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This paper outl ines a general s1'nthetic route to alkanethiols useful in forming self-asseryl ied monolayers
(SAMsis tar t ing f rom amines.  RNH:.  and conver t ing them. r ' ia  cr -ch loroamides RNHCOCHzCI,  to  th io ls
hav ing the s t ructure RNHCOCH2SH. The u 'e t tab i l i t res  ,es t inra ted f ron i  contact  ang les o f  rvater  and
hexadecane)  and the th icknesses {as measured bv e l l ipsometn 'and X-rav phrr toe lect ron spect ro-scoPl - .
XPS ) of SANIs having an amide moiety 7l to Au/thiolate were srmilar to those of SA-\ ls of aikanethiols with
similar backbone length on gold. The internal amide group present rn SAIIs prepared from CF;;CHz-
NHCOCHzSH increases theii stability against desorption or exchange with hexadecanethiol in ethanol
relative to SAMs from CFa(CHz)sSH. The desorption of SAMs from CFr(CHz)eSH was first order in the
alkanethiolate and had a half-life of -2 h at 10-e Torr; SAMs from CFsCH2NHCOCHzSH, by contrast,
showed no loss after 48 h at - 10 s Torr. The rate of exchange of a SAM from CFaCHzNHCOCHzSH with
hexadecanethiol in ethanol was 102- 103 times slower than the SAMs from CHs(CHz):SH or from CF:(CHz):-
SH. The susceptibility of a SAM prepared from a short-chain alkanethiol (e.g., CHs(CHz)sSH or CFs-
CHzNHCOCH2SH) to damage bV tIV was 10 times greater than that observed for a SAM prepared from
hexadecanethiol (as measured by XPS). tIV'damage of SAMs derived from CFgCHzNHCOCHzSH, followed
by protection of the lfV-damaged SAM by replacement with hexadecanethiol and etching, gave gold patte-rns
wifh minimum feature sizes of 5 rrm: these sizes were limited by the lithographic procedure used and do
not ref lect the true edse resolut ion of this photol i thographic method'
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Introduction

This paper outl ines a general s1-nthetic route to al-
kanethiols useful in forming self-assembled monolayers
(SAMs) on gold starting from structurally complex amines,
RNH2 (eq 1). This work had three objectives. First, we

RNH2 - RNHCOCHTCI *

t 2
RNHCOCH2SCOCH3 - RNHCOCH2SH (1)

3 4

wished to develop a general procedure bywhich a common
class of functionaiized organic molecules could be con-
verted to thiols suitabie for incorporation into SAMs. The
direct introduction of thiols into many organic groups (e.g.,
by Sx2 reaction or by free radical addition to an olefin)
can be problematic, and a straightforward sequence that
modified an existing functional group seemed more
general. We chose the amine group as the basis for our
work. The great majority of the work on SAMs of
alkanethiolates (RS ) on gold has used the structure
HS(CH2)"X;1 a greater structural variations in R would

8 Abstract published inAduance ACS Abstrocfs, September 15,
1995 .
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rncrease the breadth of  the f ie ld.e 1 ' r  Second. u 'e u ' ished
to determrne if an amide n'roietr', i  to the thiol group would
stabil ize SAIIs by forming hydrogen bonds (Figure 1). We
chose the susceptibility of short-chain thiols on gold toward
exchange with long-chain aikanethiols (CHg(CH2)15SH)
in solution as a primary measure of stability. Third, we
wished to explore ifthe amide moietyB to the gold/thiolate
bond of SAMs would undergo photocieavage or would affect
the rate of photooxidation of thiolates to sulfonates.
Increased photosensitivity would increase the utility of
SAMs in llV lithography. Although SAMs of unfunc-
tionized alkanethiolates on gold have been used in UV
lithographic procedures, the rate of the relevant
reaction-the photooxidation of RS to RSO3--is too slow
to be convenient. A modest enhancement of the photo-
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of ru-substi tuted alkanethiols from a range of organic
structures containing amine groups. Reactions of amines
1 a - g with chloroacetr.l ch lori d e r-i elded 2^- g,respectively
(Scheme 1); these amines \\ 'er(,  chosen in part to represent
a range of organic structural tr 'pes. Substi tut ion of the
chloride of 2a-g by thioacetic acid resulted in the
thioacetates 3a-g. These, on hvdrolvsis. gave the thiols
4u-g, respect ive ly  (Scheme 1 r . r r  In  the case of  compound
3 e  ( w i t h  t h e  s t r u c t u r e  C H T O C O T ( ' H : r , , N H C O C H 2 -
SCOCH3), method B rather than rnethod ( '  u'as chosen to
ensure the conversion ofthe COOCH r group to the COOH
group. The st irr ing of a suspension of con'rpound Be in 1
N NaOH solut ion for 24 h resulted in t l- ie hvdrolvsis of
both COOCH; and SCOCH3 groups to the cle. i ' r ' t ,cl  product
4e wi th  the s t ructure HOOC(CH2) l rNHUO( 'H.SH.  The
reactions proceeded rapidly and in high vieid. although
in some cases protection ofother functional groups present
in the molecule was necessary. Commercial avai labi l i ty
of a large number of primary and secondary amines and
the ease with which amines can be introduced into a range
of structures make this method of formation of thiols
part icularly convenient.

Characterization of Monolayers

Wettability with Water and Hexadecane. The
wettabi l i t ies of SAMs derived from 4a-g on gold r i(XXl

H3C(CH2)11-NHCOCH2SH

,la

HO(CH2)11- NHCOCH2SH

4b

C  = , C - .  -  \  - C O C - -  S r ,

4c

* o

H O CH2CH2-NHCOCHzSFI

4d

HOOC(CH2) 1 1-NHCOCH2SH

4e

( '  (^ (* ( '
N_H N_H.  N_H N_Ho< 'o< 'o< 'o<

) ) ) )
S . S S S\ \ \ - \

r.*o*..uoi..'....'......1.....J Au -*.'.o*.*n .*o ..\lJ'
Figure l. A hypothetical model of a SAM of alkanethiolates
with amide moieties fi to the thiol groups. Interchain hydrogen
bonds form among the amide groups.

cross-section might lead to a useful technologl' for
lithographic patterning.

Patterning SAMs of alkanethiolates on gold surfaces
can be accomplished by microcontact printing (,aCp),ra1t
microwrit irg,to and micromachining.rT SAMs of long-
chain alkanethiolates protect gold from etching by'CN /
02.i6 and techniques for forming patterns of SAIIs on the
gold surface, combined with a CN /O2 etch. pror.icle, ri
procedure for patterning gold.r6 LY-induced photooxi-
dation of SAMs has been studied bv Hemminger and used
by him and others as the basis for photolithographr.u.ith
SAMs.18 21 Alkanesulfonates resulting from photooxi-
dation of SAMs on gold were detected by static secondary
ion mass spectroscopy (SSIMS)21 and laser-induced de-
s_ofptlenlcouqlgd Fourier transform mass spectroscopy
(LID-FTMS),'" 'u and oxidized sulfur specieJ have been
detected by X-ray photoelectron spectroscopy (XPS).22
Alkanesulfonates formed by photooxidation are only
weakly bound to gold and are thus easily removed from
its surface. Selective damage of the SAM resulted from
selective illumination, but edge resolution and feature
size are currently substantially poorer than can be
achieved by aCP.

Here we show that a SAM prepared from CF,ICH1-
NHCOCHzSH exhibi ts a s igni f icant lv enhanced stabr l i t r .
aga ins t  thermal  desorp t ion  i rn  lncz to t  o r  exchange r i r th
hexadecaneth io l  r in  e thano l  r :  a  n iono la 'e r  fo rnrec l  t i ,n r
( ' I I  rCHr( 'Hr ( 'H :SH is  less  s tab le  under  s in r i la r  conc l i r ron . .
The-se data indicate that  the internal  ant ide group present
in SA\Is derir-ed from CF,TCH2NHCOCH2SH increases
their stabilitv. SAMs from long-chain alkanethiorates also
require relatively longer exposures to IIV than do SAMs
from shorter chain alkanethiols to give clean etching by
CN /Oz: the effective rate of LIV damage of a SAM
prepared from CF3CH2NIHCOCH2SH is 10 times greater
than that ofa SAM prepared from hexadecanethiol SAMs
prepared from CFTCH2NHCOCH2SH may thus be suitable
for fabricating patterned gold features (which in turn can
serve as chemically robust resists for other types of
processing) by tIV lithography.

Results and Discussion

Synthesis of Thiols. The synthesis of thiols 4a-g
demonstrates a general synthetic route for the formation

(14)Kumar,  A. ;Wtr i tes ides,  G. M.Appl .  phys.  Let t .  fggg,6J,  2OO2-
2004.

(  15) Kumar.  A. ;  Biebuyck,  H.  A. ;  Whi tesides,  G. M. Langmuir  lgg4,
1 0 , 1 4 9 8 - 1 5 1 1 .

116) Kumar,  A. ;  Biebuyck.  H.  A. ;  Abbott ,  N.  L. ;  Whi tesides,  G. M. J.
Am. Chem. Soc.  1992, 114,  9188-9189.

(17)Abbott ,  N.L. ;  Folkers,  J.  P. ;  Whi tesides,  G. M. Science lgg2.
257, 7380-1382.

^ . (18 )L i ,  Y . ;_Huang ,  J . ;  Mc lve r ,  J .  R .  T . ;  Hemminger ,  J .  C .  J .  Am.
Chem. Soc. 1992, 114, 2428-2482.

( 19) Huang, J.; Hemminger, J. C. J. Am. Clrcm.Soc. lgg3. I 15. 8342_
3343 .
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G. M. J.  Am. Chem. Soc.  1993, 1IS,  10774-10781.

(21 )Tar lov .  M.J . ;  Bu rgess ,  D .  R .  F . ;  G i l l en ,  G .J .  Am.  Chem.  Soc .
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9022-9028.

o N{\\-NHcocH2sH
\_./

4t

4 9 H

A ) were determined by measuring the advancing and
receding contact angles, 0u and 0,, of water (HrO I and
hexadecane (HD), respectively (Table 1).

Acetic acid was added to ethanolic solut ions of thiols
4a-g to minimize the formation of disulf ides bv base-
catalyzed oxidation of the thiolates and thus to faci l i tate
comparison of the result ing SAMs, although disulf ides of

(23)This route has been used in the conversion of  . \ . , \ ' -d imethvl-
hydrazine to N,.V'-dimethyl-N..\ '-bis(mercaptoacetyl rh-v-drazine. Singh,
R.;  Whi tesides,  G. M. J.  Orp.  Chem. 1991.56.  2:132-2887.
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R*NHCOCH2SCOCH3
crcH2coct, NEt3,

R - N H 2
CH2C12 or MeOH, 0 'C,  r . t .

' t a  R  =  CH3(CH2)11

1 b  R  =  H O ( C H 2 ) r ,
1c  R  =  CF3CH2

/- \
1d R= HO{ / |CH|CH2

HO

Scheme I

R-NHCOCH2CI

2a  85%
2b 78 "/"
2c  46%
2d 787o
2e 92 "/"
2I g5 0/o

2g 87 o/"

2 eq.  CH3COSH

1.5 eq.  NEt3,  CH2CI2
or  THF,  0 'C .  r . t ,

3 a  8 5 %
3b 52"/.
3 c 7 7 %
3 d  8 8 %
3 e  9 6 %
3f 9670
39 92' / '

1e R = CH3OOC(CH2)1r

1 f  R = O  N < , ) -
\---J \-/

1 9  R =  H 3 C p H 2
H

CHr

CHe

Method  A :  HCI (aq ) ,  MeOH,  r . t . ,  12  h

o r  Me thod  B  1  1N NaOH(aq) ,  A r ,  r . t . ,  24  h ;
2  HCI (aq )

o r  Me tnod  C  1  NaOMe MeOr ]  A r  r  t  12  ̂
2  H C l r a q T

R-NHCOCH2SH

4a method A, 91 o/" (66 % from 1a)
4b method 4,77 % (31 % from lb)
4c  method  4 ,72o / "  (26  % f rom l c )
4d  method  4 ,94  % (65  % f rom 1d)
4e nrelhod B 94 o,o (83 " t  f rom 1e)
4t  rnelnod C 89 oo (73 o,b f rom 1t)
4 9  . n e t n c d  A  7 2 ' "  ( 5 8  9 o  f r o m  1 g )

Table 1. Contact Angles of Water (HzO) and Hexadecane (HD) on SAtIs and Thickness of SAIVIs Determined by
Ellipsometry and XPS

contact angles (deg)

Hzo HD thickness of SAM (Al

SAM prepared from lAcOHl" mM 0^ ar by ellipsometryb by XPg l'.aa0,

CHa(CHz)TINHCOCHzSH (4a)

CHs(CHz)rsSH

CH:i(CHz)rzSH

HO(CHz ) r  TNHCOCH2SH r  4b r

HO(CH2 )16SH

CFTCHzNHCOCH:SH r4o
CF:(CHztsSH

H O-( \  / f  CH1CH1-NHCOCHzS H r4d)

H O

HOOC( CH2)1 INHCOCHzSH (4e)
HOOC(CHz)isSH

U
0.06
0
0.06
t)
0 .06
0
0 0 6
0
0 .06
0.06
0
0.06

0
0
0.06

0.06

2 l
20d

23d

'21

'20;

47
46
48
46
-18
.19

' l ( )
'  1 0
. 1 0
. 1 0

5 5
t 7

< 1 0

lI7 101
116 r02
118  105
117  106
1 1 8  1 0 6
1 1 8  1 0 6
2 0 S
1 5  E
2 2  1 0
2 2  1 0
99 75
88 64
1 4 9

34
32
35
35
' ) t

: l r
I  ( )

'  1 r )
'  1 1 )
- 1 0

< 1 0
< 1 0
< 1 0

< 1 0  < 1 0
<10  <10  23d

1 5  < 1 0

2 l
20,

27

":--.ftNHcocH2sH 
(4r)

16
< 1 0

59

104

< 1 0
< 1 0

44

95

9
6

18

15

15< 1 0T4H3C CH2-NHCOCH2SH (4e l
n

c H a

ri cHc

' IAcOHI is the conceDtration ofacetic acid in the solution used for t,|e formation of SAMS. , A vacancy ilt this column means that the
thickness was not determined. 'The thickness of other SAMs was calculated from the Au(4fl signal in XPS usine the thickness of SAM
of hexadecanethiol as a standard (see Experimental Section), d R€ference 3. " Assiened to be 20 A. / It€ference 25.

these thiols form SAMs on gold that are similar to those
formed from the thiols. Oxidative formation of disulfides
occurs primarily by oxidation ofthe thiolate anion.23 Since
RNHCOCH2SH (pK" -8) is significantly more acidic than
alkanethiols RCHzCH2SH (pK" -10), spontaneous oxida-
tion ofcompounds 4a-gby Oz is relatively rapid in neutral
media;23'24 oxidation of these thiols is, however, slower in
acidic media. The wetting properties of SAMs prepared
from ethanolic solutions of thiols containing acetic acid

(-0.06 M) were similar to those prepared from solutions
without acetic acid. The presence of the acetic acid thus
did not noticeably alter either the rate of the formation
or the properties of the SAMs.

The wettability of monolayers prepared from thiols

- (24) Singh, R.; Whitesides, G. M. Sulfur Containing Functional
Groups; Supplemenl S; John Wiley & Sons: New York, 1g94; p 683.

t2StBiebuyck,  H.  A. :  Whi tesides,  G. M. Langmuir  l9g3,  S,  hAA-
1770 .
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Figure 2. Polarized infrared external reflectance spectrum of
a SAM from CHr(CHz)nNHCOCH2SH.

containing the amide moiety were comparable to those
prepared from alkanethiols with the same nominal
backbone structures. although there were significant
differences in the hvsteresis betw,een the advancins ancl
receding contact  angles.  SAl ls of  4a,  for  exanrpl t . .  .hou.ed
a sl ight l l '  larger hr-steresi .q betn 'een the :rc lvancrni  ur :d
receding contact  angles ra feu'  degree's of  er ther \ \ ' i i ter  or
hexadecane than did SAl ls f ronr hexadecanethr,r l  ani
octadecanethiol.

Determination of the Thickness of SAlIs. The
thicknesses of SAMs containing the HSCH2CONH group
were determined by ell ipsometry and XPS; these data are
presented in Table 1. The thicknesses of SAMs having an
amide moiety fi to Au/thiolate are similar to those ofrelated
SAMs lacking this moiety. These data suggest that the
formation of the monolayer proceeds by bonding of sulfur
to the gold substrate in a manner analogous to that for
simpler alkanethiol adsorbates.

Polarized Infrared External Reflectance Spec-
troscopy (PIERS) of SAMs from 4a. Contact angles
and ellipsometry establish that many of the SAMs derived
from the adsorbates detailed in Scheme t have wetting
properties and mass coverages comparable to those of
structurally related SAMs that lack the amide group in
the head group region. This observation suggests that
those SAMs that have long alkyl chains might organize
themselves with the same (l/3 * .,/gtR3O'periodicity that
characterizes SAMs derived from structurally unsubsti-
tuted n-alkanethiols.26 This notion was tested by exam-
ining the polarized infrared external reflectance spectrum
(PIERS) of the SAM derived from 4a. The data in the
C-H stretching region, shown here in Figure 2a, clearly
establish thatthe organizations of the hydrocarbon chain
is unlike that found in an n-alkanethiolate SAM. The
most striking suggestion of this difference comes from an
analysis of the intensities, line shapes, and peak positions
of the methylene (CH2) stretching vibrations. For a C11
chain, closest-packed on a (/3 x l/g)RgOo overlayer lattice,
we expect that the antisymmetric (d- ) and symmetric (d+)
CHz stretching vibrations would be at least a factor of 4
more intense than those seen here. The very strong methyl
stretching bands, together with the mass coverages

(26)The polycrystall ine gold substrates used in this study exhibit a
preferred (111) orientation. SAMs of rz-alkanethiols adopt a com-
mensurate overlayer structure on Au( 111), with a single chain spacing
consistent  wi th a (v/3 x /3)R30" organizat ion.

Tctrn-Chang et al.

independentlv measured bv XF'S anci t ' l l ipsometry, compel
the conclusion that the factor inf luencing the intensit ies
of the CHz high-frequeno' nroclt 's is not a -substantial ly
d imin ished mass coverage of  ac isorbat t '4a re la t ive to  that
of an n-alkanethiol SANI. \ \ 'e bei ier e that t l -re character
of these spectra is most consistent r i ' r th i i  "c 'hrr in-tnelt ing"

model.

I t  is well-known that the d- and d band intt ' r .rsi t i r 's of
t he  bu l k  n -a l kanes  a re  ve ry  sens i t i r - e  t o  t h t ,  ph l r . t ,  . t a t ( ,

in which they are measured. The phase I to phrrse II
(rotator) transit ion of orthorhombic n-alkane cr1'stals is
accompanied by a signif icant decrease in the osci l lator
strengths of the CH stretching and other low-frequeno.
modes; factors of 2-3 have been noted between the
crystal l ine and the melt states as well .27 The spectra of
4a shown in Figure 2a are consistent with the intensities
one might expect to see for disorganized chains. Additional
conformation is obtained from the position of the d band
(-2922 cm- 1); this very high value suggests that gorzt ' l rr ,
conformations are heavi ly weighted in the structure, of
these SAMs.

The conformational disorderr ng of t  ht,  rr I  kr i
SAM of  4a is ,  a t  f i rs t  g lnnce.  r .nost  r rn t ,x l r tc ' t t ,c i
r esu l t s  ob ta ined  hv  P I I iRS  s t t r i l r r . s  o r  n r i n l ( , r . r . r :  r ,  l

ban i  p r t . c i ,  , u - . : - . . : : , i . ' .  1  : (  |  - : r - ' . ' . , - : ' . . : ' . :  . :  ' . . . : ' .  n ' t , ak .
appea f l l l g  . i :  . 1  b I , , i l ( l  - i I l l ' t - : r , . "  t - t i  l ' . . : ' .  . . I ' '  : ' .  ]  ' i - i r  I  t ' l l l
T h e  a n t r d e  l l l  t n , r c i r  t . r l r t . r ' t t . ( l  1 r , r ' . 1  : .  : ' .  - , - ,  :  : , t : . r . f  r s  s e ( ' I l
a t  -  1 3 1 0  c m  1 .  T h t '  i i : . : - I g l ) I n t t . t ' . : , , i  I  i ^ t  r t . : . . r . t ^ , i t , l ,  r 1 '  t h e
bands are uncer tarn l tu t  | ) r r ' :L l r ) ) l t l r i t '  t , , i . r ' r [ ) r - l : r .  : i r * .  , r ther
bending and ske le ta l  modes expected rn  th i :  r r ingt .  : , , r - la .

The l ine shape and in tens i ty  d is t r ibut ion t , f  th t .  r in r ic i t ,
I I  band prov ide perhaps the best  ins ights  in to  t i r t .nat r i r ( ,
ofthese SAMs. As noted above, the presence of this rr.rtt-n:t.
band, and absence of any mode in the 1450 cm I region.
is onl l ' '  consistent with a largely ( i f  not entirely) lrorrs
conformii t ion of the amide.

\o other confirrmations of this group are possible. The
inten-sitr ' / fret luencv distr ibution also suggests that the
chains are l i i rgel l 'hvdrogen bonded in the SAM; from the
l ine shape. i t  u'oulcl seem that some (albeit  a much smaller
populatron oi ' t  non-hvdrogen-bonded segments may also
be  p resen t .

The amidr, i l  band involves torsional motions of both
the N-H and ( ' -N moiet ies .  Th is  coupl ing in  the t rans
form leads direct lv to the spl i t t ing responsible for the
amide II I  bancl.: '  H.vdrogen bonding in solut ion and in
the so l id  s ta te  sh i f t ,  but  do not  e l iminate,  these bands.
Hydrogen bonding typical iy is ref lected in a band centered
at  -  1550-  1560 cm I  for  an amide of  th is  s t ructure.  Th is
band, in a non-hydrogen-bonded state, would appear at
-1510 cm r .  The spect rum in  F igure 2a th t is  reveals
conclusively that most segments are hydrogen bonded in
the SAM of 4a. This band is asymmetric. hon'e'r 'er: the
low-frequency side shows a pronounced. noniromogenous
contr ibution to the l ine shape. We therefore conclude that

t 27 )  Snvder ,  R .  G . ;  Maronce l l i ,  N I . :  S t rauss .  H  L .  Ha i l rna rk .  \ ' .  M .
J.  Phvs.  Chem. 1986, 90,  5623.

t28 t  See discussion and refere 'nces c i ted r  n Bel la nrr  .1, .  . l  .  T he I  r l i 'arecl
Spectra of  Complet  Mole<-ules.  Chapmi ln and Hal l :  \e* 'York.  \ 'o lume
1. pp 231 262.
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SAMs on GoLd from Alkanethiols

Figure 3. Space-frlling models showing tside on i nvo mt.rlecules
of 4a in an all-trans conformation spaced at 5.1 A and ortented
(left) vertically along a hypothetical surface normal \'€ctr.rr nrld
(right) canted by 18" from this vector along the nearest netghb, rr
direction. The N-H'' 'O cortact shou'n on the nght corre:punds
to a N-O distance of '2.8 A.

a small fraction of the segments must expenence different
types of chain-chain interactions.

The most important feature that emerges from the data
in Figure 2b is the orientation of the chain that must exist
to accommodate ( 1) the trans conformation of the amide
and e) the complex chain organizations that must
accompany this interchain H-bonding. The model struc-
tures shown in Figure 3 adopt the conventions necessary
to make this analysis.

We start our analysis from a vantage based on literature
precedents. Given its importance to the tertiary structure
of proteins. the hy'drogen-bonding characteristics of the
amide group have been the subject  of  considerable studl ' .
The structures of  manl 's1'stems. both rn solutron and the
sol id state.  have been charactenzed and reported ln the
i i terature.  The more important features of  the current
understanding of  these interact ions remain ven'  much
the same as those elegant l l 'descnbed by Paul ing in an
overview rvritten more than 30 years ago.2e The amide
group adopts a similar hydrogen-bonded arrangement in
almost all unstrained systems. The preferredN-H-Obond
angle is zero degrees. The torsional barrier associated
with a distortion from linearity is modest ( > 0.1-0.2kcaU
mol). The N-O bond distances for the amide N-H-O

\rydrogen bond tend to fall in a narrow range around 2.8
A.

Ifwe use these insights to guide an organizational model
of the structure formed by 4a on Au, an interesting result
is obtained. A linear hydrogen bond can only be formed
if a significant perturbation of the packing of the SAM
occurs-one ri'hich distorts both the chain packing and
the t1'pical r ., 3 r v 3 rR30' Soveriayerstructurepresumed
to characterize most thiol monolayers on Au. For sim-
plicity of discussion. we assume that the chains are present
in a hexagonal overlaver related to the (V3 x V3)R30'
structure. As shown in Figure 3, the linearhydrogenbond
in such a lattice can only be obtained by a tilt of the
molecule in the nearest neighbor direction (seen here side
on for two chains ). In order for a chain tilt in this direction
to yield a linear hydrogen bond and an N-O bond distance
of 2.8"A, the S-S spacing must increase to 5.1 A (from
4.98 A); for this structure, the chain tilt cannot exceed

(29) Pauling, L. The Nature of the
University Press: Ithaca, NY 1960;

ChemicaL Bond, 3rd ed.; Cornell
pp 498-503.

Langmuir, Vol. 17, No. 11, 1995 4375

- 18' (as compared to the -24-28o chain tilt found for the
n-alkanethiol SAMs on Au). As the space-f,rlling model
clearly demonstrates, there is no simple arrangement of
an all-trans chain that will densely pack within these
constraints.

The model shown in Figure 3 is but one of several
possible arrangements that yield a linear hydrogen bond
of the proper length. The arrangement shown is one that
we favor strongly, for several reasons. First, this simple
arrangement minimizes the cross-sectional projection of
the head group on the Au surface and thus allows a dense
chain structure. Second, this orientation allows the
construction of long hydrogen-bonded chains and thus
allows this attractive interaction to be easily maximized.
Third, the trans arrangement at the head group accounts
well for the signifrcant projection ofthe amide II transition
moment along the surface normal direction and, thus, for
the negligible intensity seen for the amide I, C:O
stretching mode. Fourth, the model provides a simple
arrangement that yields interchain hydrogen bonding of
a sort consistent with the rather typical values of the
vibrational frequencies seen for the amide group in these
S.A-\1s Tht' nrodel does require, however, that confor-
nrst ionrr l  ehiutges from an al l - t rons arrangement of  the
po lvnr t , th r  l t ' n t ' th r t t t t  shor i 'n  in  the  f ig r - r re )must  occur  to
maxrnr rze  the  r t t t t ' i l t ' t l \  t '  i t r t t ' t ' ac t ions  o f  the  cha ins .  Th is
maximizat ior t  c 'an unlr  be i rccompl ished bv relaxing the
chains vta t rans-gcrut 'h e isomerism. In th is regard,  the
structure shorvn adequatelv explains both the low inten-
sity of the d- and d- modes and the high values of these
vibrational frequencies as compared to an ordered alkane
phase (the "average" chain tilt is less than that of the
normal thiol SAM structure, and the gauche conformer
density is relatively high).

Taken together, the simplest interpretation of the data
suggests that a modest expansion ?37o) of the sulfur
lattice constant is likely obtained for these SAMs and that
the organizaticln of the chains is altered as a result. It is
therefbre l ik t ' l r .  th;r t  the over layer structure would be
rr lc 'on-rnrt 'nslrnrt l  \ \ r th respt 'ct  t t l  the Au lat t ice spacing.
Thl :  r r r rung( 'nt t 'nt  * 'ould also make i t  ven'  d i f f icul t  to
accon"rmodate'  a S S cl imer izat ion as has been recent lv
proposed to occur for  n-alkanethtol  SI \ ls  on Au. l"  We
should also point  out  that  rvere the hYdrogen-bonding
arrangement to involve the long linear chains, as the data
tend to suggest, this hydrogen bonding could not be
accommodated within the type of superlattice present in
the n-alkanethiol systems.3l

Finally, we note that many of the qualitative aspects
of the data presented here are reminiscent of the results
of a study of an amide-containing SAM capped by a long
perfluorinated chain that appeared while this paper was
under review.13 The quantitative aspects show some
differences, however. We think these differences are
entirely consistent with the relatively larger size of the
perfluoro side chain and the packing constraints that this
diffe."nc" in size would impose on the otgant'zation of the
SAM.

The Amide Moiety Stabilizes Short-Chain Thi'
olates against Thermal Desorption. The stability of
SAMs toward isothermal desorption in ultrahigh vacuum
(-10 e Torr) at ambient temperature (-300 K) was
investigated by monitoring their composition using XPS.
SAMs derived from 4,4,4-trtfluorobutanethiol and its
disulfrde were unstable toward desorption in high vacuum
(-10 e Torr). Molecules desorbed from the gold surface,

(30)Fenter,  P. :  Eberhardt ,  A. ;  Eisenberger,P.  Scieruce 1994'  266'
7216-1218.

(31) Cami l lone,  C.  E.  D. ;Chidsey,  P. ;Eisenberger,  P. ;Fenter ,  J . ;L i '
K.  S. ;L iang,  Y.-G. L iu;Scoles,  G. J.  J .  Chem. Phys.1993,99,744-747.
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Figure 4. Amide linkages stabilizing short-chain alkanethi-
olates against desorption in high vacuum ( - 10 e Torr ). SAMs
were prepared from thiols or disulfides with the molecular
formulas indicated on the plot. Desorption of the thiolates rvas
monitored using the F(ls) signal measured by XPS. 1pi1:0 r is
the F(ls) signal from the freshly prepared SAII in each case
studied. Ir.-(t) is the residual fluorine signal in rhe SAII after
a time / spent in high vacuum.

presumably as disulfides, although we did not identify
the desorbing species. This desorption was not caused by
the X-rays or by secondary electrons emitted from th-e
substrate:32 no F(1s) or S(2p) s ignal  ( .  0. l laF, and < l7c
S) was detected after the samples remained in ultrahigh
vacuum for 24 h; the same results were obtained even
when limited or no X-ray analyses were made at short
times of exposure to vacuum. A small residual C( 1s) signal
remained that was similar in binding energy, peak shape,
and intensity to that observed for adventitious contami-
nants present in the chamber and adsorbed onto the
surface of the gold after argon sputtering of its surface. r,

The kinetics of the isothermal de-sorption of SAf I. of
4,4,4 -trrfluorobutanethiol, de t e rm i n e d fro nt t h e d e c re a.. t,
in intensity of the Ft 1s r signal in XPS. rr 'as found ro be
f i rst  order in the co\-erage of  the alkanethiolate.  and the
measured half-l i fe of the desorption at 300 K u'a-s -2 h
(Figure 4r.  SANIs der ived from CF:(CHztLSSrCHzr3CF,;
desorbed at rates similar to SAMs derived from CFstCHz)s-
SH; this observation is compatible with the conclusion
that thiols and disulfides adsorb on gold and form similar
species.2s The fluorinated component of SAMs formed
from CFs(CHz)eSS(CHz)tuOH desorbed much more slowly
than the alkanethiolate species in SAMs from CFe(CHz)a-
SH (Figure 4). We presume that the increased interaction
with the hexadecyl chain present in SAMs derived from
the unsymmetrical disulfide accounts for this difference
in stability.

SAMs from 4c on gold, in contrast, showed no change
in the F(ls) signal after being left in ultrahigh vacuum
for 48 h (Figure 4). Interchain H-bonding of the amide
moiety of4c probably provides an additional energy barrier
(as high as 5 kcaVmol)3a and may explain the substantially
increased stability of this SAM compared to the SAM of
4,4,4 -ffifluorobutanethiol.

The thermal lability of the SAM of CFe(CHz)eSH at 800
Kis most unusual. SAMs from CH3SSCH3, when formed
in ultrahigh vacuum (UHV), are completely stable at 300
K over periods of many days. The measured heat of
desorption (as CHBSSCHg) is -32 kcaUmol.35,36 In the
present instance, if we model the desorption kinetics as

(32) Graham, R. L. ;  Bain,  C.  D. ;  Biebuyck,  H.  A. ;  Laib in is,  p.  E. ;
Whitesides, G. M. J. Phys. Chem. 1993, 97, 94SG-9464.
_ (33) Samples left in high vacuum for 24 h could be rederivatized by

dipninSthe samples into a 5 mM ethanolicsolution ofCFTCONH(CHr;,i-
SH for 5 min to give SAMs of CF3CONH(CHz)rrS/Au.

(34) Doig,  A.  J. ;  Dudley H.W. J.  Am. Chem. Soc.  1992. 114,  SS8-
.74J.

(35) Nuzzo, R. G; Zegarski, B. R.; Dubois, L. H. J. Am. Chem. Soc.
1987. 109.  733-740.

(36) Nuzzo, R. G. J. Chem. Phys. t99fl 98, 678-688.
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Figure 5. The amide moiety stabilizing SAN{s derived from
short-chain thiols (*) against exchange with hexadecanethiol
in ethanol. The amide moiety, however, had a lcss noticeable
effect on the rate of exchange of long-chain thiolates t#)or-r gold
with CF.TCONH(CH2)t,SH in ethanol. The inset plots the data
for the rate of exchange of the short-chain thiolates in SAN,Is
with hexadecanethiol in ethanol up to t  h. These t ' rpt 'r iments
were carr ied out in weighing bott les n'rappt 'cl  u' i th ulunrinunt
foi l  to exclude the possible effect of l igl i t .  The. perce'nt t ' rchangi '
ofSAMs ofthiolates on gold with thiols in ethanol u'as monitored
by XPS (see Experimental Section r.

being an apparent f i rst-orcler process and assunre un init ial
coverage -4 .6  '  l  O l i  t t t , r lec 'u l t ' s /c t1-  l tnr l  l t  I ) r ( , -ex i lone. t ia l
f ac to r  - 1013  s  r .  n ' r , c ; r l c r r l a te  t h l i t  t h t ,  l r c , t i r - a t i on  ene rp ry
for  desorpt ion rs  2-1 k t ' r r  i  n t , , l  

' l - i r  
i .  r ' r t lu t ,  n 'ou ld  represent

a  suhs tan t i l r i  p t . r ' t i u ' i l r t  r ,  ' r t  r i L i '  t o  t  h t .  ne tghbo r i ng  g roup
in te rac t  i , r l l s  , , 1  t  l t t ,  (  ' F -  j r ' " L l l ) :  Th t  s i t ua t i on  i s  on l y
agg f  aV i l t , 'C i  $ ' l - , , | ' l l  ' ) I - , t '  . i : : . l l l l t ' :  . i  I )1 r r1 '1 '  f t ' aSOt lab lg  SeCOnd-
o r d t . r  I ' . i i t -  l . l i , ,  I ) r ; t  1 , ,  i l r l  t ' r ' r ' r : : r - i t - t ' , t b l t .  l u t c , e r t a i n t y  a s  t o
r , r ' l l r l  i i '  , . ; l : i  t r r n : i . 1 . ^ i r  . r  i r t ' ,  I ) r . t '  t l , , l t ' t ,  o 1 ' A  i n  t h i S  C a S e ,
i l  n r o r e  c r r f n l t l t . t t -  . i n . r l r  i i -  r -  i . i ,  t  p o 5 . - i l 1 | 6 ,  o n  t h e  b a s i s  o f
t h e : e  d l t t i t  . t l , ' t ' i ,

A SAII  Prepared f rom CFsCH2NHCOCH2SH 4c Is
More Stable against  Exchange wi th Hexadecane-
thiol in Ethanol Than SAMs Prepared from Either
CHs(CHz)rSH or CFB(CH2)gSH. SAMs prepared from
4c, butanethiol, and 4,4,4-trifluorobutanethiol on gold
were allowed to exchange with hexadecanethiol (5 mM)
in ethanol. The rates of exchange of SAMs prepared from
4c and SAMs prepared from 4,4,4-trifluorobutanethiol
were calculated from the F(1s) signal measured by XPS
after correction for the attenuation of this signal due to
changes in the thickness of the monolayer following
exchange (see the Experimental Section for a descript ion
of  the methods used rn  th is  ca lcu la t ion l  The ra te  o f
exchange of S. ' \ I ls prepared irom butanethiol 'nvas cal-
cu la ted f ronr  thr .  Cr ls i  s igna l  a f ter  cor rect ion for  i ts
at tenuat ion rse€,  Exper imenta l  Sect ion) .  The ra te  o f
exchange of SAlls prepared from 4c was 102 -- 10:r t imes
slower than that of ' the SAMs prepared from butanethiol
or from 4.,1.4-tr i f luorobutanethiol (Figure 5). Exchange
experiments carried out in weighing bottles, wrapped with
aluminum foi l  and kept in the dark to exclude the possibie
effects of light, were compared to exchange experiments
carried out in weighing bottles from which ambient light
was not excluded. The rates in l ight or dark !\ 'ere
indist inguishable.3T Ambient l ight did not therefore
contribute to the rate of exchange observed under our
experimental condit ions.

The relative stabiiity of SAMs prepared from 4c ton'ard
exchange is probably due to the amide group 71 to the
gold/thiolate: intermolecular hydrogen bonding, or chan ges
in bond strength of the gold/thiolate bond, rnav increase

(37) The glass of the container ma-v screen light of'the u'ai.elength
required for the photodamage of monolavers.
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SAMs on Gold from Alkanethiols

the stabi l i ty of 4c. In order to dist inguish the effect of
pK on the S-Au bond strength, we measured the rate of
exchange of a SAM prepared from thioacetic acid with
hexadecanethioi in solut ion. Thioacetic acid has a pK, of
-3. Although this value is 5 orders of magnitude lower
than the pKa of 4c, SAN{s prepared from thioacetic acid
exchanged with hexadecanethrol in ethanoi at rates similar
to SAMs prepared from propanethioi.

The stabi l i ty of the SA\I prepared from 4c u, i th respect
to thermal desorption and exchange was compared with
that oftrifluorobutanethiol since trifluorobutanethiol can
be synthesized readill' from commercially available start-
ing materials. The stabi l i ty of SAMs prepared from
trifluorobutanethiol is comparable to that of those from
butanethiol,  although tr i f luorobutanethiol has a larger
molecular weight and larger dipolar interactions.

The Rate of Exchange of a SAM Prepared from
CHs(CHz) nCONHCHzSH 4a with CF:JCONH(CH2h rSH
in Solution Was Comparable to That of a SAII
Prepared from Hexadecanethiol.  SAlls prepared
from 4a and hexadecanethiol on gold \\ 'ere al lor i ' r 'd to
exchange  u ' i t h  CF :CONH(CHr l ' ,SH  r i  n ' r l l , r n  e thano l
and in  heptane.  The ra tes o f  exchange of  the SAl ls  n  r t l r
CF3CONH(CHrr '1SH \ l ,ere  ca lc 'u la ted f rom the in tens i t r '
o f  the F ' (  ls )  s igna l  tsee Exper imenta l  Sect ron , .  The r i t tp :
of exchange of the SANIs from 4a and hexadecanethroi
with Cl-.rCONH(CHz irrSH in ethanol were similar to those
in heptane (see Experimental Section), although onlv
results of exchange in ethanol are shown in F'igure 5.

SAMs formed from long-chain alkanethiols exchange
more slowly than SAMs formed from short-chain ai-
kanethiols (Figure 5). The effect of the amide group on
the rate of exchange of a SAM prepared from 4a was
therefore less noticeable than that for SAX,Is formed from
4c on the t ime scale used for these erperiments. The rate
of exchange of the SAMs with thiols in ethanol mav be
dependent  on the chain  length.  the pK, .  the presence of
fur rc t iona l  groups.  and the so lub i l i t r .  o l  rhe t i ' r io is  in
ethanol .  SAl ls  prepared f ron-r  the shor t -c i ' i r i in  thro ls .
(butaneth io l .  -1 . -1 . - l - t r i f luorobutaneth io l .  and -1c '  \ \ ' ( . r - ( .
a l lowed to  exchange r i ' i th  hexadecaneth io i  in  e thanol .
rvhi le SAMs prepared from long-chain thiols r4a and
hexadecanethiols) were al lorved to exchange rvith CF'r-
CONH(CHz)rrSH in ethanol. The rate of exchange of
SAMs with hexadecanethiols in ethanol cannot be directly
comparable with those with CF:TCONH(CH:)IISH in
ethanol although their rates of exchange are piotted on
the same graph for convenience.

SAiVIs of 4c Were Unstable in the Atmosphere of
the Laboratory. A monolayer of thiol 4c was unstable
to oxidation of i ts sulfur under ambient condit ions (rot-rm

temperature and pressure and standard laboratory light-
ingt. but this SANI rvas stable when kept in the dark, as
shorn'n bv XPS ,see Experimental Section). The thiolate
in monolavers \\ 'as 35'7 and 867c oxidized after 1 and 5
h, respectiveiv. in the atmosphere of the laboratory. The
thiolate rvas oxidized rpresumably to a sulfonabe) as
indicated by the increase in the intensity of XPS S(2p)
signal at 168 eV.l ' : '  Sulfonates do not form stable
monolayers on gold. ' ' "  The percentage of sulfur remaining
in the SAM was sin-r i lar to the amount of residual nitrogen
(within the l imits of experimental error):  this result
suggested that light does not induce cleavage of the amide
bond but does induce oxidation of the thiolate to sulfonate.
This result provides the most direct evidence that the
chain organization may be importarrt in protecting the
thiolate moiety of SAMs from atmospheric oxidation.
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Figure 6. The dependence of the rate of damage of a SANI bv
UV on i ts thickness and composit ion. The rates of darnagt '  ot '
SAMs prepared from 4c or 4,4,4-trifluorobutanethiol bv UV
were dbteimined direct ly by measuring F(1s) signais , j f  the
SANIs bv XPS. SAMs derived from 4a or hexadecanethiol. after
expo-qure to l f t 'and washing, were dipped into a 5 rn\{ solut. ion
ofCF,TCONH{CH:)r rSH in ethanolfor5 min. Therates ofdamage
of SA\{s prepared fronr 4a and hexadecanethiol rvert '  dett ' r-
mined from the f luorine content. measured bv XPS. of t l rese'
SA\{s.

The Rate of LlV-Induced Damage of SAMs Depends
()n  the Th ickness and the Composi t ion o f  the
l l ono la l ' r ' r ' .  l ' \ ' , i i t l l l g ( '  t ' x1 ; t ' r ' i t l - i t ' r i t s  \ \ ' e re  pe r fo rmed
n  r t l i  t i r t .  > . \ \ 1 -  r r l t  i x r r i , r l  t l ' on r  - 1 : r .  4c .  - 1 . -1 . - l - t n { l uo robu -

t i t n r , t  l r  r , r i .  , r r i l  : r r , \ . r r i t ' r ' ,  t n t ' 1  l r i o l  r r i t  g o i r l .  I ) i f l ' e r t ' n t  s a n t p l e s
\ \ ' r , r ' r '  l r i l r t  t ' r i  - r r i t '  i , ' ,  - t r t t . .  J  n l l n  u i t t i t ' t '  t i ' t t '  t t t ' i t ne rs i on  r ve l l
o f ' t he  L  V  l r r n rp .  t o  t ' nsu r ' ( ' t i t r r t  l r l l : i l n l p l es  \ \ ' e re  da r -naged
unde r  - . i n r i l u r  conc l r t i ons .  A i t e r  exposu re  t o  t  V  l i gh t .
samples were w 'as i red r i ' i th  e ' thanol .  rvater .  and heptane
to remol'e the oxicl ized sulfur species. Rates of 'darnage
of SAMs prepared frorn short-chain thiols (e.g., 4c) or 4,4.4-
trifluorobutanethiol bv tlV were determined directly from
the f luorine content, measured by XPS, of these SAN{s.
SANIs derived from long-chain thiols (e.9., 4a) or hexa-
decanethiol.  on gold rn'ere dipped into a 5 mM solut ion of
CF, ,CONIJ( ( -H: )n-q l ]  in  e thanol  for  5  min a f ter  these
sanr pk'5 \ \  ( ' ] ' ( ,  t ' r l rost ' i l  to t-\r  and u'ashed. Rates of 'damage
, , i  S . - \ . \ 1s  l r l l i ) , 1 ' , ' { i  l r ' , r r n  - l a  r i t ' l t t ' r ac l ec i r ne th io l  r ve re  t hen
t l t , t r ' t ' n r rn t ' r l  1 r ' , , t r  r . l t l  l ' l L ro t ' i t r t '  c r r l . t t t ' t t t .  t t - t t ' i l s t i r ed  bv  XPS.
, , 1  t h t , . t ' : . \ \ l -  

' [ ' 111 .  
p r , , c ' t ' t i t u ' t ' t r t ' o v t c l t ' d  l t  t ' t ' p t ' r t d t r c i h l e

r rnd  : r . ns i t  i v t '  r n t ' t h , r c i  1 r , r  t l t ' t e t ' n t i nu tg  t he  t ' x t e t t t  o f  t he i r
ox ic l l i t io r - t .

AI I  fbur  SAI Is  were s tab le  u ,hen kept  in  the dark .  No
photodamage of the SAMs r,vas observed after the SANIs
were exposed to UV for 2 h in a nitrogen atmosphere. An
oxidant was therefore necessary, but not sufficient, to
cause oxidation at the rates observed in these experiments.
Light (probably UV, aithough the wavelength sensitivitv
remains unknown) is also required for the oxidation of
sulfur in SAX{s.

SANIs prepared f rom 4c and 4. .1 . .1- t r i l luorobutaneth io I
were danraged bv t\ t  at -" imilar rates. suggesLing no
discernikrle eflect o1'the amide group on the rate of oxidatirin
of  th io la t t '  t , ,  s r r i fbnate for  these shor t  cha ins tF igure 6) .
SAl l .  pr t ,p : r r t . r l  f rom long-chain  th io ls  (hexadecaneth io i

and 4a )  u 'er ( '  r ia rnaged more s lowly  (by -19 t imes)  than
SAll.. fornred fronr short-chain thiols (Figrrre 6). The alk-v-l
chains of the long-chain thiols probably provide a barr ier
to perietratron of these SAN{s by oxygen and therefore
retard photooxiciat ion of thiolates in these SAMs. SAMs
on copper or si lver protect the metal from oxidation, and
the rate of oxidation of Ag or Cu depends inverselv on the
thickness of the SAM.22 Since the thickness of the SANI
prepared from 4a is comparable to that for a SAM prepared
from hexaciecanethiol. we infer from F'igure 6 that the
rate of UV-induced oxidation of SAMs from long-chain
thiols is dependent on the composit ion of the monolayer.

UV Lithography Using SAMs Prepared from 4c.
Figure 7 demonstrates a strategy for the fbrmation of gold
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(38) Chadwick, . I .  E. :  NIy ies,  D.  L l . :  Garrel l .  R.  L.  ,1.  Am. Clhem. Soc
1993 .  115 .  10364-10365 .
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the mask and does not provide a measure of the edge
resolut ion that might be obtained irr another experiment.

Conc lus ions

We have developed a genera l  svnthet rc  ro t r te  to  a l -
kanethiols useful in forming self-assenrbled monolavers
(SAMs) start ing from amines, RNHr. and conversion via
a-chloroamides RNHCOCH2Ci to thiols RNH('OCHjSH.
in overal l  yields in the range 30-80%. The r i-ettabi i i t ies
(obtained by measuring the contact angles of u'ater and
hexadecane)  and the th icknesses (as measur t 'd  hv e l l ip -
sometry and X-rav photoelectron spectroscopr' ,  of SAMs
having an amide moiety p to Au/thiolate \\ 'ere similar to
those of SAMs of alkanethiols with similar backbone iength
on gold although their chain organizations. as rnferred
from vjbrat ional spectroscopy, appear to dif fer in detai l .
The interchain H-bonding of the amide moiet.r-of the SAI,I
derived from CF3CH2NHCOCH2SH,4c, seemed to provrde
addi t iona l  s tab i l iza t ion;  th is  SAM was s ign i f icant l r -  nrore
stable than the SAMs from butanethiol or -1.-1. '1-tr i f l rro-

robutanethiol against desorption in high vacuum 1() I

Torr t or exchange with hexadecanethiol in ethanol. SA*\1s
from long-chain alkanethiolates required lon ger e xp o s urcr
to [fV than SAMs from short-chain thiols to accumulate
sufficient damage to give clean etchingbv CN ,'O:. SAll-.
from 4c may have applications in the fabrication of
patterned features hy tI \  l i thography: l \ '  danrage of
SAMs f rom 4c,  fb l lowed hv protect ion o f ' the [ \ 'damaged
a rea  t r y  hexadecnne th r , , l .  and  e ' t c i r r ng  a \ \ - av  t he  go ld  i n
reg tons  rnaske r i  1 r ' o rn  l ' \ '  l t g i r t  u ' h t ' r t ,  r r  SA l l  f i om  4c
f t , I l l  . i l I l t , r l  { l r \ ,  l ' , : r 1  l ' , i 1 1 , ' I ' T r -

F-  xp t , r imen ta l  Sec t ion

( ] t , ne r t r l .  ]  t  .  .  * ' . '  . \  r -  : ' ' . r - - ' .  r ' t , d l r , rm  abso lu tee thano ibe fo re
' - i s . .  : ' ,  : . t ; : . . : : . .  :  - i l '  : r - ' .  |  . i r J ( ) n  t h r o u g h  i t  f o r  2 0  m i n .
l { t . x l t d t - r ' 11n r .  . - \ i ' l : :  :  - i  I  . \ . r :  t r t .F f ( r l : r t ed  tw ice  th fough  ac t i -
v l r t t . d .  ne r i t re i  r r  : i r ' ,  : r .  ,  F - \ l  ) r ' ' t . r rL ,  \ \ ' i r t e r  r vas  de ion ized  and
d i s t i l l e d  t n  a  g l r t . -  l r t , r . j  i  t ' t l  , r : -  . 1 t . , 1 ) . i r - i i t t i >

16 - l l l e rcap toherac iecan , r i . - - ^ \ ' -  11 -n r t , r ' r ' : r p r t r rundecy l ) t r i f l uo ro -
acetamide. ' r2 tnf luorobutanethroi .  i rnd t  nt .  nrrr t , r l  r l isu l f ide of  4.4.4-
t r i f luorobutanethio l  and 1 t i -mercaptr  iht . r  i rc iec t r  nol  j ;  u 'ere avai l -
able from previous studies. All chemrcrris ri t,rt, ru'i igent grade
and used as received unless otherwrse stated.  F. .  l lerck s i l ica
gel  (Kieselgel  60,  230- 400 mesh) was used f i r r  l iqurd column
chromatography. Melting points are uncorrected. rH 'rnd rjr( '

NMR spectra were obtained on a Bruker AM-400 spectrometer
Chemical shift values are reported in ppm using known chemical
str i f ts  of  solvent  peaks as references.

l1-Aminoundecanol  ( fb) .  Compound lb was prepared in
two steps tnrm 1 l  -bromo-l -undecanol .  11-Bromoundecanol  (6.30
g,21.rJ mmolt was drssolved in 45 mLofN,N-dimethylformamide.
After the additionof 2.4 g (36 mmol) of sodium azide, the mixture
was heated to 80'C for 2 days. The reaction mixture was cooled
to room temperature, and 50 mL of water was added to dissolve
the salts. The solution was extracted twice with diethvl ether
The combined ethereal laver u-as washed several tinres il ' i th u'ater
and dr ied wi th magnesirr rn sui fate.  The solvent  \ \ ,as removed jn

r tecuo  to  g i ve  4  9 i -  g ,? j l  2  n tmo l .97 ( l  ro1 'a  t ' e l l o r , r ' o i l  o f  11 -az ido -
I - u n d e c a n r i l  I I I  \ \ 1 R t ' 1 0 0  M H z .  C D C I 3 )  6  1 . 2  - 1 . 4 ( o v e r l a p p i n g

resonanc( , .  1 .4 I1  , .  1 . ' 15  -  1 .6  tove r lapp ing  resonance ,  4H) ,  3 .21  ( t .

J  :  7 . r t  Hz .2Ht .  3 .56  ( t ,  J  :  5 .9  Hz ,2H) ;  r rC  NMR (100  MHz.
C IJCI ,  r  d  25  60 .  ' 26 .54 ,  28 .67  ,28 .99 ,  29 .28 ,29 .30 ,  29 .4 I ,32 .58 .
51 . ; J1 ,  t i 2 .66 ;  IR  lN=N tCHCls t  2099  cm- r .  HRMS-EI  (M +  H-  )
calcd frrr (-i1,1H2aN3O mlz 214.1919, found mlz 274.193'2.

1 l -Az ido -1 -undecano l  (3 .88  g ,  18 .18  mmol )was  su ,cpended  in
10 mL of ' tet rahydrofuran (THF) in a round-bot tomed f l r isk.  The
srt lut ion rvas cooled in an ice bath.  Borane, tetrahvdrofuran
comp lex  in  THF (1 .0  M,  60  mL,  60  mmol t  was  added  s low ly  to
the solut ion.  The ice bath was removed af ter  t l ( )  nr in.  and the
solut ion was heated at  ref lux for  24 h.  T 'he solut  i t in  was al lowed
to cool ,  and the react ion was quenched wi th n)ethanol .  The
solvent  was evaporated in uacuo. The whi te sol id ohtained was
dissolved in 3olr sulfuric acid in ethanol (200 mL r. and the solution

Copper gr id shie ld ing
regions of a SAM from UV
damaoe

<--- cF3OH2NHCOCH2S-

Washing with water, ethanol and
heptane to remove sulfonates

Surface is exposed to a
solut ion contain inq CH,r(CH2 )1 5SH

< _ - -  C H ? \ C H 2 ) t  5 5

<- -  cF3cH2NHCOCH2S-

proc t , r l t r r t ,  us r , ( ]  t , ,
f o l l o x ' r r l  l r v  l i  ( ' \

Etching with CN-/ 02

Figure 7 .  Schemat ic  i l lus t ra t ion o f  th t '
pat tern  go ld  us ing l - \ '  l r thoeraphr  o f 'SA]1s
O, etch.

Figure 8. Scanning electron microscopy (SEM) image of a
gold pattern prepared by photopatterning ofa SAM from 4c on
gold, using a copper grid i line width of about 60 ,zzm) as a mask.
followed by protection of the gold in the region exposed to Lr\/
by hexadecanethiol and subsequent etching ofthe gold under
the SAM prepared from 4c in masked regions of the SAM.

features. This method uses three properties ofSAMs from
4c: (.1) these SAMs can be damaged faster (-10x ) than
SAMs prepared from hexadecanethiol. (2) These SAMs
slowly exchange with thiols in solution(-102-103x),
relative to SAMs from short-chain (four carbons or less )
alkanethiols. (3)SAMs formed from 4c do not block the
CN-/O2 etch. Figure 8 shows that IfV damage of SAMs
prepared from 4c, followed by protection of the [fV
damaged area by hexadecanethiol, and etching away the
gold in regions masked from UV light (where SAM from
4c remained) gave gold patterns. The resolution of this
process (5 pm) was limited by shadowing effects due to
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was refluxed overnight. The solution was neutralized slowly
with saturated sodium carbonate solution. Ethanol was evapo-
rated in t ,ocuo. Compound lb precipitated as a white sol id from
the aqueous solut ion and was separated by f i l t rat ion and washed
several t imes with water. The sol id was recrvstal l ized with
hexane to  g ive 2 .83 g (15.1 mmoi .  8 :1"  )  o f  lb :  mp 70 '71 ' ( - - '  rH

NN{R (400 MHz, CD3OD) d 1.2- 1.4 roypl l2pping re,sonance, 14H ),
1 .4-  1 .55 (over lapp ing resonance.  4H ) .  2 .61 ( t .  J  -  7  .7  Hz.  2Hl ,
11.53 ( t .  J  :  6 .8  Ha 2Ht ;  t : (  w '1p r  100 I IHz.  CD rOD |  ( \  26.96,
28 .06 .30 .62 ,30 .65 ,30 .70 .30  73 .  30  76 .33 .68 .33  83 .  42  58 .6 :1  00 .
HRNIS-CI (1\,{ + H ' ) calcd for C r rH,,aNO mlz 188.2014. found m/z
188.2008.

Methyl 12-Aminododecanoate (1e). 12-Aminododecanoic
acid (4.0 g, 19 mmol ) was added to a solut ion of 25 mL of methanol,
250 mL of toluene. and 1 mL of concentrated sulfuric acid. The
mixture was heated at reflux for 20 h. Water resulting from the
esterification \\'i1s collected rvith a Dean-Stark receiver. Solvent
was evaporated r r i  L,e(uo. The white sol id obtained was dissolved
in 300 ml, o1'cl ichloromethane. The organic solut ion was washed
with 1 N NaOH t2 t.  50 mLl and brine (50 mL) and dried with
anhydrous magnesium sulfate. Evaporation of solvent gave 3.81
g (16.6 mmol ,  B9 '?  )o f  le  as a  whi te  so l id :  mp 38 -  40 'C;  rH NMR
(400 MHz, CDCI:r ) r \  1.2- 1.35 (overlapping resonance. 14H ). 1.35 -

1 .45  (m ,  2H) ,  1 .5 -1 .6  (m ,  2H) ,2 .0  (b r t . 2 .27  r r .  J  ' =  7 .6  Hz .2H t ,
2 .67  f t , J : 7 .0H2 ,2H) ,3 .63  ( s ,  3H) :  1 ' iC  N I IR  t  100  \ ' 1H2 .  ( 'D ( ' 1 , , )
r \  24 .89 ,26 .83 ,  29 .09 ,  29 .18 ,  29 .36 .  29 .12 ,29 .1 ; . 29  5 .1  j l ; J  2 t l .
34 .04 ,41 .95 ,51 .34 ,  I 74 .2 I .  HR I ' {S -E I  r } l '  ' ca l cd  l i r r  ( '  , l l  - \ t  I
m/z 229.2042. fbund mlz 229.2033.

2-Chloro-A'-dodecylacetamide (2a). Dodec-r'lanrr.rt. la .j -ii
g ,  18.6  mmt i l )u 'as  d isso lved in  30 mL of  d ich lorometh i rnr . .  i lnd
3n 'L(22 mmol to f  t r ie thy lamine r , r 'as  added.  The so lu t ron was
cooled in an ice bath, and 2.2r;rL(28 mmol )of chloroacetylchloride
was added slowly. The solut ion was st irred at room temperature
for 30 min. during which time a solid precipitated slowly.
Dichloromethane was added to the mixture until all of the solids
dissolved. The solution was washed twice with saturated sodium
carbonate solution and once with water. The organic layer was
dried with magnesium sulfate. The solvent was removed by
evaporation in uocuo to give 5.70 g of a light yellow solid. The
product was recrystallized from hexane to give a total of 4.I2 g
(15.7 mmol,85c/, \  of 2a as a white sol id: mp 53-54 "C; rH NMR
(400 MHz,  CDCI,  )  d  0 .88 f t ,J  :6 .7  11z,3H) ,  1 .2-  1 .4  ( .ver lapp ing
resonance,  18H ) ,  1 .50-  1 .60 (m,  2H) ,3 .29 ( t ,  J  :7  .QHz.1H ) ,  3 .31
f t , J : 7 . 0 H 2 ,  1 H ) , 4 . 0 5  ( s , 2 H ) , 6 . 5 7  ( b r ,  1 H ) '  r r i c  N N , I R  { 1 0 0
N{Hz .  CDCI : ] )  ( )  1 ,1 .08 .  22 .65 .26 .79 ,29 .20 .29 . t } 0 .  29  16 .29  52 .
29 .59 . ; 11 .87 .  39 .87 .  1 ' 2 .67 .165 .66 .  HRt {S -FAB r } I  -  H  , ca l c r l
for  C11H21,C' l \O n i l . -  2 t j2 .1938.  found nt tz  262.1921

2-Chloro-N-{  I  l -hy 'droxyundecy l )acetamide (2b) .  ( 'onr -
pound lb  {  1 .99 g.  10 6 mmol  r rvas d isso lved in  50 mL of  methanol .
The solut ion \\ 'as cooled in an ice bath. Trieth.vlamine 6 ml..  -13
mmol) and chloroacetl ' l  chloride (3.6 mL, 45 mmol) were added
slowly to the solut ion of lb over 3 h. The ice bath was removed,
and the solution u'as stirred at room temperature for an additional
hour. The solvent $'as evaporated in t,acuo. The light yellow
solid obtained was dissoived ir.r chloroform (200 mL). The solution
was washed with brine (3 x 50 mL), the organic fract ion was
dried with anhydrous magnesium sulfate. and the solvent was
removed by evaporation rn L,ecLto. The solid obtained was purified
by chromatographv with ethvl acetate/hexane (v/v : 40:60) on
si l ica gel. A tot:r l  of 2.19 g (8.3 mmol, 787c) of 2b was obtained
as a whi te  so i id :  nrp  68-69 "C;  rH NMR (400 MHz,  CDCI3)  . ,
I .2- I .4  (over lapp ing resonance,  14H),  1 .5-1.6  (over lapp ing
resonance .  4H  ) .  3 .28  \ t .  J  :  7  . 2Hz , lH ) ,  3 .30  ( t ,  J  : 7  . 2Hz ,1H) ,
3 .62 ( t ,  J  :  6 .6H2,2H) ,4 .04 rs .  2H ) ,  6 .59 (br ,  1H) ;  t3C NMR (  100
MHz,  CDCI3)  6  25.70.  26.76.  29.15,  29.27 .  29.35,  29.40,  29.49,
32.76,39.87,  42.66,62.99,96.09.  165.70.  HRMS-FAB (M + H*)
calcd for Cr3HziClN02 261.1730, found 264.1732. Anal. Calcd
fo r  C r rHzeC lNOz :  C ,  59 .19 :  H .9 .93 ;  N ,5 .31 .  Found :  C ,59 .32 ;
H,  9 .87;  N,  5 .24.

2-Chloro-N-(2,2,z-trifluoroethyl)acetamide (2c). 2,2,2-
Trifluoroethylamine 1c ( 1.91 g, 19.3 mmol) in 20 mL of chloroform
was cooled in an ice bath. Triethylamine (4.0 mL, 29 mmol) was
added, fol lowed by 3.1 mL (39 mmol) of chloroacetyl chloride.
The ice bath was removed after 30 min, and the solution was
stirred at room ternperature for 2 h. The solvent was evaporated
to give a browr.r solid. The desired product 2c was purified by
chromatography on silica gel (ethyl acetate/hexane. v/v : 30:70)

Langrnu i r ,  Vo l .  1 i ,  No.  l l ,  1995 4379

to g ive 1 .56 g (8 .9  mmol .  46%l  o f  a  whi te  so l id :  mp 50-51 "C:
lH  NMR (400  N {Hz ,  CDCI3 )  ( )  3 .95  (q ,  J  : 8 .9  Hz ,  1H) .  3 .96  (q ,
J  :  8 .9  Hz,  1H ) ,  4 .11 (s .  2H ) .  6 .98 tbr ,  lH ) :  r r r ( l  NMR (  100 N{Hz,
C D C h r  d  4 0 . 9 0  \ q , , 1  : 3 5 H z t . 4 2 . 2 5  ( s ) ,  1 2 3 . 6 9  ( q ,  J :  2 7 6 H z t .
166.43 (s t .  HRMS-EI  tM'  )ca lcd for  C l rH;F: rClNO m/z 175.0012.
found m/z 175.0078.

2-Chloro-N-( 2- (3,4-dihyd roxyphenyl )ethyl ) acetamide
(2d). Acetamide 2d was prepared from 2-(3.4-dihvdroxvphenvl l-
ethylamine hydrochloride (the hvdrochloride of 1dt accordir.rg to
the procedure'described for acetamide 2b. The hvdrochloride of
l d  ( 5 .05  g ,26  mmo l tgave  4 .66  g  (20  mmo l .  78 " r )  o f '  2d ,  a f t e r
purification by chromatography on silica gel tethy'l acetate/
hexane,  v lv  :50:50) ,  as  a  whi te  so l id :  mp 94-96 'C;  rH NN{R
(400  MHz ,  CD3OD t  b ' 2 .64  ( t . , 1  -  7 .2H2 .2H) ,3 .37  1 f ,  J , , =  7 .2H2 ,
2 H ) , 3 . 4 0  ( s , 2 H ) , 6 . 5 2  t d d ,  J : 8 . 0 .  1 . 6  H z ,  1 F I ) , 6 . 6 4  r d .  J  - .  1 . 6
Hz ,  lH ) ;  6 .67  t d . . /  =  8  0  [ I z ,  1 ]1 t ;  t ' r 1 -  NN{R  (100  N { I l z .  ( lD , IO I ) r
( )  35 .65 ,  12 .63 ,43 .13 ,  116 .38 .  116 .84 ,  121 .05 .  131 .71 .  1 .1 ' 1 . f i 2 .
146 .26 ,169 .1 :1 .  HRMS-C I  (M  +  NH1 ' ) ca l cd  f o r  ( - r r ,H r , r ( l lN rOr
m/z 247.0849,  found m/z 247.0837.  Anal .  Calcd fc r r  ( . r , , l l r . : -
C I N O r :  C , 5 2 . 3 0 ;  H . 5 . 2 7 .  N , 6 . 1 0 .  F o t r n d :  C . , 5 2 . 1 0 ;  i { . 5 . 1 9 :  ) J .
6 .02.

Methyl (2-Chloroacetamido)dodecanoate (2e). ( 'om-
pound 2e was prepared f rom le  ( I .47 g ,6 .49 mmol)  accord ing
to the procedure described for acetamide 2a. The desired product
2e u'as puri f ied hv chromatography on si l ica gel (ethvl acetate/
l r ( ' r r r r - r t '  r  " , '  l ( ) : i ( ) ) to  g i \ r ( '  .1  

.81 g  (20 mmol .9 '2( , i t  o l '  l r  r i ' l - r i te '
r , , l r r l  ' n i , i t i  r i r l  t '  I I N \ l R t . 1 ( X ) \ { I l z . ( ' D ( ' l , r  r ) 1 . 2  1 . 1
o \ . r ' r . ; i l r l ) l : r :  r r ' - ,  r l  i r i ( , '  l l l l  . l  1 i r  l  i S t l l t . 2 l l ' .  1 5 5  l . 6 i l t r l l .

: t {  : t ,  . t  l r r i l ,  : l l  i l { ,  r . - /  , - ' 2 [ I z . 1 l l  . ; : i  2 8 ( t . . /
O .  i l z .  l l i  t r ; ;  -  l t  .  i r ) )  -  l l l  { i  i ! )  b r .  1 1 1 , . r , r ( ' N \ l R

1 ( r r 1 1 1 ; 1 . . 1  [ ) r  ]  ) :  i  \ { i  t t j  i . , .  l s ,  ( ) . 1 . ' 1 9  1 : j . : 9  2 1 . 2 9  2 9 . ' 2 9 . : l ( i .
3 . 1 . 0 2 .  l l 9  8 ; J .  - 1 2 . { i r ' t . ; 1  ; i 1 .  1 t i ;  ( i . 1 .  l ; +  2 l J .  I I R I I S  F l i  r } l '  , c a l c d

fo r  ( l  r ;H : r ( ' lN ( ) , ,  rn  t  z  305 .175E.  t i l - rnc l  n t  l  z  305 .1  7 -15 .  Ana l .  ( ' a l cc l

fo r  C l r : ,HzxCINOr :  t l .  58 .91 :  H ,  9 .23 ;  N .  -1 .5E .  F -oun t l :  ( ' .  58 .97 :
H ,  9 . 2 2 ;  N ,  4 . 4 8 .

2-Chloro-N-(4-(4-morphol inyl )benzyl)acetamide (2f l .

Compound  2 f  was  p repared  f rom l f  (5 .01g ,28  mmol )accord ing
to the procedure described for acetamide 2a. The desired product
2f was purified by chromatography on sil ica gel (ethyl acetate/
hexane, v lv :  50:50 )  to g ive 6.05 g (23.8 mmol,  85' / ,  )  of  a rvhi te
s o l i d :  m p  1 5 7  1 5 8 ' C :  r H  N N { R  t 4 0 0  M H z .  C D C l i r ) ( )  i 1 . 1 3  { r . . /
- -  4 . 8 H 2 . 4 H r .  : l  8 6  t t . . l  : , 1 . 8  i l z . 4 l i ) . 4 . 1 7  ( s .  2 H r , 6 . 8 9  r d , . /
- . 8  8  H z . 2 l l  . ; . 1 , 1  r l . . /  - -  x  x  I { 2 . 2 H t . 8  1 5  t b r .  1 l l , '  t : r 1 ' \ \ I R

1 0 0  \ l l l z  ( ' [ ) (  i  , r  1 ]  \ 2 .  1 ! )  l t ) . 6 { j ; S ) .  1 1 ( i . i 3 .  1 2 1  6 j i .  1 2 9 . 1 9 .
1 - 1 8  x ; .  l i i ; ]  

- , 1  
t l t t \ l S  f ' - l  l l  t ' r r l c t l  f i r r '  ( ' ,  I L , , ( ' l \ , O ,  n i l :

j 5 - l  ( ) , r12 .  t i r un r i  n r  - -  l 5 -1  ( ) ,92 , :

2-C hloro- I ' -dehl 'droabiety lacetamide (  29).  ( '  onrpound 29
rvas prepi i red l iom dt 'h1 'droabiety lamine acetate ( the acetate of
lg i  according to the procedure descr ibed for  acetan-r ide 2a.
Dehvdroabiety lamine acetate (Aldr ich,  857 t  was recrvstal l ized
from hexane before use.  The acetate (2.96 g,  8.57 mmol)  gar. 'e

3.10 g (2.69 mmol,  87a/(  |  of  29,  af ter  pur i f icat ion by chromatog-
raphy on s i l ica gel  (ethyl  acetate/hexane, v/v :  30:70 ) ,  as a whi te
sol id:  mp 48-49 "C; rH NNIR (400 MHz, CDCI3) ( )  0.98 (s.  i lH r .

1 . 2 4  ( s ,  3 H ) . 1 . 2 5  ( d ,  J  :  6 . 4  H z . 6 I I ) .  1 . 2 6  1 . 3 5  r o v e r l a p p i n g
resonance .  1H ) ,  1 .35  -  1 .5  (ove r lapp ing  resonance .  3H ) .  1  .65
1 .95  rove r lapp ing  resonance .  4 l f  t . 2 . : l ' 2  td . - /  -  12 .81 {2 .  lH  ) .  2 .8
3 .0  (ove r lapp ing  resonance ,  3 I {  t .  3 .17  (dd , , l  :  6 .4 .  13 .2  l l z .  lH t .
3 . 3 0  r d d , . /  =  6 . 4 . 7 : l . 2 I I z ,  1 H t . 4 . 0 7  ( s , 2 H ) ,  t i . 6 7  ( b r ,  1 F I r . 6 . 9 2
r s .  1 H t . i . ( \ 2  r r l d . . . /  =  1 . 6 ,  8 H z , 1 H ) , 7 . 1 9  ( d ,  J :  B  H z .  1 H r :  r ] ( '

NMR (  100  I ,1 l - l z .  ( ' l ) c l , r )A  18 .54 ,  18 .57 ,  19 .05 ,  23 .89 ,  23 .92 ,2 i r . i l 6 .
30.  3 1 .  33.  3 7.  ;16.  1 6,  :17 .  13,  37 .  48.  38.24,  42.83,  45.64,  50.25,  1 23.  i t8.
124 .15 .126 .91 .  13 .1 .61 .  145 .61 ,  146 .90 ,  165 .74 .  HRNTS-FAB tN I
+ Na')  calcd ibr  ( lzzH;zClNONa mlz 384.2070. {br . rnd ni le
384.2071.

N-Dodecyl-2-( th ioacety l )acetamide (3a).  Tr ieth5r lamrne
( 1 . 3  m L . 9  i r  m m o l t a n d  t h i o a c e t i c  a c i d  ( 1 . 1 m L .  1 3  m m o l ) w e r e
mixed wi th cool ing in an ice bath.  The solut ion was st i r red for
abou t  5  m in  under  a rgon .  Compr - rund  2a  (1 .93  g ,7 .37  mmol )
dissolved in 7 mL of  d ichloromethane was addec- l  s lowly to the
above solut ion.  The solut ion was st i r red for  another 40 min
dur ing which a whi te sol id precip i tated out  s lowl .y.  Af ter  about
30 mL of  d ichloromethane was added to d issolve the sol id.  the
solut ion was washed twice wi th br ine.  The organic laver was
dr ied wi th magnesium sul fate.  and the solvent  was removed bv
evaporatio n in uacuo . The pale yellow solid obtained was purified
by chromatography on sil ica gel with ethvi acetate/hexane (v/v
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: 25:75). Product 3a ( 1.88 g, 6.24 mmol, 85c/t,) was obtained as
a whi te  so l id :  mp 66-67 'C;  tH NMR (400 MHz,  CDCI3)  d  0 .88
f t ,  J :6 .6H2,3H) ,  1 .2-1.4  (over lapp ing resonance,  18H),  1 . .1*
1 .5  (m ,  2H) ,2 .4 I  ( s ,  3H) ,  3 .20  ( t ,  J  : 7 .2  Hz ,  1H) .  3 .22  ( t .  J  : 7 .2
Hz.  1H) ,  3 .51 (s ,  2H) ,6 .15 (br ,  1H) '  t3C NMR (100 MHz,  CDCI3)
() 14.06, 22.63, 26.74, 29.I8, 29.29, 29.47. 29.51. 29.56,30.20,
31.85,  33.03,39.83,  167.92.195.87.  HRMS-FAB (M + H*)  ca lcd
for CraHrzNOzS mb 302.2154,found mlz 302.2136. Anal. Calcd
fo rC r6Hs rNOzS:  C ,  63 .74 :  H ,  10 .36 ;  N ,4 .65 .  Found :  C ,63 .65 ;
H .  10 .25 ;  N ,  4 .58 .

General Synthesis of (Thioacetyl)acetamides 3b-39.
Compounds 3b, 3c, and 3e-g were prepared by a procedure
similar to that described for 3a. The desired products were
obtained as white solids. For 3d, tetrahydrofuran was used as
solvent for the reaction, and the desired product 3d was obtained
as a light yellow oil.

N- ( f 1 -Hydrorqrundecyl)-2-(thioacetyl)acetamide (3bt. rnp
83-84 'C;  tH NMR (400 MHz,  CDCI3)  d  7 .2-1.4  (over lapprng
resonance ,  14  H ) ,  1 .4 -1 .5  (m ,  2H) ,  1 .b -1 .6  (m ,  2 I {  \ , 2 .41 r> .  i i I I r .
3 . 2 0  ( t .  J : 7 . 2  H z ,  1 H ) ,  3 . 2 1  i t . J  : 7 . 2 1 I 2 .  1 H r . ; l . i r 1  i s .  l l l , .
3 .64 f t , J  :  6 .6H2 ,2H \ ,6 .17  (b r ,  lH ) :  t 3c l  N \ IR  r  100  N {Hz .  CDCI ,
( )  25 .68 ,  26 .7 I , 29 . I 1 ,  29 .29 ,  29 .34 .29 .38 .  29 . -18 .  30 .23 .  32  ; i i .
l l :1 .05,39.84,63.02,  167.98,  195.94.  HRXIS-F, \B, ] I  -  \a  'ca icd
fbr Cr,rHzgNO,;SNa rnlz 326.1766, found mlz 326.1769. Anal.
Calcd for  CrsHzgNOsS:  C,  59.37;  H,  9 .63;  N,  ,1 .62.  Found:  C,
59.40;  H,  9 .66;  N.  4 .62.

N - (2,2,2 -Trifl uoroethyl ) -2- ( thioacetyl ) acetamide (3c). mp
86 -88 'C ;  lH  NMR (400  MHz ,  CDCb)  b2 .43  ( s ,3H) ,3 .57  ( s ,2H) ,
3 .87  (q ,  J :  8 .9  Hz ,  lH ) ,  3 .89  (q ,  J :  8 .9  Hz .  1H) ,  6 .60  (b r ,  lH ) ;
'3C NMR (100 MHz,  CDCI3)  d  30.08 (s) ,  32.65 (s) ,  40.89 (q ,  J  :
35 Hz), 123.84 (q, J : 276 Hz), 168.72, 196.08. HRMS-EI (M*)
calcd for CaHgF:NOzS m/z 215.0228, found m/z 215.0240.

N-(2- (3 ,4-Dihydroxypheny l  )e thy l ) -2- ( th ioacety l )acet -
am ide  (3d ) .  'H  N l iR  (400  N ' iHz ,  CD: rOD)d  2 .113  r s .  i t I I r . : 2 .00
r t .  J  : 7 . 6 } j 2 . 2 H t .  3 . 3 2  t r .  J  =  7 . 6 H 2 . 2 H  .  3 . 5 5  r s .  2 H  .  r i . - 1 9
l d . J : 8 . 0 H 2 .  1 H ) , 6 . 6 1  r s .  1 H r .  6  6 7 , d . . / :  g . r . l  H z .  l H  .  r  i ( '  \ ] 1 R
{100  N ' fHz ,  CDrOD, , )  3C) .00 .33 .59 .35 . t j 3 .  - 12 .5 ! .  11 t j  r l \ .  l i t i  r x .
121 .05 ,  131 .81 .  14 .1 .76 .  1 .+6 .21 .  170 . -19 .  196 .05 .  HRI tS -E I  \ l
calcd for CrzHr,;NO+S mlz 269.0722. tbund mlz 269.0i18.

Methyl I  2-(2- (Thioacetyl)acetamido)dodecanoate ( 3e ).
np 69-71 'C; tH NMR (400 MHz, CDCI3) 61.2- 1.35 (overlapping
resonance,  14H),  7 .4-1.5  (m,  2H) ,  1 .55-  1 .65 (m,  2}J) ,2 .30 ( t ,  J
:  7 .6  Hz ,2H) ,2 .40  G ,3H) ,  3 .20  ( t ,  J  :  7 .2  Hz ,  1H) ,  3 .21  ( t ,  J
:  6 .8  Hz,  lH) ,  3 .51 (s ,  2H) ,  3 .66 (s ,  3H) ,  6 .17 (br ,  1H) ;  t3C NMR
( 1 00 MHz, CDCI3 ) d 24.94, 26.7 6, 29.12, 29.I9, 29 .2I, 29.34,29. 38,
29.45,  30.24,  33.07,  34.10,  39.97,  51.42,  167.97,  17 4.30,  195.93,
HRMS-FAB (M * Na+) calcd for CrzHsrNOaSNa m/z 368.1872,
found mlz 368.1881. Anal. Calcd for CriHrrNOqS: C, 59.10; H.
9 .04 ;  N ,4 .05 .  Found :  C ,  59 .05 ;  H .  9 .12 ;  N .  4 .00 .

N-(4-(4-Morpholinyl)benzyl) -2-(thioacetyl )acetamide (3fl .
m p  1 7 0 - 1 7 1  ' C :  1 H  N M R ( 4 0 0  N [ H z ,  C D C I I ) d  2 . 4 3  r s . 3 H ) . 3 . 1 0
( t ,  J  :  4 .8  Hz,  4H) ,  3 .64 (s ,  2H) ,  3 .85 t , t .  J  - -  -1 .8  Hz.  . lHr .  6 .9 ;
td ,  J  :  8 .8  Hz,  2H) ,  7  .39 (d ,  J  :  8 .8  Hz,  2 I i ) ,  8 .03 (br ,  1H ) :  LC.
NMR (100  N {Hz ,  CDCI3 )  6  30 .22 ,34 .07 .  49 .7 I . 66 .80 .  116 .21 .
I21.25,130.37, 148.33, 165.99, 196.72. HRMS-EI (Mt)calcd for
Cr+HrsNzOzS m/z 294.1038, found mlz 294.1027.

N-Dehydroabietyl-2-(thioacetyl)acetamide (3g). mp 40-
4 l "C;  tH NN{R (400 MHz,  CDCI; )d  0 .91 (s ,  3H) ,  1 .20 (s ,  3H) ,  1 .21
(d,  J :6 .8  Hz,  6H) ,  1 .25 -  1 .4  (over lapp ing resonance,  4H) ,  1 .6-
1.9 (overlapping resonance, 4H), 1.95 (s, 3H), 2.28 @, J :  12.8
Hz,  1H) ,  2 .81 (h ,  J  :  6 .8  Hz,  1H) ,  2 .85-2.95 (over lapp ing
resonance,  3H) ,  3 .31 (dd,  J  :  7  .2 ,  L4Hz,1H) ,  3 .39 (d ,  J  :  I4Hz,
1H) ,  3 .50 (d ,  J  :  14 Hz,  1H) .  6 .33 (br ,  1H) ,  6 .Sg (d ,  J  :  1 .2  L Iz ,
1 H ) , 6 . 9 6  ( d d ,  J : 1 . 2 , 8  H z ,  1 H ) ,  7 . 1 4  ( d ,  J : 8 H z , 1 H ) ;  1 3 C  N M R
(100 MHz, CDCI3)d 18.57, 18.80, 18.84, 23.95,23.99,24.99,29.49,
29.85, 33.02, 33.43, 36. 10, 37 .22, 3 7. 69, 39.46, 44.44, 49.5I, I23.64,
124.08, 126.87, t34.94, t45.62, I47 .22, 169.31, 196.72. HRMS_
FAB (M + Na+) calcd for Cz+H:sNOzSNa rnlz 424.2286, found
m/z 424.2294.

N-Dodecyl-2-mercaptoacetamide @a). Compound Ba
(1.20 g,3.98 mmol) was dissolved in 30 mL of methanol. An
aqueous solut ion of HCI (38Vo,6 mL) was added to the solut ion.
The solution was stirred under argon for 12 h. After the
evaporation of methanol in uecLro, the aqueous solution was

T'ant-Chang et al.

extracted three [ imes wrt ir  dichiorornethane. The combined
organic laver'*as dned u' i th ntag;resi lrm sulfate. Evaporation
of  so lvent  gave 0.94 g ,3 .6  rnnro l .  91/ i  '  o t  r  h io l  4a as a  whi te  so l id :
mp  48 -50  'C ;  'H  NMR i40L r  l I I l z .  ( 'DC ' i ,  , )  0 .8d  \ t .  J  :  7 .0  Hz ,
3H) ,  1 .2-1.4  (over iapp i r - rg  resonanc( ' .  1 , r t l  .  1 . .1S 1.58 rm.  2H) ,
1 . 8 4 ( t ,  J : 9 . 2  H z .  1 I { ) . 3 . 2 4 t d , J  .  t t . 2 I I z . : } l  . ; J  2 7  t t . . J  - : 7 . 0

H z ,  1 H ) , 3 . 2 8  ( t ,  J : 7 . 0  H z ,  l H r . 6 . u 5 , b r .  l i l  :  i  ( ' \ ] l R  r 1 0 0
M H z ,  C D C h )  d  1 4 . 0 5 ,  2 2 . 6 2 , 2 6 . b 3 .  2 8 . i r i .  : e . 1 1  . ' 2 9 . 2 ; . 2 9 . 3 5 .
29 .46 ,29 .50 ,29 .56 ,31 .84 ,39 ,91 ,  168 .97 .  I { i ? . - \ tS  i .AB  } t  -  H ' r
calcd for ClaH3sNOS m/z 260.2048, founcl rru r. 260 f Oil1 '\rral.
Ca l cd  f o r  C r+HzgNOS:  C .64 .81 ;  H ,  11 .27 ;  N . ; . 1 ( l  F i r 111161 '  g ,
6 5 . 0 9 :  H .  1 1 . 1 0 :  N .  5  5 2 .

N'(11-Hydroxprndecyl)-2-mercaptoacetamide t.lb t. Thi
o l  4b was prepared f rom Sb (0 .100 g,  0 .30 mmol  )  accord ing t t i  th t ,
procedure descr ibed fbr  th io l4a.  Th io l4b (0 .061 g.  0 .2 : l  nrnro i .
77c/r t  was obtained as a white sol id: mp 64-65 "C; 'H NllR i-100
MHz.  CD( ' l  J  r  A 1 .25-1.4  (over lapp ing resonance.  14Hr,  1 .5-1.6
,  ovcr lapprng resonance,  4H) ,  1 .84 ( t ,  J  :  9 .0  Hz, IH) ,3 .24 (d ,  J
-  9 .U F lz .  2H r .  i i .27 rL .  J  :  6 .7  Hz,  1Hr ,  3 .29 ( t ,  J  :  6 .7  Ha lH) ,
: l . t i - l  i  t .  . l  -  6.6Tlz,2H). 6.69 {br, 1H); '3O NNIR ( 100 MHz, CDCl,r)
, )  2 , ' r .70.  26.83,  28.29.29.1E.  29.35,  29.11,  29.49,  32.77,39.98,
611 05. 169 06. HRMS-FAB (NI - I l -)calcd f 'cr Cr,rH:sNC)25 ntlz
262. i t .11.  tbund mlz  262.7829.

N- (2,2,2-Trifluoroethyl)-2-mercaptoacetamide (4c). Thi-
ol 4c n'as prepared from 3c (0.11 g, 0.51 mmolt according to the
procedure described for thiol 4a. Thiol 4c (0.064 g, 0.37 mmol,
72LL) w as obtained as a thick slurry which turned to a white solid
on cool ing to  5  'C.  rH NMR (400 MHz,  CDCb) 6  1 .92 ( t ,  J  :9 .2
Hz , IH ) ,3 .33  (d ,  J  :  9 .2H2 ,2H) ,3 .95  (q ,  J  :  8 .9  Hz ,  1H) ,  3 .96
(q,  J :  8 .9  Hz,  1H) ,  7 .02 (br ,  1H) ;  13C NMR (100 MHz,  CDClr r )
d  28.08 (s) ,  41.05 (q ,  J  :  35I lz t ,  123.88 (q ,  J  :  278 Hz) .  169.40
(s). HRMS-EI (M-) calcd fcr Co He F;r NOS mlz 173.0122, found
rnlz 173.0116.

N-  (2 - (3 ,4 -D ihyd roxypheny l  ) e thy l  ) - 2 -mercap toace t -
amide (4d) .  Thr( ) i  4d \ \ ' i rs  pr . 'p i t red { iom l ld  r0 .15 g,0 .5 t i  rnmol )
r r cc ' o r r l i ng  t r r  t i t t  l r r ' ,  r t ' t , r l i r r r . r 1 t , - r ' n i r t , r l  t i l ' t i t r o l  - l a .  Th io l  4d  r0 .12
i  r ) , ; , i  n l n i ( ) i . 9J  ,  \ \ ' l i i  1 ) i ) t ( i l n r . d  r t >  l i  i i gh t  v t , l l o r i  o i l .  1H  N I ' IR
i i r r t  1 1 1 1 r .  ( ' l )  ( , I )  l  r i - i  i . . /  . .  , . t t I 1 z , . 2 i i  .  3 . 1 1  r s . 2 H r .  ; J . 3 4
t . . l  I  t i  I { 2 .  t l i  .  r i ; 2  , i d . . /  -  6  ; .  2 . 0  H z .  1 I i r . 6 . 6 . 1  ' d .  J  :

' ) . . 0 1 1 2 . 1 F {  . 6  6 ;  d . . /  r i . ,  H z .  i I I r :  r  ( l \ } 1 R r 1 0 0 } I H z , C i l C l : r )
, )  27 .66 .  ; 15 . i . i 0 .  - 12 ; , 5 .  116 :J1 .  116 .78 .  120 .96 ,  131 . . 13 .  114 .62 .
146.02,  174.69.  I IRI IS-El  tXI - )  ca lcd for  CroHr ; rNOrS r rz lz
227.0616,  found n i lz  227.0607.

L2-(2-Nlercaptoacetamido)dodecanoic acid (4e). Ester
3e (0.21 g, 0.59 mmol) was suspended in 20 mL of lN NaOH. The
white suspension was stirred at room temperature under nitrogen
for 24 h to give a colorless solution. The solution was acidified
with a 38% aqueous solut ion of HCl. The white sol id precipitate
was f i l tered and dissolved in dichloromerhane. The solut ion was
dried with anhydrous magnesium suifate. Evaporation ofsolvent
gave 0.16 g {0 .55 mnto l .  91 ' ) t  o t '  th ro l  5  as a  whi te  so l id :  mp
i i t -  i6 'L ' :  r l I  NX. IR r .10t )  I I I {2 .  ( 'DCl l j  r  d  1 .25-1.4  (over lapp ing
r e s o r i : l n c r .  i - i I I , .  I  , ,  1 , t i  , n r . : H  .  1 . 6 - 1 . 7  ( m , 2 H ) ,  1 . 8 7  \ t , J :
9 . 2 I l z .  1 l l  .  I  j l . 1  ' . . i  I  r i  [ i z .  2 H ) , 3 . 2 6  ( d ,  J :  9 . 2 H 2 . 2 H t .
j J  2 b r t .  J ' l  6 l i z . l l {  . 6  ; t  b r .  1 H ) ; r 3 C N M R ( 1 0 0 M I { z . C f X ' l , r
r )  24 .6E .  2 t i  ; ! r .  l F  ; 10 .  1 r . 9 .1 .  29 .07 ,29 .L5 ,29 .21 ,29 . : l l .  29 . J -1 .
29.36.  33.93.  -19 r )2 .  1 t  j !1 . ; j i .  178.72.  HRNIS-FAB rNI  -  Na rca lcd
for ( lrrF{:; \(),S\rr nt, ' ' :  312.1609, f<rund ntlz 312.1612. Anal.
Ca l cd  f o r  ( ' r ,H ,  \OS :  C ,64 .81 ;  H ,  11 , . 27 .  N ,5 . . 10 .  Found :  C ,
65 .09 :  H ,  I  1 .1 ( ) ;  \ .  5 , ' r 2 .  Ana l .  Ca l cd fo rC r+HzzNOaS:  C ,58 .10 ;
H,  9 .40;  N.  -1 .8 .1  For ind:  L ' .  58.11;  H,  9 .50;  N,  4 .80.

2-Mercapto-.\ - (,1- ( 4-morpholinyl)benzyl) acetamide (4f).
Compound 3f r0. i6 g. 0.54 mmol) and sodium methoxide (0.03
g, 0.54 mmoi, were drssolved in 5 mL of methanol and st irred
at room trlntperature under argon for 12 h. The solution was
acidified to pH 4 u,ith 38% aqueous solution of HCl. The solvent
was evaporated. and 5 mL of water was added to dissolve the
inorganic salt. The undissolved solid was filtered. washed u,ith
water. and dried rn uocuo to give 0.091 g (0.36 mmol, 72(r t  of
thioi 4f as a white sol id: mp 230 "C (decomp); lH NNIR (400
MHz ,  DMSO-d6 )  d  3 .18  ( t ,  J  : 8 .0  Hz ,  lH r ,  3 .33  rd .  J  :  8 .0  Hz ,
2 H ) , 3 . 4 7  ( b r . 4 H ) , 4 . 0 3  ( b r ,  4 H ) . 7 . 7 0  ( b r , 2 H t , 7 . 7 t  r s ,  1 H J . 7 . 7 6
(s ,  1 I I ) ,  10.85 (br ,  lH) ;  13C NMR (100 MHz,  DMSO-d6 t  b  28.21.
53.34,  63.85,  119.87,  119.98,  L20.97,138.58,  169.09 HRI IS-EI
(N{*) calcd for CrzHroNzOzS mlz 252.0999. found mlz 252.0gJ7.

N-Dehydroabietyl-2-mercaptoacetamid e (4g1. Thiol 49
was prepared f rom 3g (0 . I1  g ,0 .27 mmol)  accord ins to  the
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Table 2. X-ray Photoelectron Spectroscopic Data of SAMs

XPS binding energl' (eVt

SAM prepared from r ( l s ) O r l s t N t l s l C ( 1 s ) St zp' r" :  Sr  2O I  
' :  

Au(41t l2 t  Aut415/2 i

CHr(CHz)r  TNHCOCHzSH t  4a I
HO(CH2) l  TNHCOCHzSH (4b r
CF:TCHzNHCOCHzSH t4ct
cF3(cH2)3sH

H O < \  / > C H 1 C H 1 - N H C O C H 2 S H  r J d r
\ z

H O

H O O C ( C H 2 ) r  I  N H C O C H : S H  t  4 e  t

/  \  / - \
o. ,Na\  zFr lHcoct l2sr l  r { l )

\__J \___-7

5 3 1
5 3 3 . 5 3 1

688  531
€jE7

ir33. 53 1

399 287,285
400 287,285
400  292 ,287 ,

292.284
399 287.285,

286.284

284

16.1
164
1 b 4

163
163

163
163

163

1 6 2
162
162
l f ,  1

162

1,62
r62

r62

88
8fi

88
88
88

B4
84
84
B4
84

84
84

84r . l g i

533,  532
532,  530

5 3 1

C H :

i  C H :

procedure described for thiol 4a. Thiol 49 (0.088 g,0.24 mmol.
89%)was obta ined as a  whi te  so l id :  nrp  105 107 'C:  rH N\{R
( 4 0 0  M H z ,  C D C I 3 )  d  0 . 9 6  ( s . 3 H t .  1 . ' 2 2  i s . 3 H .  1 . 2 2 , d . . . /  -  t i . , 3
Hz,  6H) .  1 .25 1.55 (over lapp ing resonance.  -11{  r .  1  65 1 9 , . r
( o v e r l a p p i n g r e s o n a n c e . 5 H r . 2 . 2 9 t d . J  =  1 2  1 H z .  1 U  . I  7 i  : l  0
(ove r l app ing  re - sonance .  3H) .  3 . i 5  r dd . . /  -  6 . { .  1 : l  6  l l z .  1H  .
3 . 2 5 - 3 . 3 5  t o v e r l a p p i n g r e s o n a n c e . 3 H , . 6 . S 5  b r .  l H  .  s  r 9  d . . /
:  1 . 6  H z ,  1 H ) . 7 . 0 0  ( d d .  J :  1 . 6 . 8  H z .  1 H  .  ;  1 ;  d . . l  -  r  H z .
1H) ;  t ; r g  NMR (100  MHz .  CDC l , r r r )  18  52 .  19  1 -1 .  2 ; l  g i t .  2 ;82 .
26.65,30.  1  1 ,  33.40.  36.27 .37.5 1 .  3  7 .E- l .  ; t8 .  1  7 .  +5.  55.  5 t .T  2 .  1  23.g j t .
124.16,  126.90,  134.46.  1 .15 71.  1 .16 80.  1 ;3  26 HRI IS-FAB
(M + H*) calcd for C::H'I+NOS rnlz 360.2361. found mlz
360.2370.

Preparation of Substrates. Gold films supported on silicon
wafers were prepared by electron-beam evaporation of - 10 A of
titanium (Aldrich, 99.99%.), used to promote adhesion of the gold
to SiOz, fol lowed immediately (-1 s) by evaporation of -1000 A
of high-purity gold (Materials Research Corp., Orangebury, l{Y,
99.9999%) onto single crystal si l icon(100) test wafers (Si l icon
Sense: Nashua, NH; 100 mm diameter, .-500 rm thickt. The
metals were evaporated at a rate of 3 A/s onto substrates at - 20
oc .

Formation of SAMs. Adsorption on golcl r . ' f  thir i ls 1i ' r i rn t ir t , i r '
solut ion ir-r ethanol u'as perforrned ac'crrrding to t ir t .  proc't .clurt.
pub l ished pre ' r ' ious l r - . 'except  that  0 .06 nt l l  acet ic  ac id  u 'as  added.
un less s ta ted othenv ise.  to  the so lu t tons of  th io ls  4a-g tc r
min imize the format ion of  d isu l f ide.

Characterization of SA-lVIs. Contact angles were rneasured
on a Rame-Hart } lodel 100 goniometer at room temperature and
ambient humidity. Advancing and receding contact angles were
measured on each side of at least 3 drops of each liquid on the
SAMs; data reported represent the average of these measure-
ments. A Micro-Electrapette syringe (Matrix Technologies,
Lowell, MA) was used for dispensing or removing the liquids
onto or from the SAMs. Ellipsometric measurements were made
using a Rudolf Research Type 43603-200E ellipsometer equipped
with a He-Ne laser t  ) .  :  6328 A) at an incident angle of 70".
Values of thickness were calculated using a program written by
Wasserman.3s The procedures for contact angles and ellipso-
metric measurements were described previously.3 X-ray pho-
toelectron spectroscopv tXPS) was performed with an Surface
Science Instruments X-100 spectrometer. Detection was per-
formed with a concentric hemispherical analyzer operating in
fixed analyzer transmission mode and a multichannel detector;
the angle between the sample and detector was 36.5". The area
of the sample illuminated by X-rays was -600 nm2, and the
acquisition time of the sample was -50 min for high-resolution
analysis (Table 2). No compensating flood gun was used in this
study since all samples were conducting and grounded to the
spectrometer. The thicknesses of SAMs derived from 4a-gwere

(39)Wasserman, S.  R. ;  Whi tesides,  G.
M.:  Pershan. P.  S. :  Axe.  J.  D.  J.  Am. Chem

M. ;T idswe l l ,  I .  M . ;  Ocko ,  B
Soc. 1989. 1 I 1. 5852-5867

Table 3. Exchange of SAIVIs Prepared from 4a or from
Hexadecanethiol with 5 mM Solution of

CF3CONH(CHz)uSH in Heptane

C i  e x c h a n g e  ' i  e x c h i r n g t '

a f t e r  3  c l a v s  a f i t , r  1 0  r l r r v s

t ' l l  t  i l  ' i i l ( ' l (  I I  S I I  { a
r ' l l  ( ' l {  s t l

c a l c u j r r t t , d  t i ' r r n r  t h t , X l ) S  i n t t , n s i t i t , s  r i l  t h e  A u r - 1 1 r  - ' p e a k  o f ' t h e
s a m p i e s  u s u r {  t i r e  r e l a t i o n s h i p  d e s c r i b e d  i n  e q  2 : 1 '

At ,  :  Aur:o(e-dl ( i 'Ausind)) t 2 \

where Aua and Aua-o are the intensities of the Au(4ftl2i peak clut'
to a SAM of thickness d and bare gold, respectivelyi iau tequal
to 42 A)10 i .s  the inelast ic  mean f ree path of  the Aut4{t '2r
photoelectron:  l /  rer l r :a l  to 36.5 "  t is  the angle between the analvzer
: rnd  the  s r rn rp l t .  

' l ' h t , r ' l r l ue  
Au .  ' , r va - *  de te rm ined  us ing  eq  2  f i r r

l i  S ' \ ] l  r j t , r r r - t , r l  t ro l r  i r r rac lec ' r rne , th io l .  
" i ' h rc l i  

has  a  th i ckne 'ss  t11  r
o f  i ( t  A  l i .  r L  . t l r r r r l l r r r i .

F )xchange  u ' i t h  Th io l s  i n  So lu t i on .  The  exch i i ng t ' o1 'SA l l s
p r t l - x r rec i  l j ' on r  bu tane th lo l  o r  4c  u - r th  hexaderc i rn t ' t h io l  u 'us
fo l l t ru 'ed  bv  d rpp rng  the  SAI Is  i n  a  5  m l l  e thano l i c  so lu t i on  o i '
hexadecanethio l  in a weighing bot t le kept  in the dark.  A{ter  a
fixed time, the sample was removed from the vial and u'ashe'd
with 10 mL of ethanol, 10 mL of water, and 10 mL of heptane.
The percentage exchange of SAM prepared from butanethiol
(C4SH) wi th hexadecanethio l  (C16SH) was obtained f rom the
surface composition \yn : mole fraction of component n ) of tht'
mixed SAM after exchange (eq 3).

7c. exchange : /<tross x 100% t3 r

To evaluate the surface composi t ion (X, , ) ,  we assumed that  the
thickness t r l t  of  a SAM composed of  the two th io lates was tht :
simple weighted ilverage of the thicknesses of SAN{s derived
from the indiv idual  th io ls (eq 4) .41

d : (Lc.qssdc+sn) * Q.gru11dc16sH) A)

Equation 4 assumes that the packing density of the SAM does
not change with surface composition. The surface composition
was determined by comparing the thickness of the mixed SAM

(40) Bain,  C.  D. ;  Str i tes ides,  G. M. J.  Phys.  Chem.1989, 93,  1670
1673 .

(41)Laibin is,  P. ;  Fox,  M. A. :  Folkers,  J.  P. :  Whi tesides.  G. 1\{ .
Langmutr  1991. 7,  3167-3173.
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399 287,286,285,284

399 287.284
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Table 4. Data from XPS

11 ,  1995

of a SAM from 4c That Show That This SAIVI
Conditions but Is Stable When Kept in

Tam-Chane e, t  a l .

Is Unstable under Standard Laboratorv
the Dark

normalized intensity (7r )

l ight" t ime (h)

exposure F ( 1 s )
687.8 eV

N(1s )
399.7 eV

Stzp)6
168.0 eV

S(2p;rz 1'
163.6 eV

S{ 2p t"z , '

1 6 2 . 2  e V ti oxidationd

as prepared
n o 1
yes 1
n o 5
yes 5

100
97
6 1
97
29

100
100
70

100
46

to the thickness of SAMs derived from the individual components
(eq  5 ) . 4 r

d - d'n'n

.  / - c l 6 s H :  
G e s H  

-  d c r s H  
{ r }

The thickness of each SAM was calculated from the XPS
intensity of i ts C(ls) peak using eq 6:

ca :  c -  t 1  -  a -d l { z ' ' s i no )1  (6 )

u'here Ca and C- are the intensities of the C(1s) peak due to a
monolayer of thickness d and an infinitely thick iayer of
hydrocarbon respectively; ,ic (equal to 35 A)a0 is the inelastic
mean free path of the C(1s) photoelectron. C- was determined
from a SAN{ derived from hexadecanethiol td :20 At3 using eq
o .

The percentage exchange of SANIs derived frorn 4c or' -1.-1.-1

tr i f luorobutanethio l  r i ' i th  hexadecanethio l  u 'as obtained f rom the
sur face  co rnpos i t i on  r7 ,  -  n ro le  f rac t i on  o f  con rponen t  ' r  , ' f  ' . h , .

m ixed  SAI {  ob ta ined  a f te r  exchange  req  3  r .  The  exchange  o f
hexadecanethio l  q ' i th SAXIs der ived f rom 4c or  4, .1, . i - t r i f luo-
robutanethio l  resul ted in a decrease in the mole f ract ion of  the
fluorinated component on the surface and an increase in the
thickness of the monolayer that attenuated the F(1s) signal. To
determine the surface composition X, of the SAMs after exchange,
we monitored the F(1s) signal (1) and corrected this signal for
attenuation:

I  :  (1 -  
. rcross)Ip (e-d( ' t rs ino);  Q)

where 1p is  the intensi t r ,of  the Fl  1s r  peak of  SAIIs prepared f rom
4c  h r  4 ,4 .4 - t r i f l uo robu tane th io l r :  L r  l equa l  to  27  Ara '  i s  thc
ineiast ic  mean f ree path of  the F(1s) photoelectronl  - \  is  the
increase in the th ickness of  the monolay 'er  resul t ing f rom
exchange (eq 8) .  The value dr-  is  the th ickness of  a SAM der ived
from 4c (or 4,4,4-trif luorobutanethiol).

A : /cros'(dcrosg - di (8)

Exchange of SAMs prepared from 4a or from hexadecanethiol
with CFTCONH(CFI2 tl1SH was performed bydippingthese SAMs
in a 5 mM ethanolic soiution of CFsCONH(CHz)uSH for a fixed
time. The amount of exchange was determined by comparison
of the F(1s) signal of the mixed SAM (/-,*) obtained after exchange
with the intensity (I.ta)for a SAM derived from CF3CONH(CHz)rr-
SH:

1_,_
Tcexchange:#x 1007a (9)

r std

The exchange of SAMs prepared from 4a or from hexade-
canethiol with CF3CONH(CH2)rrSH in heptane was performed
using the same procedure described for the exchange experiments
performed in ethanol (Table 3).

SAMs from 4c Are Unstable in the Atmosphere of
Laboratory. SAMs from 4c were left under ambient conditions

(room temperature and pressure and standard laboratorr- l ight-
rng) for a fixed time. After photodamage, the SAIIs w'ere not
u'ashed with water or any solvents, and the composit ion of these
monolavers was analyzed immediately by XPS (Table - lr .  The
amount of photooxidation of sulfur in these SAMs was dete'rmined
b1'comparison oftheXPS intensity ofthe S{2psrz, and the St2ptizi
signal, at 163.6 eV and 162.2 eV. respectively, of SAMs before
and after their exposure to light.

LfV-Induced Damage of SAMs. L\' damage of'SAMs was
induced by a Canrad-Hanovia 450 W medium pressure mercury
vapor lamp (type 7825-34 from ACE Glass) that was water cooled
(type 78548 from ACE Glass). The llV damage experiments
were performed with substrates lying side by side, at about 5
mm under the immersion well of the fIV' lamp, to ensure that
SAMs were damaged under similar conditions. After l,'V-induced
damage, the samples of SAMs prepared from 4a or from
hexadecanethiol r,r'ere dipped into a 5 mXI ethanolic solution of
CF3CONH(CH:,)rrSH for 5 min and then anall 'zed b5' XPS. The
perce 'n tagc of  dr rn l rgc u 'as  i ' r r lcu lzr ted f ronr  the F(1s is igna l  o f the
t t t i x t ' c i  S r \ ] i  , r i t l r i L l t r t l  1  ,  t , , t l t ] ) l 1 t ' ( ' ( l  r i ' i t i - i t h a t o f a S A I I p r e p a r e d

t l ' o n r  ( ' l '  ( ' ( ) \ l {  {  I I  : l {  1 .  .  t . t l  1 { )

100
100
65
98
1 /
l-.+

0
0
0e

0
29"

0
0

, J ; )

0
E6

100
100
65
98
t4

' Standard laboratory lighting. i The observed peak is the combined S(2prP) and S(2p3l2) peaks ofsulfonates (RSO3) \i'hich are unresolved
for this weak signal. " S(2p) peak ofgold thiolates. d Calculated as (100 - lsrzon,). Is,rpr,, is the normalized intensity ofthe Si2pr !, peaks
of the thiolate remained. " Sulfonates do not form stable monolavers on sold.3|

The percentage of damage of SAMs derived from 4c or from
4,4,4-trifluorobutanethiol was determined by monitoring the
decrease in the F(ls) peak (1)of the SAMs after its exposure to
IJV for a fixed time / (eq 11).

I' i  darrrage : ; l r  > l00q(
r  s td

(1,_" - I ,)' ,  d l t i nage  :  
I , u  

x  1007

(  10 )

(  1 1 )

UV Li thographl '  Using SA-Ms f rom 4c.  Photopatterning
o f  SAf l s  f  rom - l c  u : t . d  r i  co ] )p i , r  gnd  ( i 075  ,B io - rad  r  p laced  in
contact  u ' i th the S' \11 a.  r i  nrask.  L ines on the gr id rvere 60 rrnr
w ide  and  20 , r rm th i ck .  The  samp le  was  p laced  2  cm be lo rv  the
IIV lamp. The mask \\ 'as ren-Ioved after L\r-induced damage of'
the SAM of4c and dipped into a 5 mNI solution of hexadecanethiol
for 2 min. The etching was performed using a 1 N{ KOFVO.1 N'I
KCN solution saturated with oxygen.
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