4b.91; H,7.57;Cl, 36.96. Found:
C,  45.88;  H,  7 .36;  Cl ,  36.99.

Methyl l l -(Trichlorosi lyl)undecanoate. Methvl 10_un_
decenoate (r2.0 g, 61 mmol), dihydrogenhexachloroplaiinate(II)
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(5.1 mL of a 0.01 M THF solution, 0.051 mmol), and trichlorosilane
(7.9 mL, 78 mmol) were placed under argon in a dry heavy-walled
glass tube (diameter 2.5 cm, length 21 cm) that was equipped with
a side arm and a 0-10-mm PTFE stopcock. The solution was
degassed (freeze-pump-thaw, three cycles), and the tube was
sealed under vacuum at -195 oC. The tube was warmed to room
temperature and heated in an oil bath (98 oC, 37 h). It was then
cooled to -195 oC, and a liquid nitrogen cooled trap was attached.
The reaction solution was warmed to room temperature, and the
excess trichlorosilane was removed by a trap-to-trap distillation.
The remaining liquid was transferred by pipet to a dry Kugelrohr
distillation apparatus, and the residual THF was removed under
'acuum. The liquid was distilled, and the product was collected
from 98 (0.0j1 Torr) to 120 "C (0.03 Torr) (13.4 g, 40 mmol, 67%):
'H  N \ IR  rC IX '1 , )  6 :1 .7  ( s ,3 ) , 2 .3  ( t , 2 ) ,  1 .8 -1 .1  (m ,  18 ) ;  13C  NMR
t CDCI,  t  6  l i  ; .1  .  10.6 .  3 .4 .0 ,  31.7,  29.2G,  29.18,  29. l I ,  29.06,  28.g9,
r1 .9 ,  21 .3 .  2 : . 2 .

Ana l .  ( ' a l cd  1o r  C ,2H23C l .O2S i :  C ,43 .18 ;  H ,6 .96 ;  C l ,  91 .86 .
Found:  C.  .1 l l . l l .1 :  H.  7 .01;  Cl ,  31.94.

Rate of Formation of Monolayers. Formation of the mon-
olayer film was monitored by ellipsometry and contact angle
measurements. The film was prepared by the procedures de-
scribed above. Measurements of contact angles (both water and
hexadecane) and thickness were made on a single substrate, which
was immersed repeatedly in a solution of tetradecyltrichlorosilane
(Cl3Si(CH2),rCHe) in bicyclohexyl (0.01 M). The sample was
removed from the adsorption solution and washed with ctrloroform
and ethanol. After determination of the thickness by ellipsometry,
the sample was washed with ethanol, and the aqueous contact
angle was measured. The ethanol wash was repeated before
measurement  o f  the c 'n tac. t  ang le  f i , r  hexadecane.  The sample
was  t hen  r r i r r h t ' r l  * i t h  e than , l .  c l r i ed  unde r  a  s t ream o f  a rgon ,
; r n r l  r t . i l l l n F r - F ( l  . l t  r l r , ,  ; 1 f ] ; r r f [ ) l i o t )  s r r l t t t i o n .

Stabi l i t \  of )Ionolal 'ers. The stabi l i t l 'of the monolayers was
m,)nr l r r red br  i r  f ) r r ,1 'e6 lL l1e s imi iar  to  that  for  fo l lowing the ra te
, l  t , rn t i t t i , , l t .  F- r , r  br th  0 .1  N HCI  and 0.1  N NaOH, the sample
\\'as repeatedlv immersed in the solution for timed intervals. The
monolavers were removed from the solution and washed with
distilled water and ethanol. The thickness and the contact angles
with water and hexadecane were measured as above. For the
attempted hexadecane desorption, the solvent was kept in a glass
vial in an oil bath at 75 oc. The monolayer was removed at timed
intervals and washed with ethanol before the ellipsometry and
contact angle measurements were taken.

Surface Reactions. Permanganate-Periodate Oxidation.
Stock solutions of KMnOa (5 mM), NaIOa (lgb mM), and K2CO3
(18 mM) in water were prepared. Immediately prior to the ox-
idation, 1 mL from each of these solutions was combined with
7 mL of dist i l led water to create the oxidizing solut ion (KMnOa,
( t  , ' r  rn \1 :  \a lO. , .  1 ! ) . i r  m\1:  K"CO.r .  1 .8  mM. pH 7.5) .  The v iny l -
anc l  nre thr ' l - ternr inated mrnolavers  were p laced in  th is  so lu t ion
f.r periods,t 2{ h. rThe kinetics of this reacti t-rn were monitored
on a single sample b' an identical procedure over shorter in-
tervals.) The samples were removed from the oxidant and rinsed
in 20 mL each of NaHSO3 (0.3 M), water, 0.1 N HCl, water, and
ethanol .

Hydroboration. The vinyl-terminated monolayers were placed
in a glass vial which was then sealed with a rubber septum. The
atmosphere was purged by passing argon gas through the container
for 30 min. All solvent transfers were performed through cannula.
sufficient BH3-THF complex (1 M) to completely covei the silicon
(ca. 20 mL) was added. After 2 h, the borane solution was re-
moved, and dry THF was added. The THF was removed, and
approximately 15 mL of 30% H2O210.1 N NaOH was transferred
into the vial. After 3 min, the vial was opened to the atmosphere.
The monolayer was then rinsed thoroughly with water and ethanol.

Trifluoroacetylation of Hydroxyl-Terminated Monolay-
ers. The hydroxyl-terminated monolayers generated by hydro-
boration were placed in a 2vo (v:v) solution of trifluoroacetic
anhydride in hexane. After 2 min, the substrate was removed
from solution and rinsed with ethanol dispensed from a pipet.
The aqueous contact angles of these surfaces were stabre d.rii.rg
the time necessary to measure these angles.

Bromination. The vinyl monolayers were placed for 2 h in
a 2To (by volume) solution of elemental bromine in CH2CI2. The
wafers were then rinsed with CH2Clz (2 x 20 mL) and ethanol.



Mixed Acid and Methyl Surfaces. Stock solutions of hex-
adecyltrichlorosilane and 16-heptadecenyltrichlorosilane in hex-
adecane (25 mM) were prepared. These were then mixed in the
appropriate rat ios to generate solut ions (25 mM total si lane
concentrat ion) containing 0% ,208c , 40To,608o,80%, and 100%
of the vinyl-terminated silane. Monolayers were prepared from
these solut ions according to the methods described above. Ox-
idation of the vinyl groups with KMnOn/NaIOa according to the
procedure described above y' ieided monolavers that contained
terminal methl ' l  and carboxyi groups.
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