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Abstract: This paper describes the preparation of ol igo(ethylene glycol)-terminated alkanethiols having structure HS-
(CHz)'l(OCH2CHz),nOH (m = 3-7) and their use in the formation of self-assembled monolayers (SAMs) on gold. A combination
of experimental evidence derived from X-ray photoelectron sp€ctroscopy (XPS), measurement of contact angles, and ellipsometry
implies substantial disorder in the ol igo(ethylene glycol)-containing segment. The order in the -(CHz)r- group is not defined
by the available evidence. The SAMs are moderately hydrophilic: du(H2O) = 34-38o; d,(H2O) = 22-25". A study of monolayers
conta in ing mix tures o f  HS(CH2)r rCHr and HS(CH2)r r (OCH2CH2)6OH suggests  that  the o l igo(ethy lene g lyco l )  moiet ies  are
eflect ive at preventing underlying methylene groups from inf luencing wett ing by water. A l imited study demonstrates that
these ol igo(ethylene glycol)-containing SAMs resist the adsorption of protein from solut ion and suggests that SAMs wil l  be
a useful model system for studying the adsorption of proteins onto organic surfaces.

Introduction

Oligomers of ethylene glycol are moderately hydrophilic groups:
The Hansch zr parameter for ethylene glycol is --1.93.2 These
oligomers are commonly incorporated as components of materials
when increased hydrophilicity is required3 and have proved useful
as constituents of biocompatible materials.a The structure of the
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oligo(ethylene glycol) units at a solid-water interface is relevant
to the molecular level design of materials having desired degrees
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of hydrophil ici ty and adsorptivi ty toward biological (and other)
molecules.5

As part of a program to explore the physical organic chemistry
of the interaction of biological molecules with surfaces, we have
prepared materials incorporating oligomers of ethylene glycol into
self-assembled monolayers (SAMs) of alkanethiolates on gold.6'7
The objective of this work was to apply these SAMs-with
whatevcr dcgree of structural order characterized them-to the
study of the solid-water interfacial properties of materials having
ol igo(ethy lene g lyco l )  moiet ies  as const i tuents .  Th is  paper  de-
scribes the preparation of SAMs by chemisorption of compounds
of structure HS(CH2) |  r(OCH2CHz),OH (m = 0,3-7) onto gold,
the character izat ion o f  these SAMs,  and pre l iminary  measure-
ments  o f  the i r  adsorpt iv i ty  toward prote ins in  so lu t ion.

SAMs der ived f rom unfunct iona l ized a lkaneth io ls  HS-
(CH2),CH3 are easi ly prepared by reaction of solut ions or vapors
of these compounds with gold.a-zo The polymethylene chains in
these SAMs are predominant ly  t rans-extended when n > 10,
a l though the termina l  segments  o f  the cha ins ( those at  the
monolayer-vapor or -liquid interface) contain some gauche bonds:
when n = 10, the monolayers contain more gauche bonds than
when n -  17.12 ' rs- I7  Wi th  termina l ly  funct iona l ized a lkaneth io ls
HS(CH2) ,R.  the s ize and shape of  the R group are impor tant .
When R is small ,  the (CH2),-containing regions of the SAMs are
still predominantly trans-extended.lT When R is large, we presume
that  the po lymethy lene reg ions of  the SAMs conta in  a  greater
fract ion of gauche bonds; i .e.,  they are more disordered.2r

Our  cho ice o f  the s t ructure HS(CH2) . (OCH2CHz)-OH
containing only I  1 methylene groups as the basis for this work
was a compromise between convenience of preparation and
st ructura l  order  in  the SAMs.  Monolayers  conta in ing the HS-
(CHz)"- moiety could be expected to have more gauche bonds
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Scheme I .  Synthesis of  c, r -Mercapto-ol igo(ethylene glycol)
Der i va t i ves ,  HS(CH2) r  r (OCH2CHz)nOH (n  =  3 -7 )a

H(OCH2CH2)nOH --!----* H2C=CH(CH2)e(OCH2CHTnOH

l o
V

HS(CHr11(OCH2CHTnOH <--9- CH3COS(CHr11(OCH2CHTnOH

HS-11- (EG)nOH

o K c y :  ( a )  C t ' l : : C H ( C H 2 ) e B r . 5 0 %  a q u e o u s  N a O H ,  1 0 0 ' C , 2 4  h
( 6 3 - 8 7 % ) :  ( b )  C H T C O S H .  A I B N ,  h u , 4  h  ( 7 9 - 8 8 V o ) ,  ( c )  0 . 1  M  H C I  i n
M c O H :  R c f l u x .  4  h :  o r  r o o m  t e m p e r a t u r e ,  4 - 5  d a y s  ( 8 1 - 9 0 % ) .

0 1 2 3 4 5 6 7
m (number of glycol units)

Figure l .  Thicknesses (d. A) oimonolayers of c, l-mercapto-ol igo(ethylene
g l yco l )  de r i va t i ves  HS(CH2) r (OCH2CHz) .OH (HS- l  l - (EG) .OH)
determined by cl l ipsometry. The dotted l ine shows the predicted thick-
ness for monolayers of these molecules in ful ly trans-extended array's at
a cant angle of 30o. The incremental increase in the thickness per
-OCH2CH2- un i t  is  2 .7  A;  that  ca lcu la ted per  -OCH2CH2- un i t  is  - l . l
A .

in  the po lymethy lene reg ion than longer  cha in  analogues (e .9 . .
HS(CH2) ,3 - ) .  bu t  t he  t h i o l s  a re  more  eas i l y  syn thes i zed  and
purif ied than are these longer chain compounds. The compounds
wi th  s t ructures HS(CH2)r  r (OCH2CH2).OH are eas i l l '  manipu-
lated: They are soluble in ethanol and stable in air, and they form
monolayers rapidly and reproducibly by chemisorption onto gold.
The HS(CHz),,- moiety provides a foundation for stable SAMs,
and we expected the oligo(ethylene glycol) derivatives of this group
also to be suff iciently stable for our studies.

Th is  work  descr ibes the syntheses of  o l igo(ethy lene g lyco l ) -
terminated a lkaneth io ls  and the character izat ion o f  one-  and
two-component SAMs on gold containing them. We examined
these monolayers by X-ray photoelectron spectroscopy (XPS).
ellipsometry, polarized infrared external refl ectance spectroscopy
(PIERS), and measurement of contact angles; our results suggest
that the oligo(ethylene glycol) groups in these SAMs are not highly
ordered. The thickness of the port ions of the f i lms occupied by
these groups, furthermore, appeared to be - 15% less than that
expected if they rccupied an ordered, trans-extended configuration.
The thermal and mechanical stabi l i t ies of these SAMs were ad-
equate for exploratory studies of protein adsorption: They did
not spontaneously desorb from gold in the t ime and condit ions
required for our experiments (hours to days, in contact with water
at room temperature).22 We describe prel iminary results from
a study of the adsorption of several representative proteins to these
oligo(ethylene glycol)-containing SAMs; further studies of protein
adsorption wil l  be described in a subsequent paper.

For simplici ty, we use the shorthand notat ion HS-11-(EG),OH
to  re fe r  t o  HS(CH2) r  r (OCH2CH2) .OH.

Results

Synthesis of Thiols. Thiols incorporating oligo(ethylene glycol)
moieties were prepared via a three-step synthesis (Scheme I). The
react ion o f  an l l -ha loundec- l -ene wi th  a  s l ight  excess of  50%
sodium hydroxide and 3-10 equiv of ol igo(ethylene glycol) pro-

{ z o
!t

1 0
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Figure 2.  XPS oi  monolarers prepared
high-resolut ion spectra o i  the C( ls  )  regron
i ts R group.

280

(eU

f r o m  H S ( C H : ) , , R  o n  g o l d :
Each spectrum is labeled by

vided the monoethcr.23 Photochemical addit ion of thiolacetic acid
to the double bond gave the thioacetate in good yield.2a To avoid
oxidation of the thiol to rhe correspondine disulf ide. methanolvsis
of  thc  th ioacetate  uas cur r ied our  in  ac id  (b . l  M HCI  in  methanol )
e i ther  a t  room temperature for . l -5  dars  or  a t  re f lux  for , l  h :  both
procedures gavc s imi l l r  r ie  lds .  . \n l l rs is  b)  ,H \ \ , lR spcct roscop\
i nd i ca t cd  t ha t  d i su l f i dc ,  r * c r c  no [  p r cscn r . : :

P repa ra t i on  o f  SA \ l s .  S . , \ l l s  con ra in rng  t lS -  l  l - rEG ) " ,O I l
we re  p repa red  f r om I  mM so lu t i ons  o f  t he  t h i o l s  d r sso l i ed  i n
deoxygenated,  absolu te  e thanol ,  by  p lac ing go ld-coatcd uafcrs
in  the so lu t ions for  24 h a t  room temperature. l : .26 The contact
angles measured for SAMs prepared by this method rvere rn-
dist inguishable from those of SAMs prepared by immersion for
periods of up to I  month.

Characterization of SAMs. Ellipsometry. The thickness (d)
of the SAMs (measured by ellipsometry) is linear in m, the number
of glyco-l units. A plot of d against m is a straight line with a slope
of 2.7 A per OCH2CH2 unit and an intercept of l2 A for ln =
0 (Figure I ). The thickness was calculated with use of a parallel,
homogeneous, three-layer (air,  monolayer, substrate) model with
an assumed re f ract ive index of  |  .4-5  for  the monolaver .2T The
ref ract ive index for  e thv lene g lyco l  is  1 .43.  that  for  hexa lc thy ' lene
g l yco l )  i s  1 .46 ,  and  t ha t  f o r  undecane  i s  L42 .  Va r i a t i ons  o f  t h i s
magnitude in the refract ive index ( l  .45 + 0.03) do not signif icantlv
af fcc t  the ca lcu la ted va lues of  th ickness.  The observed scat tcr
in  the data is  +2 A for  most  th io l  systems.

The l inear  p lo t  suggests  a  cons is tent  incrementa l  increase in
the thicknesses of the monola),ers as a function of the number of
e thy lene g lyco l  un i ts .  The va lue for  the s lope of  the l ine (2 . j  A
pe r  OCHTCH2 g roup )  i s  - 15% lower  t han  t he  va lue  o f  3 .1  A
calculated for trans-extended chains of ocH2cH2 units t i l ted at
an angle of 30o from the normal to the surface.l5 The dotted l ine
in Figure I shows the calculated thicknesses for these monolayers.
The experimental ly signif icant dif ference between the observed
and calculated values of incremental thickness for OCHTCH, units
indicates that at least the ol igo(ethylene glycol) port ion of these
SAMs deviates from the model of all-trans conformation and 30o
cant .

XPS. The high-resolution photoelectron spectrum of the carbon
ls region shows two peaks: one at 284.5 ev is characterist ic of
the internal units of the polymethylene chain (CH2CH2CH2); the
second at 286.5 eV corresponds to methylene groups adjacent to
an oxygen (OCH2) (Figure 2). The relative intensity of this latter
peak increases wi th  the number  o f  g lyco l  un i ts  (n) .  The at ten-

(23) Gibson, T.  J.  Org.  Chem.l980,  4 j ,  1095.
(24) Cunneen, J.  I .  J .  Chem. Soc.  1941.,  134.
(25) In the disul l ides,  the t r ip let  methylene adjacent  to surfur  is  shi f ted

upf ie ld compared to the quartet  methylene in theih io ls.  Di th io ls were not
prelg!! according to analysis by thin-layer chromatography.
^ (-?9.).For.complete experimental details, see: Troughton, E. B.; Bain, C.
D; Whitesides,  G. M.;  Nuzzo,  R.  G.;  Al lara,  D.  L. ;poi ter ,  M.D. Langmuir
r988,  4,  365.

(27) McCrackin,  F.  L. ;  Passagl ia,  E. ;Stromberg,  R.  R. ;  Steinberg,  H.  L.
J. Res. Natl. Bur. Stand., Sect. A 1963,67,3$417. Also: Wasserman. S.
R. Ph.D. Thesis,  Harvard Univers i tv .  198g.
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Figure 3. Intensity of the Au(4f772) signal (in arbitrary units) measured
by  XPS as  a  func t ion  o f  the  number  o f  o l i go (e thy lene  g l yco l )  un i t s  i n
Au-S- l  l - (EG)-OH. The at tenuat ion of  the intensi ty as a funct ion of
rn is compatible with an exponential dependence and suggests a consistent
incremental  increase in the th ickness of  the monolayer as a funct ion of
the number of  ethylene glycol  uni ts.
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Figure 4.  Wettabi l i ty  of  o l igo(ethylene glycol) -modi f ied gold and poly-
ethylene (PE) surfaces as a funct ion of  the numbers ol  ethy ' lene glycol
uni ts (nr) .  The point  at  m = 0 for  der ivat ives of  polyethylene is  for
P E - C H r O H ,  n o t  P E - C O 2 H .  V a l u e s  o f  0  f o r  A u - S ( C H 2 ) 1 1 -
(OCH2CH2).OH are the advancing contact  angles of  water;  those for
PE-CO-(OCH2CH2).OH were measured by the sessi le drop method.
The roughness of the surface of PE causes the error in the measurement
of  contact  angles on PE to be larger than those measured on Au.
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uation of the Au(4f7p\ signal in this system is less than that for
systems of comparable thickness composed of alkanethiolates.

Increasing the number of ethylene glycol units (z) exponentially
attenuates the Au(4f772) signal (Figure 3). This observation arso
suggests a consistent incremental increase in the thickness of the
nronolayer  as a  funct ion o f  the number  o f  e thy lene g lyco l  un i ts .

Wett ing. The value of the advancing contact angle of water
(d"(H2O) = 34-38o, Table I) is higher than previously observed
for thiol systems presenting only OH groups at the sol id-l iquid
interface. A hydrophilic surface comprising densely packed polar
groups (CH20H,  CO2H) has du(HrO) 120" . t , .  The re la t ive ly
high values of d"(H2O) for these ethylene glycol containing SAMs

PE-CO-(OCH2CH2)mOH

1n

-" aus qcH 
2 ) 1 r (ocH 2cH 2) moH

0 1 2 3 4 5 6 7  8 9 1 0



Au-S-l 1-(EG)60H

Au-S-11-(EG)30H

(9
o

x
o
(J

(g

o
o

Monolayers of Oligo(ethylene glycol) Deriuatiues

3100 3000 2900 2800 2700

ar-1

Figure 5 .  PIERS spect ra  o f  Au-S(CH2)s(OCH2CH2)6OH. Au-S(C-
H2)1(OCH2CH2)3OH, and Au-S(CH2)r6OH. The broad feature a t
-2880 cm-r in the spectrum of Au-S(CHz)reOH is due to the pertur-
bation oi the C-H stretching modes in the CH2 group adjacent to the
OH group (for further discussion, see ref l7). The spectra are shown
stacked. The same scale of absorbance applies to al l .

0 0 .01  0 .1  1  10  100 0c

t -  
/  t ns - t1 -cH3 l  \t= 
\ t  HS-1 1-(EG\oH I  / . ,o,

F igu re  6 .  Compet i t i ve  adsorp t ion  o i  HS-  I  l -CHr  and  HS- l  l - (EG)6OH
onto  go ld  f rom so lu t i on  in  e thano l :  ( t op )  e l l i psomet r i c  th i ckness  (d ) ;
(bo t tom)  advanc ing  (O)  and  reced ing  (O)  con tac t  ang les  o f  wa te r  as  a
function of the relative concentration of the thiols in solution. The total
concentration of thiol groups in deoxygenated, absolute ethanolic solution
was I  mM. SAMs were prepared by exposing the gold surface to the
solut ion of  th io ls for  24 h at  room temperature.  The error  in the contact
angles is  wi th in the range of  the points drawn. The dashed l ine -  -  -  is
the midpoint in thickness (Rrlz(d)) and indicates approximately the value
of  R in solut ion y ie ld ing a I  : l  mixture of  the two th io lates on the resul t ing
SAM;  thc  dashcd  l i nc  - - -  i s  the  m idpo in t  i n  cos  d  (R172(cos  d ) ) .

are consistent  wi th an outer  phase that  exposes CH2 groups to
so lu t i on .  Th is  va lue  i s  near  the  con tac t  ang le  (0 r (H20)  =  40o)
o f  a  I  : l  m ixed  mono laye r  composed  o f  HS(CHz) , ,OH and  HS-
(CHz) rsOH,  where  the  ou te r  phase  i s  no t  c lose ly  packed .s  Th is

J.  Am. Chem. Soc. ,  Vo l .  I13,  No.  I ,  l99 l  l5

/  [ H S - 1 1 - C H 3 ]  \fr= 
\t HS-1 1-(EG\or{ 1 /.uru

Figure 7 .  Compet i t ive  adsorpt ion o f  HS-  I  l -CHr and HS- l  1  - (  EG )60H
onto go ld  f rom so lu t ion in  benzene:  ( top)  c l l ipsonrc t r ic  th ickncss;  (bot -
tom) advancing (O) and receding (O) contact i ingles as a lunction of the
concent ra t ion in  so lu t ion.  The er ror  in  the contact  ang lcs  is  * i th in  the
range of the points drawn. The caption to Figure 6 sunrmarizes exper-
imental parameters.

contact  ang le  is  a lso observed wi th  a  po ly 'e th l lene f i lm func-
t i o n a l i z e d  w i t h  o l i g o ( e t h l l c n c  g l y c o l )  e s t c r s  ( P E - C O -
( O C f l r c l - 1 . ) , , O t l  u  h c n  r r r  =  l 0  I  5 )  ( F i g u r e  4 ) . r 8  W e  n o t e ,
howclcr .  that  thc  roughncss of  sur face-modi f ied po l i 'e thy lene as
wel l  as  d isordcr  cont r ibutes to  i ts  wet tab i l i ty  and apparent  hy-
drophil ici ty, so direct comparison of contact angles measured on
these surfaces to those of SAMs on gold is only qual i tat ive.

Polarized Infrared External Reflectance Spectroscopy (PIERS).
Analysis by PIE,RS gave spectra having broad and featureless
peaks of absorbance in the C-H stretching region. There did
appear to be a large peak at2918 cm-I, characteristic of crystalline
or  near-crys ta l l inc  methy lene groups,  but  th is  peak was par t ia l ly
obscurcd b1 'o ther  peaks.  F igure 5  reproduccs representat ive
spe c t  r l l .

\ I i red \ Iono larers .  \ \ 'e  prepare d  monola l  ers  conta in ing
m ix tu res  t r f '  n ro  t h i o l a t cs  l r om c thano l i c  so lu t i ons  con ta in i ng
m ix tu r cs  o f  t hc  t uo  t h i o l s .  The  mo le  f r ac t i ons  o f  t he  two  ad -
so rba tes  we re  va r i cd  uh i l c  t hc  t o ta l  concen t ra t i on  o f  t h i o l  i n  t he
so lu t ion was kept  constant  a t  I  mM (F igures 6-9) .  Th is  s t ra tegy
has been shown prev ious ly  to  be a usefu l  method o i  ident i fy ing
the ra t io  o f  components  in  so lu t ion (R)  that  leads to  a  mix ture
of these components in the SAMs derived from them.2e'30

On plots of wettabi l i ty (cos d) and thickness (d) as a function
of R (Figures 6-9), we indicate the midpoints for the changes in
thickness and wettability from one extreme of the mixed monolayer
to the other. We denote the value of R for the midpoint of the
change in thickness as Rr/2(d) and the value of R for the midpoint
of the change in wettabi l i ty as R172(cos d). These two parameters
provide uscful points of cal ibrat ion for discussing mixed mono-
layers .

SAMs Conta in ing HS- l l -CH,  and HS- l l - (EG)6OH. The e l -
l ipsometric thicknesses of the monolayers formed by adsorption
from ethanol decreased smoothly from 28 A for pure HS- I l -

(28) Holmes-Farley, S. R.; Bain, C. D.; Whitesides, G. M. Langmuir 1988,
I  q ) l

(29) Bain, C. D.; Eval l ,  J.;  Whitesides, G. M. J. Am. Chem. Soc. 1989,
t 1 t . ' 7 1 5 5 .

(30)  Bain .  C.  D. ;  Whi tes ides,  G.  M.  J .  Am.  Chem.,Soc.  1989.  l l l .1 l64.

30
0

R.,,. (cos 0) = 1

f f i ,
0.01 0.1 1 10 100

8.,, .  (cos 0) = 1

o__1#--r'
dffi



Rlp(d) = 0.3

,--,-
0 . 0 1  0 . 1  1  1 0  ' O 0

l6  J .  Am.  Chem. Soc. ,  Vo l ,  I13,  No.  I .  l99 l

0  0 . 0 1  0 . 1

F =  (  t H s - t t ' o x t  1
\  [ H S - 1  1 - r E G r u O H  ]  /  e t O x
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o n t o  g o l d  f r o m  s o l u t i o n  i n  e t h a n o l :  ( t o p )  e l l i p s o m e t r i c  r h i c k n c s s :  ( b o t -
tom)  advanc ing  (O)  and  reced ing  (O)conrac t  ang les  as  a  func r ion  o f  rhe
concen t ra t i on  in  so lu t i on .  The  e r ro r  i n  the  con tac t  ang lcs  i s  * i t h in  the
range  o f  the  po in ts  d rawn .  The  cap t ion  to  F igu re  6  summar izcs  exper -
imental  parameters.
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Figure 10. Thicknesses of a series of mixed SAMs of HS(CH2)roCHl
and HS- I I -(EG)6OH, measured by ellipsometry, vs the intensities of the
oxygen ls X-ray photoelectron peaks of the same monolayers. The
scatter in the el l ipsometric measurements is contained within the data
points; the horizontal error bars represenl 5Vo of the O(ls) signal, the
estimated accuracy of the XPS quantification techniques that were used.
The degree of l inearity is high: 12 > 0.995.

responds to a SAM containing equal numbers of molecules of
S - l l -CH3  and  S - l I - (EG)6OH;  t h i s  po in t  occu r red  a t  R  =
( [HS- l  l -CH j ] / tHS- l  l - (EG)6OHI )E ,oH  =  0 .03 .  We  have  ex -
pl ici t ly correlated thickness with composit ion in a closely related
system. The measured el l ipsometric thicknesses of mixed SAMs
o f  HS-10 -CHr  and  HS- l l - (EG)6OH co r re la te  l i nea r l y  ( r 2  )
0  995)  u ' i th  thc  obscrved in tens i t ies  o f  the O( ls)  X- ray photo-
clcctron spcctra of these monolayers (Figure l0). This correlation
st rongl r  suggests  the accuracy of  e l l ipsometr ic  th ickness as a
measure of composition in appropriately chosen SAMs containing
two components.

The mole f rac t ion o f  HS- l  l - (EG)6OH in  the monolayer  was
lower than the mole fract ion in solut ion (by a factor of -30);
that is, chemisorption of HS-l l-(EG).OH was less favorable than
chemisorption of HS- I I -CH:. We have not established rigorously
the origin of this partitioning. Possible contributing factors include
unfavorable intcractions between the EG chains in the monolayer,
f 'avorab le  so lvat ion o f  these chains in  the e thanol  so lu t ion,  and
ster ic  in ter i . rc t i ( )ns  dur ing format ion of  the SAM. Chemisorpt ion
of '  HS-  I  l - (  F- ( ;  )60H f rom so lu t ions in  benzene (a  non-hydro-
gen-bonding solvcnt) r ias rnorc favorable than chemisorption from
ethanol :  Thc ra lue o l  R1 1(d)  increased by an order  o f  magni tude
to 0.3 r ihcn S,,\ \ Is uerc formed from benzene rather than ethanol
(F igure 7) .  Th is  resu l t  suggests  that  hydrogen bonding of  the
ol igo(ethylene glycol) chains to ethanol reduces their tendency
to form SAMs. Factors other than hydrogen bonding-e.g.,
differences in solubility or n-interactions-could, also, contribute
to the change in Rrp(d).

Comparison of the curves of monolayer thickness and wettability
as a function of R for the system comprised of HS-l l -CH3 and
HS-l l-(EG)uOH adsorbed from ethanol shows an experimentally
significant difference in the values of R at which the curves reach
the i r  midpoin t  (R172(d)  =  0 .03 and R'72(cos 0)  =  Lg; .  Th is
observation suggests that a low extent of incorporation of HS-
I  l - (EG)6OH in to  a  monolayer  o f  HS- l l -CH3 has a much larger
effect on wettability than on thickness. A possible interpretation
of this result would be that one -(EG)6OH group is suff iciently
large and f lexible that i t  "shields" several (-3) underlying CH,
groups from interaction with water. This shielding might occur
in two ways. The di lute -(EG)6OH groups, solvated with water,
cou ld  form a th in  hydrogel  over  HS- l l -CHr.  A l ternat ive ly ,
favorable hydrophobic interactions might cause the methylene
groups of the EG chains to col lapse onto the exposed methylene
and methyl groups of HS- I l-CH3 and expose ether and hydroxyl
groups preferential ly at the sol id-water interface.

The series of monolayers formed from HS-l l-(EG)6OH and
HS-l l-CH, by adsorption from benzene does not show as large
a difference between Rrn(A and R,72(cos d) as that from ethanol.
The fact that cos d is significantly different for monolayers formed
by adsorption from these dif ferent solvents at the same values of

"l>f-r,d (A)

-l-------'T

0.01  0 .1 10  100
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F igu re  9 .  Compet i t i ve  adsorp t ion  o f  HS- l  l - (EG)3OH and  HS- l l -
(EG)60H onto gold f rom solut ion in ethanol :  ( top) e l l ipsometr ic  th ick-
ness;  (bot tom) advancing (O) and receding (O) contact  angles as a
function of the concentration in solution. The error in the contact angles
is wi th in the range of  the points drawn. The capt ion to Figure 6 sum-
marizes exper imental  parameters.

(EG)6OH to  l 4  A  fo r  pu re  HS- l l -CH:  i n  the  reg ion  be tween  R
=  0 .01  and  R  =  I  (F i gu re  6 ) .

The composit ions of the monolayers and of the solut ions from
which they were adsorbed were not the same. We presume that
the midpoin t  in  the th ickness of  the monolayers  (R172(d) )  cor -

l . w - 7 7 , -
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Figure ll. Hysteresis (A cos d = cos d, - cos d.) in the contact angle on
mixed monolayers on gold. The data are derived from Figures 6-9. Data
at each value of R are sl ightly horizontal ly displaced to avoid overlap.

d (that is, at the same composit ion of the monolayers) indicates
that they must differ in some other way. The difference is in the
d i rect ion expected i f  the S- l  l - (EG)6OH moiet ies  are c lus tered
or form islands when adsorbed from benzene but are dispersed
more uniformly among the S-l l-CH3 groups when adsorbed from
ethanol .

SAMs Containing HS-l l-OH and HS-lI-(EG)6OH. The el-
lipsometric thicknesses of the monolayers decreased smoothly from
28 A for the SAM from pure HS-l l-(EG)6OH to l4 A for the
SAM from pure HS-l l-OH (Figure 8). The midpoint in the plot
of thickness versus R (Rtn@)) occurred at R = 0.3; that for cos
d (R172(cos 0)) occurred at R = 3. Again, the concentrat ion of
HS- l l - (EG)6OH in  the monolayers  was lower  than that  in  the
solut ions from which the monolayers were formed. The same
arguments suggested to rationalize the corresponding observations
fo r  HS- l  l -CH3 /HS- l  l - (EG)6OH app l y  he re .

SAMs Containing HS-lI-(EG)3OH and HS-ll-(EG)uOH. The
ellipsometric thicknesses of the monolayers decreased from 28 A
for  pure HS- l  l - (EG)6OH to  20 A for  pure HS- l  l - (EG):OH in
the region centered at R = 0.4 (Figure 9). As expected, cos d
changed relatively little over this region. There was little difference
in  the va lues of  R,12@) and R172(cos d) .

Hysteresis in Contact Angle. At least three factors contribute
to hysteresis at nonreacting solid-liquid interfaces: heterogeneity
of the surface, roughness of the surface, and the extent of mi-
croreconstruction of the surface under the drop.3l The hysteresis
(12- l4o)  in  the measured va lues of  the contact  ang le  for  homo-
geneous monolayers was small  for each system (Table I).  This
observation suggests that microreconstruction did not occur, or
did not signif icantly affect the wettabi l i ty of the surface. The
magnitude of the hysteresis was similar to that observed for
well-ordered SAMs of alkanethiolates on gold.25 In systems of
mixed monolayers  conta in ing hydroxy l - terminated th io ls  (HS-
l l - O H  v s  H S - l l - ( E G ) 6 O H  a n d  H S - l  l - ( E G ) 3 O H  v s  H S - l  l -
(EG)6OH), the change in hysteresis from one extreme to another
was  smoo th  and  nea r l y  l i nea r  (F igu re  l l ) .

Adsorption of Proteins to SAMs. We examined the adsorption
of proteins on three surfaces: Au-S-11-CH3, Au-S-l l -OH, and
Au-S- l l - (EG)6OH. We exposed s l ides covered wi th  SAMs to
aqueous solutions of phosphate buffer (pH 7.5) containing a single
protein ( I  mg/ml) for I  h at 25 oC, removed the sl ides, washed
them with water, and used el l ipsometry to measure changes in
thickness. When the thickness of a monolayer increased, pre-
sumably due to the adsorption of protein onto its surface, analysis
by XPS indicated the appearance of a nitrogen signal (Figure 12).
The apparent thickness of SAMs prepared from solut ions of
HS- l  l -CHl  showed exper imenta l ly  s ign i f icant  increases in
thickness of >20 A fol lowing exposure to avidin, hexokinase, or
pyruvate kinase. The apparent thickness of SAMs formed from
HS- l l -OH o r  HS- l l - (EG)6OH d id  no t  i nc rease  s i gn i f i can t l y
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Figure 12.  XPS spectra of  (a)  untreated gold,  (b)  Au-S- l l - (EG)6OH,
(c )  Au-S- l l - (EG)6OH a f te r  exposure  to  av id in ,  (d )  Au-S- l l -CHr ,  (e )
Au-S- l  l -CH3 af ter  exposure to avid in.  Signal  for  n i t rogen (presumably
from the adsorption of avidin to the surface) is visible near 400 eV in
spectrum e.  Signals for  C and O in (a)  are f rom contaminants on un-
treated gold. Adsorption of thiols displaces these contaminants.

Table l l .  Increase in Thickness of  SAMs on Gold af ter  Contact  wi th
a  So lu t i on  o f  Av id in  ( l  mg /m l )  i n  l 0  mM Phospha te  Bu f fe r  fo r  I  h
a t  25  oC Fo l lowed  by  R ins ing  w i th  Wate r

surface
(Au-S(CHz) "R)

increase in
th ickness (A) '

C H ,
OH
(EG)60H

2 9 + 2
4 + 8
2 t 2

oThe error represents the 957o confidence interval around the mean
( n  =  5 ) .

fol lowing exposure to the same proteins, nor did the apparent
thickness of SAMs formed from HS- I I  -(EG)6OH increase after
exposure Lo a 5%, solut ion (pH 7.8) of adult chicken whole blood
in Alsever solut ion.32 Table II  gives representative data for the
adsorption of avidin onto SAMs. There is more scatter in the data
for  SAMs of  HS- l  l -OH than for  HS- l  l - (EG)6OH. Th is  ob-
servation may reflect the different structures of the monolayers.
SAMs formed from HS-l l-OH expose only a single layer of
hydroxyl groups to solut ion and, with regard to adsorption of
proteins, may be more sensitive to defects that expose underlying
methylene groups than are SAMs formed from HS-l l-(EG)6OH.
The latter SAMs have a thicker outer hydrophil ic layer than the
former.

Discussion
Spontaneous self-assembly of functional ized alkanethiols on

gold provides a route to surfaces presenting oligo(ethylene glycol)
moiet ies at the sol id-water interface. How well-organized are
these SAMs?

Three types of evidence combine to suggest that these structures
are monolayers-probably with the same density of adsorbed
thiolate groups on the gold surface as with SAMs of n-alkane-
thiolates-with substantial disorder in the ol igo(ethylene glycol)
part of the monolayer. We have neither a direct measure of the

(32) Alsever's solution is a solution of sodium citrate (40 mM), NaCl (70
mM), and dextrose ( l  l0  mM) in d ist i l led water.

N

<t

(31) Ferguson, G. S.; Whitesides, G. M. ln Modern Approaches to
Wettability: Theory and Applications; Loeb, G., Schrader, M., Eds.;in press.
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order in the (CHz), port ions of these SAMs nor a val id means
of comparing them with SAMs derived from structurally simpler
precursors. In fact, we cannot presently define *order'quanti-

tatively: We have no well-defined metric for *order", and relating
the relevant observable physical and spectroscopic parameters-
thickness, wettabi l i ty, and IR spectra-to order is presently a
qualitative process based on comparisons with better defined model
systems.2e'30

The e l l ipsometr ic  th icknesses of  the SAMs conta in ing S- l  l -
(EG),'OH moieties are compatible with complete coverage of the
gold surface by these thiolates. The measured thicknesses are
systematical ly less than those expected i f  the conformations of
the (EG). moiet ies in the monolayers were str ict ly analogous to
that of an n-alkyl moiety: al l- trans with a cant angle of 30o. The
densit ies of simple derivatives of ethylene glycol as l iquids are
higher than those of homologous alkanes by -207o (presumably
in part because the molar volume of an ether oxygen is less than
that of a methylene group), and the -(EG).OH derivatives may
be able to condcnse into a smaller molar volume than corre-
sponding derivatives of -(CH2)3.OH." This dif ference may be
even more pronounced if hydrogen bonding between the terminal
hydroxyl group and ether oxygen atoms is important. The dif-
ference in densit ies between derivatives of ethylene glycol and
alkanes is compatible with the - l5Vo decrease in thickness of the
OCH2CH2 portion of the SAM, relative to the thickness expected
for a trans-extended structure.

In  summary,  the e l l ipsometr ic  data are compat ib le  wi th ,  but
do not demand, a model for SAMs of S- I  I  -(EG),OH in which
the adsorbed sulfur atoms have the same surface density as those
in  homologous SAMs of  composi t ion S(CHz) , r * : .OH,  but  in
which the lower molar volumes of the (EG).OH groups. relat ive
to  those of  the (CH2)3rOH groups,  permi t  -  15Vo condensat ion
in volume of the oxygen-containing portion of the monolayer when
it is dry and pcnetrat ion of this part of the monolayer by water
when i t  is  wet .

PIERS has been extraordinari ly useful in defining the con-
format ions of  (CHr) ,  un i ts  in  SAMs.r3 '17 l ts  u t i l i ty  is ,  unfor tu-
nately, l imited for the SAMs of interest here because the CH2
groups of the EG moieties provide broad, intense absorption.
These latter absorptions are themselves not easi ly interpretable.3s

The wettability of the SAMs containing S- I I -(EG).OH groups
is interpretable qual i tat ively in terms of a disordered monolay-
er-water interface. These monolayers are substantial ly more
hydrophobic than monolayers derived from molecules with com-
posit ion HS(CH2),OH. The most plausible explanation for this
dif ference is that the latter SAMs are the more highly ordered
and present a uniform array of CH2OH groups at the solid-water
in ter face,  whi le  the SAMs terminated wi th  (EG), ,OH groups
present  a  mix ture o f  -CH2OH and the more hydrophobic
-CH2OCH2- groups. We cannot just i fy more detai led inter-
pretat ion of the wettabi l i ty of SAMs derived from HS- l  I  -
(EG).OH beyond that attributing disorder to the (EG)-OH group
other than noting that the wettabi l i ty is similar for m = 3-7 and
that if the suggestion of disorder in these systems is correct, they
are probably swollen when in contact with water.

Two additional features of these monolayers provide information
about  the i r  s t ructure.

The first observation is that comparison of the values of Rrp(d)
(Figures 6-9) establ ishes that i t  is favorable for the shorter al-
kanethiols to adsorb on the gold relat ive to HS-1 l  -(EG)6OH. In
contrast, for unfunctionalized alkanethiols and for HS(CH2),OH
adsorption of the longer chain species is favored.30 This result
implies that i t  is relat ively dif f icult  to transfer the -(EG)6OH

moiety from the ethanol solution to the microenvironment of the

(33) The densities (p, g cm-3) of simple oligo(ethylene glycol) compounds
are higher than those of alkanes: CH3OCH2CH2OH, 0.965; HOCH2CH20-
CH2CH3, 0.930;  CH3OCH2CH2OCH2CH3, 0.937;  HOCH2CH2OCH2CH2-
OCH2CHT, 0.999;  CH3CH2OCH2CH2OCH2CH2OCH2CH3, 0.909;  CH:C-
H2CH2OCH2CH2OCH2CH2OCH2CHTCH3, 0.855;  n-CsH 16,  0.659;  n-C;3H3s,
0 .777  .

(34) Preparat ion and analysis of  deuterated compounds (e.g. ,  HS-11-O-
(CD2CD2),OH) could s impl i fy  the interpretat ion of  the IR spectra.
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SAM. The fact that i t  is more favorable to adsorb HS-l l-
(EG)6OH onto gold from solutions of benzene rather than of
ethanol suggests this difficulty reflects the loss of hydrogen bonding
or conformational entropy in the SAM.

The second observation concerns the substantial difference in
the values of R'72(cos d) and Rrp(d) of the mixed monolayer of
S-l l -CH3 and S-l l -(EG)6OH prepared by adsorption from
ethanol solution (Figure 6) (but not from benzene, Figure 7). A
small  extent of incorporation of the EG-containing component
onto the monolayer (- l l%o) produces a large change (50Vo) in
the wettability of the monolayer. Thus, a single (EG)6OH moiety
appears to be able to prevent several-perhaps 3-surface methyl
(or CH2OH, Figure 8) groups in its vicinity from interacting with
water in a way that inf luences contact angle.35'36

The quali tat ive picture of the structure of these SAMs that
emerges from this study is one in which the SAMs derived from
pure derivatives of HS- I I -(EG),OH probably consist of two-layer
structures-a -(CH2)11- layer and a -(EG)-OH layer. Whether
the -(CH2), '-  i r  as ordered as corresponding layers in simpler
derivatives is not defined by this work. The outer (EG).OH layer
is probably disordered when in contact with water.

In a prel iminary survey, we found that proteins adsorbed to
hydrophobic SAMs that were formed from HS-l l-CH3 but ad-
sorbed significantly more weakly to relatively hydrophilic surfaces
that  were formed f rom HS- l  l -OH or  HS-11-(EG)6OH. We
emphasize that the term *protein adsorption" in the context of
this paper is interpretable only with respect to the specif ic ex-
perimental protocol used; we detected only adsorption strong
enough to survive the procedure for washing. Although these
experiments of protein adsorption addressed an experimental
system of minimal complexity, they achieved one goal of this work:
to demonstrate the practical i ty of using SAMs prepared by ad-
sorption of thiols on gold as model substrates for studying the
adsorption of proteins onto organic surfaces. Since this class of
SAMs provides the most ordered, best understood, and most easily
controlled surfaces now available in organic chemistry, the success
of these f irst experiments demonstrates the practical i ty of this
approach and indicates a route toward more realistic studies with
more complex systems.

Experimental Section

Materials. Absolute ethanol (U.S. lndustrials Co.) was purged with
either argon or nitrogen for I h before use as a solvent for the preparation
of SAMs. Deionized water was dist i l led from glass in a Corning Ag-lb
s t  i l l .

I  -Dodecanethiol (Aldrich, 987o), I  I  -bromo- l-undecene (Pfaltz and
Bauer). tri(ethylene glycol) (Aldrich, 98Va),tetra(ethylene glycol) (Fluka,
> 97 % ), penta (ethylene glycol ) ( La ncaster, 99Vo), hexa(ethylene glycol )
(Aldrich, 987o). hepta(ethylene glycol) (Aldrich, 977o), and thiolacetic
acid (Fluka 977o) were used as received. I  l -Mercapto-l-undecanol was
available from previous studies.l2

rH NMR andrsC spectra were obtained at 300 or 250 MHz and were
referenced to chloroform.

Preparation and Handling of Gold Substrates. Gold substrates were
prepared by electron-beam evaporation of -2000 A of high-purity gold
(99.99970) onto 100-mm single-crystal silicon wafers that had been
precoated with chromium to improve adhesion (50-100 A of Cr followed
by 2000 A of Au). The gold-coated wafers were stored in polypropylene
wafer holders (Fluoroware) and used as soon as possible after being
exposed to the atmosphere. Before use, the gold-coated wafers were cut
into pieces - I  cm x 3 cm with a diamond-t ipped stylus, r insed with
ethanol, and blown dry with a stream of nitrogen. Glassware was
thoroughly cleaned, rinsed with copious amounts of distilled water, and

(35) For discussions of the steric stabilization of colloids composed of
particles having oligo(ethylene glycol) chains on their surfaces, see: Sato, T.;
Ruch, R. Stabilization of Colloidal Dispersions by Polymer Adsorption;
Marcel Dekker: New York, 1980. Napper, D. H. J.Colloid Interface Sci.
1977,58,390.  Cowel l ,  C. ;L i - ln-On, R. :  Vincent ,B.  J.  Chem. Soc. ,  Faraday
Trans. I 1978,74,337. Vold, R. D.; Vold, M. J. Colloid and Interface
Chemistry;Addison-Wesley: Reading, MA, 1983: 2'75-281.

(36) We are examining this same phenomenon with pendant oligo-
saccharide chains. These chains are more hydrophilic, but also larger and
more rigid than the oligo(ethylene glycol) chains. A comparison of oligo-
saccharide- and oligo(ethylene glycol)-containing systems should help to di-
sentangle contributions to the shielding of surfaces of SAMs on gold.
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then soaked in f reshly prepared *pi ranha" solut ion (7:3 v lv mixture of
concentrated H2SO4 and 30Va aqueous HzOz) for I h, followed by ex-
haustive rinsing with disti l led water, a final rinsing with absolute ethanol,
and drying in an oven. (Caution: "piranha" solution reacts t,iolentl) '
with manv organic materials and should be handled with extreme care.)

Solut ions used in the preparat ion of  SAMs contain ing two th io ls were
prcpared in g lass weighing bot t les by di lut ing 5 mM stock solut ions,  The
accuracy ol  the concentrat ions of  the stock solut ions (* .sVo) was l imi ted
by the analyt ical  balance used. An Eppendorf  micropipet  was used to
transler  solut ions (contr ibut ing an error  of  l l%o in the f inal  concentra-
t ion).  The tota l  concentrat ion oi  th io l  in the solut ion was I  mM. Gold
sl ides were washed wi th ethanol ,  b lown dry wi th a stream of  n i t rogen,
and immcrsed in f reshly prepared solut ions overnight  at  room tempera-
tu re .

Contact Angles. Contact angles were determined at ambient labora-
tory temperatures (17-22 'C) wi th a Ram6-Hart  Model  100 contact
anglc goniometcr .  Probe l iquids were dispensed f rom a Matr ix  Tech-
nologies Micro-electrapipet te.  Measurement of  contact  angles is  de-
scr ibed elscwhcre,26 Reported values are the average of  at  least  f ive
measurements,  taken at  d i f ferent  locat ions on the surface.

El l ipsometry.  El l ipsometr ic  measurements were made wi th a Rudol f
Research Type 43603-200E th in- f i lm el l ipsometer wi th a wavelength of
6328  A  (He-Ne  lase r )  and  an  inc iden t  ang le  o f  70o .  Samp les  were
washed with ethanol and blown dry with nitrogen before optical constants
were measured.  Readings were taken on c lean gold to establ ish the bare
substrate opt ical  constants and af ter  monolayer format ion.  Three sepa-
rate values of  th ickness were measured on each sample,  and the values
were then averaged. Thicknesses were computed wi th a p lanar three-
layer (ambient ,  monolayer,  substrate)  isotropic model  wi th assumed re-
f ract ive indices of  |  .00 and I  .45 for  the ambient  and monolayer,  re-
spect ively.2 i

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were obtained
on an SSX-100 spectrometer (Surface Science Instruments)  equipped
with an Al  Ka source,  quartz monochromator,  concentr ic  hemispher ical
analyzer in transmission mode, and a multichannel detector. The take-off
angle was 35o,  and the operat ing pressure was approximately 5 X l0-e
Torr .  Al l  spectra were referenced to Au(4f772) at  84.00 eV. The diam-
eter of the spot size for all spectra was 1000 pm. Spectra were fitted with
an 807o Gaussian/2lVo Lorentzian function with the Surface Science
Instruments sof tware.

Syntheses of  HS-(CH2), , -Ol igo(ethylene glycols) .  Undec-1-en-11-
yltri(ethylene glycol) (l). A mixture of 0.34 mL of 50% aqueous sodium
hydrox ide  (4 .3  mmol )  and  3 .2  g  o f  t r i (e thy lene  g l yco l )  (21  mmol )  was
st i r rcd for  about 0.5 h in an oi l  bath at  100 oC under an atmosphere of
a rgon ,  and  thcn  1 .0  g  o f  l l - b romoundec- l -ene  (4 .3  mmol )  was  added .
Ai ter  24 h,  the react ion mixture was cooled and extracted s ix t imes wi th
hexane. Concentrat ion of  the combined hexane port ions bl  rotary
evaporat ion at  reduced pressure gave a yel low oi l  contain ing a mixture
of  mono- and diethers,  according to analysis b l '  rH NMR spectroscop), .
Pur i f i ca t i on  o f  the  o i l  by  ch romatography  on  s i l i ca  ge l  (e luan t :  e rh l l
ace ta te )  gave  0 .98  g  o f  monoe the r  l :  76Vo  y ie ld ;  'H  NMR (2 -50  MHz,
C D C I 3 )  6 1 . 2  ( b r s ,  l 2  H ) ,  1 . 5 5  ( q u i , 2 H , J  = 7  H z ) ,  Z 0  ( 9 , 2 H . J  =
7  H z ) , 2 . 7  ( b r  s ,  l  H ) ,  3 . 4 5  ( t ,  2  H ,  J  =  7  H z ) , 3 . 5 - 3 . 8  ( m ,  1 2  H ) .
4 . 9 - 5 . 0 5  ( m ,  2  H ) ,  5 . 7 5 - 5 . 8 5  ( m ,  l  H ) .

Undec- l -en- l l -y l tet ra(ethylene glycol)  (2) .  React ion of  l0 equiv of
tetra(ethylene glycol)  and I  equiv of  I  l -chloroundec- l -ene as descr ibed
fo r  I  gave  2 :  63Vn  y ie ld ;  'H  NMR (250  MHz,  CDCI3 )  6  1 .3  (b r  s ,  l 2
H ) ,  1 . 5 5  ( q u i , 2  H , J  = 7  H z . ) , 2 . 0  ( q , 2 H , J  = ' 7  H z ) , 2 . 8 5  ( b r s ,  I  H ) ,
3 .4  ( t , 2  H ,  " /  

=  7  Hz . ) .3 .5 -3 .75  (m,  l 6  H) ,4 .9 -5 .05  (m,  2  H) ,  5 .75 -5 .85
( m ,  l  H ) ;  I R  ( n e a t )  r , , *  3 4 5 0 , 2 9 0 0 , 2 8 4 0 ,  l l 0 0  c m - r .

Undec- l -en-11-y lpenta(ethylene glycol)  (3) .  Compound 3 was pre-
pared as dcscr ibed for  I  wi th one except ion:  The eluant  for  the chro-
matography step was ethyl acetate, followed by MeOH/CHClr ( I : l9 and
r h e n  l : 9 ) : ' 7 8 % ,  y i e l d ;  r H  N M R  ( 2 5 0  M H z , C D C I 3 )  6 1 . 2  ( b r s ,  l 2  H ) ,
1 . 5 5  ( q u i , 2 H , J  = 7  H z ) , 2 . 0  ( q , 2 H , J  = 7  H z ) , 2 . 8 5  ( b r s ,  I  H ) , 3 . 4
( t , 2  H ,  J  =  7  H z , ) , 3 . 5 - 3 . 7 5  ( m , 2 0  H ) , 4 . 9 - 5 . 0 5  ( m ,  2  H ) , 5 . 7 5 - 5 . 8 5
( m ,  I  H ) .

Undec- l -en- l l -y lhexa(ethylene glycol)  (4) .  Compound 4 was pre-
pared as descr ibed for  3:  78Va y ie ld;  'H NMR (250 MHz, CDCI3) 6 1.25
(b r  s ,  l 2  H) ,  1 .55  (qu i ,  2  H ,  J  - -  7  Hz ) ,  L7  (b r  s ,  I  H ) ,  2 .05  (q ,  2  H ,
J  =  ' t  

Hz ) ,3 .45  ( t ,  2  H ,  J  =  7  Hz ) ,3 .55 -3 .75  (m,  24  H) ,  4 .9 -5 .05  (m,
2  H ) , 5 . 7 5 - 5 . 8 5  ( m ,  I  H ) ;  l R  ( n e a t )  2 , " *  3 4 5 0 ,  2 9 2 0 , 2 8 5 0 , 1 1 0 0 c m - r .

Undec- l -en- l l -y lhepta(ethylene glycol)  (5) .  React ion of  3 equiv of
hepta(ethylene glycol)  and I  equiv of  I  l -chloroundec- l -ene as descr ibed
fo r  3gave  5 :  87Vo  y ie ld ;  rH  NMR (250  MHz,  CDCI , )  6  1 .2  (b r  s ,  l 2
H ) ,  1 . 5  ( q u i , 2  H , J  = 7  H z ) , 2 . 0  ( q , 2 H , J  = 7  H z ) , 2 . 7 5  ( b r  s ,  I  H ) ,
3 .5  ( t , 2  H ,  - /  =  7  Hz . ) ,3 .5 -3 .75  (m,  28  H) ,4 .9 -5 .05  (m,  2  H) ,  5 .75 -5 .85
( m ,  I  H ) .

General  Syntheses of  [ - [ (Methylcarbonyl) th io]undec- l  l -y l lo l igo-
(ethylene glycol) .  Solut ions of  the olef ins (200-400 mM) in MeOH
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contain ing 2-4 equiv of  th io lacet ic  acid and 5-10 mg of  AIBN were
ir radiated for  4-6 h under an atmosphere of  n i t rogen wi th a 450-W,
medium-pressure mercury lamp (Ace Glass) f i l tered through Pyrex.
Concentration of the reaction mixtures bv rotary evaporation at reduced
pressure fo l lowed by pur i f icat ion b1 chromatography on s i l ica gel  gave
the thioacetates in 78-887n yields.

I I -[(Methylcarbonyl)thiolundec- I I -r | ]tri ( ethr lene glycol) : I H N MR
( 2 5 0  M H z , C D C l j )  6 1 . 2 5  ( b r s .  l 4  H ) .  1  6  ( m . - 1  H ) . 2 . 3  ( s , 3  H ) , 2 . 8 5
( t ,  2  H ,  J  =  7  H z ) ,  3 . 4 5  ( t ,  2  H .  J  -  -  

l l z t .  l : - - 1 . 7 - 5  ( m ,  l 2  H ) .

I I -[ (Methylcarbonyl)thio]undec- I 1 -yl ltetra ( erhr lene gh col ) : I H N M R
( 2 5 0  M H z ,  C D C I : )  6  1 . 2 5  ( b r s ,  l 5  H ) .  1 . 6  ( m . . 1  F { ) .  I  - r  ( s .  I  H ) , 2 . 8 5
( t ,  2  H ,  J  =  7  H z ) ,  3 . 4 5  ( t ,  2  H ,  J  =  J  H z ) .  r  - i  - l a 5  ( m ,  1 6  H ) .

[ - [ (Me thy lca rbony l ) th io ]undec - l  l - y l l pen ta (e th r lene  ghco l ) :  IH

N M R  ( 2 5 0  M H z ,  C D C I 3 )  D  1 . 2 5  ( b r  s .  l - 1  I l ) .  l . 5 j  r n r . - 1  H t .  1 . 3  ( s , 3
H ) ,  2 . 8 5  ( t ,  2  H ,  J  =  1  H z ) , 2 . 9  ( b r s .  I  l l ) .  3  - 1 :  t t .  I  l l . . l  =  ;  H z ) ,
3 . 5 5 - 1 . 7 5  ( m . 2 0  H ) .

[-[(Methylcarbonyl)thio]undec-l l-yllhexa(ethr lene gh col ) I H \ \{ R
( 3 0 0  M H z ,  C D C I 3 )  6 1 . 2 5  ( b r s ,  1 4  H ) .  l . - 5  ( m .  I  l l t .  L I  r . . 3  H ) . 2  4
( b r s ,  1  H ) , 2 . 8  ( t , 2  H ,  J  = 7  H z ) , 3 . 4  ( t . 2 H . J  =  -  

l l z t . . 1  i - - 1  r  ( m .

2 4  H ) .

[ - [ (Me thy lca rbony l ) th io ]undec - l l - y l l hep ta (e th r lene  g l r co l )  IH

N M R  ( 2 5 0  M H z ,  C D C I 3 )  6 1 . 2 5  ( b r  s .  1 4  F I ) .  I  6  r n r . - 1  l { i .  l  - t  t s .  3
H ) ,  2 . 8  ( b r s ,  I  H ) ,  2 . 8 5  ( t ,  2  H ,  J  = ' l  H z ) . - 1 . { i  ( 1 .  I  i l .  J  =  -  

H z ) ,
. 1 . 5 5 - 3 . 7 5  ( m . 2 8  H ) .

General Syntheses of ( I -Mercaptoundec- I l -y-l )oli go( ethr lene glr col ).
So lu t i ons  o f  the  th ioace ta tcs  i n  0 .1  M HCI  i n  \ { cOt l  ' , r c rc , i : p ro tcc ted

under  an  a tmosphcre  o f  n i t rogen  by  re f l ux ing  io r  -1  h  ,6 .  - .  9 t  o r  b1 '
s t i r r i ng  a t  room tempera tu re  fo r  4 -5  days  (8 ,  l 0 ) .  C i rncc ' r : : : . r : r , rn  o f  l he
react ion mixtures by rotary evaporat ion at  reduced l rc\ \ l - r -c : , ,1, , , r rc 'd by
pur i f i ca t i on  o f  the  res idues  by  ch romatographr  on  : r l : , . r  r c i  c . i r c  the
thiofs in 84-91%, y ie lds.

(1 -Mercap toundec- l l - y l ) t r i (e thy lene  g l yco l )  (HS l  l  ( t . ( ; ) ,OH.  6 ) :
' H  N M R ( 2 5 0 M H z , C D C l r ) D  l . l  ( b r s .  1 4  H ) .  I  I  r r .  I  l l .  J  = :  H z , ) ,
1 . 5  ( m , 4 H ) , 2 . 5  ( q , 2  H , J  = T  H z ) . 3 . 0  ( b r  s .  I  t l t . . :  - 1  t .  I  l l .  - /  =

7  H z \ , 3 . 5 - 3 . 7 5  ( m ,  l 2  H ) ;  1 3 6  N M R  ( 6 2  \ f  H z .  C ' D C ' l , t  '  : r  5 :  ( t ) ,

2 5 . 9 7  ( t ) , 2 8 . 2 7  ( r ) , 2 8 . 9 6  ( t ) , 2 9 . 3 9  ( t ) , 2 9 . 1 , 1  t t t .  l . r  q : .  : .  C t l , S H ) ,
6 1 . 5 4  ( t ,  C H 2 O H ) , 6 9 . 8 7  ( t ) , 6 9 . 8 7  ( t ) , 7 0 . 1 9  ( 1 1 .  - 0  1 . :  , r ) .  - 1  

- 1 e  ( t ) ,
72 .47  ( t ) :  IR  (nea t )  u , " ^  3450 .  2920 ,2840 .2550 .  1J60 .  l l : ( - r .  : l \ { r .  1140 .
1 1 2 0 , 9 3 0 ,  8 8 0  c m - r l  H R M S  ( F A B )  f o r  C , . H r 6 S O r  c . r l c C  . : . 1 6 : - 1 1 4 .
found  336 .2362 .  Ana l .  Ca lcd  fo r  C17H3650o :  C .  t , t ' t  1 . - .  I i .  10  79 .
Found :  C ,  60 .59 ;  H ,  10 .49 .

( 1 -Mercaptoundec- I l-yl)tetra(ethylene glycol ) ( HS- I I - ( t-G ).,OH. 7) :
r H  N M R  ( 2 5 0  M H z ,  C D C I 3 )  6  1 . 2  ( b r  s .  1 4  F { ) .  I  . r  r r .  I  H .  J  =  -  

t l z \ ,
1 . 5  ( m , 4 H ) , 2 . 5  ( q , 2  H , J  = 7  H z ) , 2 . 8 , s  ( b r  s .  I  I { t .  I  J  r i .  I  } 1 .  " /  

=

7  H z ) , 3 . 5 5 - 3 . 7 5  ( m ,  1 6  H ) ;  r : 6  N M R  ( 7 5  \ ' t t l z .  C D C l , r  ;  l l  
- 6  ( t ) .

2 6 . 2 1  ( t ) . 2 8 . 5 0  ( t ) .  2 9 . 1 9  ( t ) ,  2 9 . 6 2  ( t ) . 2 9 . 6 1  ( r ) .  : q  
- 6  

r r r .  , 1 . 1  r 5  ( t .
C H 2 S H ) , 6 1 . 8 0  ( t ,  C H 2 O H ) . 7 0 . 1 3  ( t ) . 7 0 . + - i  ( t ) .  - 0 6 6  r r r .  

- 0 ' l  ( t ) .
71 .58  ( t ) .  12 .62  ( t ) :  HRMS (F .AB)  fo r  C 'nH4SO. .  ca l cd  180  1596 .  i ound
380 .2198 .  , {na l .  Ca lcd  fo r  C1eHa6SO, :  C .  59  96 :  H .  l 0  59  Found :  C .
- s 9 . 8 7 :  H .  1 0 . 1 7 .

( I - Mercaptoundec- I l -yl)penta(ethylene glycol) ( HS- I I - ( EG ).OH. 8 ) :
l H  \ M R  ( 2 5 0  M H z .  C D C I r )  6  1 . 3  ( b r  s ,  l 4  H ) ,  1 . 3 2  ( t ,  I  H .  /  =  I  H z ) .
1 . 6  ( m .  1  H ) .  2 . 3  ( b r  s .  I  H ) .  2 . - s  ( q ,  2  H ,  J  =  1  H z ) , 3 . 4 5  ( t .  ) H .  J  =

1  l l t l , , 1 . 5  I 8 0  ( n i .  l 0  H ) :  r r C  N M R  ( 7 5  M H z ,  C D C I 3 )  6  2 4 . 6 1  ( t ) ,
1 6 . 1 0  ( r ) .  l l t . 1 6  ( r ) .  1 8  5 l  ( r ) .  1 9 . 0 4  ( t ) . 2 9 . 2 3  ( t ) . 2 9 . 4 7  ( r ) , 2 9 . 6 6  ( t ) ,
1 4 . 0 1  ( r .  C l l . S t l ) . 6 1 . 8 5  ( r .  C I { : O H ) . 7 0 . 1 6  ( t ) , 7 0 . 4 6  ( t ) , 7 0 . 7 2  ( t ) ,
7 1 . 5 8  ( t ) . 7 1 . 6 0  ( t )  ^ \ n a l .  C a l c d  f o r  C 2 , H a a S O 6 :  C , 5 9 . 3 9 ;  H ,  1 0 . 4 5 .
F o u n d :  C . 5 9 . 5 5 :  H .  1 0 . 5 2 .

( I -Mercaptoundec- I I -yl ) hexa (ethylene glycol) (HS- I I - (EG )oOH, 9) :
l H  N M R  ( 2 5 0  M H z , C D C l j )  6 1 . 2 5  ( b r s ,  l 4  H ) ,  1 . 3 5  ( t ,  1 H , J  = 7

H z ) ,  1 . 6  ( m , 4  H ) , 2 . 5  ( q , 2  H , J  = 7  H z ) , 2 . 7  ( b r  s .  I  H )  3 . 4 5  ( t , 2  H ,
J  =  7  H z ) , 3 . 5 5 - 3 . 7 5  ( m , 2 4  H ) l  r 3 C  N M R  ( 7 5  M H z ,  C D C I 3 )  6  2 4 . 5 8
( t ) . 2 6 . 0 7  ( t ) , 2 8 . 3 4  ( t ) . 2 9 . 0 2  ( t ) , 2 9 . 2 2  ( t ) . 2 e  4 6  ( t ) .  2 e  6 3  ( t ) .  3 4 . 0 0
( t ,  c H r s H ) ,  6 t . 7 7  ( t ,  C H 2 O H ) ,  7 0 . 0 7  ( t ) ,  7 0 . 3 9  ( r ) .  7 0 . 6 r  ( t ) ,  7 r  5 0  ( t ) ,
72 .50  ( t ) ;  IR  (nea t )  r , *u^  3450 .2920 .2840 .2 -s50 .  1 .160 .  1350 .  1280 .  1240 ,
I 1 2 0 ,  9 3 0 ,  8 8 0  c m - r ;  t { R M S  ( F A B )  f o r  C . j } l 1 s S O , .  c a l c d  4 6 8 . 3 1 2 0 ,
found  468 .3093 .  Ana l .  Ca lcd  io r  C , ,F {o650 , :  C .  58 .94 ;  H ,  10 .33 .
F o u n d :  C ,  5 8 . 8 9 :  H .  1 0 . 0 7

( l -Mercaptoundec- l  l -y l )hepta(ethylene glycol)  (HS-l  l - (EG)?OH,
l 0 ) :  r H  N M R  € 5 0  \ , { H z .  C ' D C I , )  6  r . 2 5  ( b r s ,  1 4  H ) ,  1 . 3 5  ( t ,  I  H , " /
=  I  H z ) . 1 . 5  ( m . . 1  H ) .  1 . 5  ( q .  I  H .  J  =  7  H z ) , 2 . 6 5  ( b r  s ,  l  H )  3 . 4 5  ( t ,
2 H . J  = 1 H t . l .  - 1 . 5 5  - 1 . 7 5  ( m . 2 8  H ) ;  r 3 C  N M R  ( 7 5  M H z , C D C I 3 )  D
6 . 2 8  ( r ) . 2 8 . 5 2  ( r ) . 2 8 . - 5 4  ( t ) . 2 9 . 0 4  ( t ) , 2 9 . 2 2  ( t ) , 2 9 . 6 5  ( t ) , 2 9 . 7 1  ( t ) ,
2 9 . 8 3  ( t ) ,  - 1 4 . 2 0  ( r .  C H 2 S H ) , 6 t . 9 7  ( t ,  C H 2 O H ) , 7 0 . 2 7  ( t ) . 7 0 . - s 9  ( t ) ,
7 0 . 8 1  ( t ) .  1 1 . 1 4  ( I \ , 7 2 . 7 2  ( t ) :  H R M S  ( F A B )  f o r  C 2 5 H 5 2 S O 3 .  c a l c d
5 1 2 . 3 3 8 3 .  f o u n d  5 1 2 . 3 3 5 1 .  A n a l .  C a l c d  f o r  C 2 5 H 5 2 S O 3 :  C . 5 8 . 5 6 ;  H ,
1 0 . 2 3 .  F o u n d :  C .  5 8 . 4 2 ;  H ,  1 0 . 0 7 .

Measurements of Protein Adsorption. SAMs were washed with eth-
anol  and then water,  and their  th icknesses were measured by el l ipsome-
t r y .  S l i des  were  p laced  in  a  so lu t i on  o f  p ro te in  ( l  mg /mL)  i n  l 0  mM
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phosphate buf fer  (pH 7.5)  for  I  h at25 "C. Sl ides then were removed,
washed wi th l0 mL of  water,  mounted on the el l ipsometer,  and al lowed
to dry before their thickness was measured. At least three measurements
were taken on each s l ide and averaged; the data reported in Table I I
represent the average increase in th ickness of  f ive s l ides
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