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We report data from infrared absorption (FTIR) and X-ray photoelectron spectroscopies that correlate the
molecular conformation of oligo(ethylene glycol) (OEG)-terminated self-assembled alkanethiolate monolayers
(SAMs) with the ability of these films to resist protein adsorption. We studied three different SAMs of
alkanethiolates on both evaporated Au and Ag surfaces. The SAMs were formed from substituted
1-undecanethiols with either a hydroxyl-terminated hexa(ethylene glycol) (EG6-OH) or a methoxy-terminated
tri(ethylene glycol) (EG3-OMe) end group, or a substituted 1-tridecanethiol chain with a methoxy-terminated
tri(ethylene glycol) end group and a-CH2OCH3 side chain at the C-12 atom (EG[3,1]-OMe). The infrared
data of EG6-OH-terminated SAMs on both Au and Ag surfaces reveal the presence of a crystalline helical
OEG phase, coexisting with amorphous OEG moieties; the EG[3,1]-OMe-terminated alkanethiolates on Au
and Ag show a lower absolute coverage and greater disorder than the two other compounds. The molecular
conformation of the methoxy-terminated tri(ethylene glycol) (EG3-OMe) is different on Au and Ag surfaces
due to the different lateral densities of SAMs on these substrates: on Au we find a conformation similar to
that of EG6-OH alkanethiolates, whereas on Ag the infrared spectra indicate a densely packed film with trans
conformation around the C-C bonds of the glycol units. The resistance of these OEG-functionalized
alkanethiolate SAMs to adsorption of fibrinogen from a buffered solution correlates with the molecular
conformation of the OEG moieties. The predominantly crystalline helical and the amorphous forms of OEG
on gold substrates are resistant to adsorption of proteins, while a densely packed “all-trans” form of EG3-
OMe present on silver surfaces adsorbs protein. The experimental observations are compatible with the
hypothesis that binding of interfacial water by the OEG moieties is important in their ability to resist protein
adsorption.

1. Introduction

A well-known strategy for rendering surfaces protein resistant
involves incorporation of poly(ethylene glycol),1-3 (PEG) both
into polymers and as surface-grafted chains.4 The resistance
of PEG to the adsorption of proteins is generally considered a
steric repulsion effect, where the polymer prevents the protein
from reaching the substrate surface to adsorb.5-7 Jeon et al.
considered the balance between steric repulsion, van der Waals
attraction, and hydrophobic interaction between protein in
solution and the PEG surface. They found that the net force
determining the adsorption of the PEG-presenting surface
depends on the thickness of the grafted layers and their surface
coverage. The steric repulsion has an osmotic (due to the
solvation of the PEG chains) and an elastic (due to the
conformational entropy of the PEG chains) component; these
components become effective when the protein reaches the
interphase by diffusion and compresses the PEG layer. The
van der Waals contribution to the attractive force was found to

be smaller than the hydrophobic interaction between the protein
and the hydrophobic surface, so only the latter was considered
to compete with the steric repulsion effect. Protein resistance
was only observed for the room-temperature stable hydrated
phase of PEG in its helical (gauche-trans-gauche) conforma-
tion, and not for the high-temperature dehydrated amorphous
phase.8

Luesse and Arnold9 applied proton and deuterium NMR
relaxation time measurements to determine the number of water
molecules per ethylene glycol repeat unit (-CH2CH2-O-) in
PEG. The maximum water content was one molecule per
ethylene glycol unit. Water bridges neighboring PEG strands
via two hydrogen bonds to the oxygen atoms of two neighboring
PEG chains at lower water content. The activation barrier
between the energy of one and two hydrogen bonds was found
in these NMR studies to be 34 kJ/mol. The bridge-bonded water
molecules are stable to a temperature of 330 K; above this
temperature their signature in the NMR experiments vanishes.

The “steric repulsion” effect that prevents protein adsorption
onto PEG chains attached to a surface is related to the positiveX Abstract published inAdVance ACS Abstracts,December 15, 1997.
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free energy associated with compression (and therefore restric-
tion of configurational freedom) and concomitant desolvation
when the protein tries to attach to the surface. In a laterally
densely packed film with only a few ethylene glycol units per
chain attached to the surface, the steric repulsion will be (in
absolute terms) smaller because of conformational constraints
and the reduced hydration energy per chain and unit surface. It
is therefore of interest to test experimentally if complete
conformational freedom of the grafted polymer chains is
necessary for the ability of an ethylene glycol coated surface to
resist protein adsorption or if protein resistance of PEG is
inherent in its composition and molecular conformation.
That the latter might be the case was suggested by the protein

resistance of oligo(ethylene glycol)-terminated self-assembled
monolayers (SAMs) as first described by Prime and White-
sides.10 Prime and Whitesides compared and correlated the
surface composition of different functionalized alkanethiolate
SAMs with the amount of protein adsorbed from a single-
component protein solution and found that both the hydroxyl-
and the methoxy-terminated oligo(ethylene glycol) (OEG)
SAMs showed protein resistance, even when the surface layer
was diluted with n-alkanethiol molecules up to a surface
coverage of 35%. These results demonstrate that resistance to
protein adsorption is insensitive to the surface density of OEG
groups over a substantial range of surface compositions. A
detailed model to account for the protein resistance of the OEG
SAMs was not derived from these measurements.
In this paper, we discuss evidence correlating the molecular

conformation of oligo(ethylene glycol)-terminated self-as-
sembled alkanethiolate monolayers with the ability of these films
to resist protein adsorption. We made SAMs on both evaporated
Au and Ag surfaces from three different thiols and measured
their wetting properties and the tendency of fibrinogen to adsorb
on them.

Two of them were substituted 1-undecanethiols with either
a hydroxyl-terminated hexa(ethylene glycol) (EG6-OH) or a
methoxy-terminated tri(ethylene glycol) (EG3-OMe) end group.
The third thiol had a 1-tridecanethiol chain with a methoxy-
terminated tri(ethylene glycol) end group and a-CH2OCH3 side
chain at the C-12 atom (EG[3,1]-OMe). A racemic mixture of
the two possible enantiomers around the C-12 atom was used
in our study.
Our measurements show that the protein resistance of OEG-

functionalized alkanethiolate SAMs is related to the molecular
conformation of the OEG moieties. The films consisting of
predominantly crystalline helical and amorphous OEG on gold
substrates are protein resistant, whereas a densely packed and
preferentially “all-trans” form present on silver surfaces adsorbs
protein. The experimental observations suggest that interfacial
water adsorption on the OEG moieties in the alkanethiolate
SAMs is important for their ability to resist adsorption.11

2. Experimental Section

2.1. Sample Preparation.Polycrystalline Au and Ag (200
nm) films were prepared by evaporation of the metals onto test
grade, 100 mm, single polished silicon wafers (Silicon Sense)
coated with an adhesion layer of titanium (20 nm). The

evaporations were performed at a pressure of 2× 10-7 mbar
and a rate of 0.5 nm/s for both metals.
1-Hexanethiol (Merck,>97%), 1-decanethiol (Fluka,>95%),

1-dodecanethiol (Sigma, 98%), 1-hexadecanethiol (Fluka, 90-
95%), and 1-octadecanethiol (Aldrich, 98%) were used as
received. The syntheses of 1-docosanethiol, HS(CH2)11(OCH2-
CH2)6OH (EG6-OH), HS(CH2)11(OCH2CH2)3OCH3 (EG3-
OMe), and HS(CH2)11CH(CH2OCH3)CH2(OCH2CH2)3OCH3
(EG[3,1]-OMe) have been described elsewhere.12-14 Perdeu-
terated hexadecanethiol-d33, prepared from the corresponding
perdeuterated bromide, was available from previous studies.15

Poly(ethylene glycol) 8000 was supplied from Serva.
The gold and silver substrates were cut into pieces (≈2 cm
× 2 cm) with a diamond-tipped stylus, dusted free of debris
with N2, rinsed with analytical grade ethanol, and immersed in
10 mL of a 2 mmol solution of the thiol in 50 mL screw-top
vials. The oligo(ethylene glycol)-terminated SAMs were pre-
pared from an ethanolic solution; unfunctionalized alkanethi-
olates for the XPS reference curve were prepared from hexane
solution.16 The vials with the thiol solutions were stored in the
dark at ambient temperature.17 The volume above the thiol
solution was filled with air. After removal from the thiol
solution, the SAMs were rinsed with the pure solvent and blown
dry with N2.
2.2. Characterization of the SAMs. Water contact angles

were measured 30 min after removal from the thiol solution
with a Kruss Model G1 goniometer-microscope at room
temperature in a water vapor saturated atmosphere. Droplets
were dispensed from a microburet, and the reported values are
the average of three advancing contact angle measurements
taken at different locations on the SAM with the tip in contact
with the drop.
Fourier transform infrared reflection absorption spectroscopy

(FTIRAS) has been widely used to examine the orientation and
average conformation of thin adsorbed films on metal surfaces18

and is well suited to study the relationship between molecular
orientation, conformation, and protein adsorption. Only the
component of the vibrational transition dipole moments per-
pendicular to the surface plane contributes to the absorption
spectra; that is, the intensity of an absorption band is propor-
tional to the squared cosine of the angle between the transition
dipole moment and the surface normal.19 The internal molecular
conformation affects the position of the absorption maxima, so
that the absorption bands can be correlated with a specific
molecular conformation by comparison with reference data. In
the present study, we investigate the molecular conformation
and orientation (with respect to the surface plane) of the oligo-
(ethylene glycol) moiety of the molecules. As reference, we
use the vibrational data reported for poly(ethylene glycol). The
low-temperature hydrated crystalline phase of poly(ethylene
glycol) has a preferential helical conformation as a result of
glycol moieties with a trans conformation around the C-O
bonds and a gauche conformation around the C-C bond
(TGT).20 Above ∼60 °C, the crystalline/amorphous phase
transition temperature, the predominant conformation around
the C-C bond is still gauche, but the C-O bond can be trans
or gauche (TGT, TGG, GGT) and the sign of the C-C gauche
rotational angle is not uniform (gauche(+), gauche(-)).21 Both
phases have a characteristic signature in the vibrational frequen-
cies and intensities of the ethylene glycol units.
Infrared spectra were taken with two dry air purged Bio-Rad

spectrometers, Model FTS 175c. Both instruments were
equipped with a liquid nitrogen cooled MCT detector, a polarizer
constructed of an aluminum wire grid on a KRS-5 substrate,
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and an accessory for grazing angle reflectance spectroscopy
(Bio-Rad Universal Reflectance Accessory and Pike grazing
angle accessory AGA). Spectra were taken by coadding 1024
scans at a resolution of 2 cm-1 and ratioed against the spectra
of a n-C16D35S- SAM. Negative absorption bands in the
spectra at 2050-2200 cm-1 are due to the C-D absorptions
for the perdeuterated reference sample. The perdeuterated
hexadecanethiolate-d33 film removes airborne contaminations
on the reference sample and does not absorb in the spectral
regions of interest.
X-ray photoelectron spectra were obtained with an Leybold-

Hereaus LHS-11 system using a Mg KR source and a multi-
channel detector at a takeoff angle of 90° relative to the surface.
The base pressure in the analysis chamber during the measure-
ments was below 6× 10-9 mbar. C 1s and O 1s detail spectra
were averaged over 10 scans. Two scans were accumulated
for the Ag 3d and Au 4d spectra. The step width and pass
energy were set at 0.1 and 23 eV, respectively, giving an
experimental resolution of∼1 eV. The duration of X-ray
exposure for a series of C 1s, O 1s, and substrate (Au 4d, Ag
3d) detailed spectra was 15 min.
The relative ratio of alkyl C 1s signal at 284.9 eV and ether

C 1s signal at 286.8 eV was determined by a numerical least-
squares fitting routine using normalized reference spectra of a
poly(ethylene glycol) 8000 bulk sample for the ether C 1s peak
and a dodecanethiolate SAM for the alkyl C 1s peak shape.
2.3. Protein Adsorption Experiments. After the initial IR

measurement to characterize the films, the samples were cut
into two pieces. One piece was placed on the bottom of a 15
mL glass vial and covered with 2 mL of distilled water. The
vial was subsequently filled with a solution of fibrinogen in
PBS buffer (1 mg/mL). After 15 min of immersion, a water
hose was inserted and the vial volume exchanged several times
to avoid a Langmuir-Blodgett-like transfer of protein at the
air-water interface when the sample was removed. After drying
in a stream of N2, the sample was again investigated by IR to
quantify the amount of adsorbed fibrinogen by the height of
the amide I and amide II bands22 at 1660 and 1540 cm-1 in the
difference spectra, respectively. The coverages reported in this
work were normalized to the maximum adsorption coverage of
fibrinogen on dodecanethiolate SAMs. Surface plasmon reso-
nance (SPR) measurements gave an average signal of 3500
resonance units for the nonspecific adsorption of fibrinogen on
alkanethiolates. According to the manufacturer (Pharmacia),
this signal corresponds to a coverage of ca. 3.5 ng protein/mm2.23

3. Results

3.1. Contact Angle Measurements.The values for the
advancing contact angle of water (θa(H2O)) 30 min after removal
of the samples from the ethanolic thiol solutions were 30-35°
for EG6-OH, 63° ( 2° for EG3-OMe, and 57° ( 2° for EG-
[3,1]-OMe, respectively. The substrate (Au or Ag) had no
influence on the water contact angle. The contact angles for
EG6-OH and EG3-OMe reflect the different hydrophilicities
of the terminal groups (OH or OCH3) on the ethylene glycol
moieties. The EG6-OH surface is less hydrophilic than OH-
terminated alkanethiolate SAMs (θa(H2O)< 15°)24 and the EG3-
OMe surface is less hydrophobic thanω-methoxyalkanethiolate
SAMs (θa(H2O)) 83° on Au and 85° on Ag).25 The differences
in contact angle between the-OH- and-OCH3-terminated
alkanethiolates and the oligo(ethylene glycol)-terminated al-
kanethiolates with the same functional group can be rationalized
by the exposure of the methylene groups and oxygen atom of
the terminal ethylene glycol units at the outer surface, respec-

tively. The lower contact angle of EG[3,1]-OMe as compared
to EG3-OMe indicates a disordered layer with more ether
oxygen atoms accessible to the liquid. A disordered ether phase
is also indicated by FTIR spectra discussed below.
3.2. Infrared Spectroscopy. For the discussion of the

vibrational spectra of the EG-terminated SAMs, we will refer
to the band assignments of unfunctionalized alkanethiols26 and
poly(ethylene glycol).2 As a reference for the SAM spectra,
we show transmission spectra of neat liquid EG6-OH and EG3-
OMe in Figure 1. The bands at 2855 and 2925 cm-1 are
ascribed to the symmetric and asymmetric CH2-stretching bands
of the C11-methylene units, respectively. The methylene
stretching frequencies are representative for a liquid with gauche
and trans conformations27 in the alkyl chain. Crystalline alkane
chains with an all-trans conformation, such as in well-ordered
alkanethiolate films, absorb at 2850 and 2917 cm-1.15 The CH2-
stretching vibrations of the OEG molecular entities are expected
to give a broad band at ca. 2865 cm-1 with a shoulder at 2930
cm-1,28 but these features are masked by the sharper alkane
CH2-stretching bands.
The C-O-C stretching vibration gives a very strong absorp-

tion band at 1113 cm-1. The band at 1461 cm-1 is dominated
by the CH2-scissoring modes of the ether methylene units. The
shoulder at the high-frequency side is attributed to the corre-
sponding vibration of the alkyl methylene units at 1467 cm-1.
Bands at 1351 and 948 cm-1 (EG6-OH)/944 cm-1 (EG3-OMe)
are associated with the ether CH2-wagging and rocking modes.
The ether CH2-twisting modes occur at 1298 and 1247-1249
cm-1. All the OEG-derived CH2-bending mode positions are
within (2 cm-1 of the corresponding band positions for molten
or amorphous29 poly(ethylene glycol). Specific for the-OCH3-
terminated EG3-OMe is the methyl-rocking mode at 1199
cm-1.30 The EG6-OH spectrum shows a broad OH-stretching
band31 at∼3440 cm-1.
3.2.1. EG6-OH SAMs on Gold and SilVer Surfaces.The

films prepared from the EG6-OH oligo(ethylene glycol) al-
kanethiols on gold surfaces show a high degree of variation in
their molecular conformation. Figures 2 and 3 show the range
of differences in the FTIR data of ca. 100 samples of EG6-OH
prepared from ethanol solutions with various immersion times
and concentrations. The spectra displayed in Figures 2 and 3
are representative for different degrees of crystallinity and
molecular orientations in the EG6-OH films. Spectra 2a and b
were taken on samples adsorbed from a 2 mmol ethanolic
solution after 1 min and 2 days immersion time, respectively.32

Figure 1. IR spectra of neat liquid EG3-OMe (upper curve) and EG6-
OH (lower curve).
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Spectrum 2a is similar to the transmission spectrum of the liquid
compound in the range 800-1500 cm-1. The shoulder at the
high-frequency side of the COC stretching band at ca. 1145
cm-1 and the widths and positions of the ether CH2-rocking
(948 cm-1), -twisting (1250 and 1296 cm-1), and -wagging
(1350 cm-1) modes are all characteristic for amorphous poly-
(ethylene glycol) with TGT, TGG, and GGT conformations.

This sample was not protein resistant, and we assume only an
incomplete monolayer formed.
Spectrum 2b shows an increase of the CH2-wagging mode

at 1348 cm-1, characteristic for gauche conformations as in
crystalline PEG, and an increase of the COC-stretching modes
around 1130 cm-1. It thus presents a sample where both helical
and amorphous EG moieties are present and is representative
for the majority of the EG6-OH samples in this work. Spectrum
2c shows a further decrease in width and an increase in intensity
and a shift for the rocking and twisting bands from amorphous-
like band positions of 948 and 1250 cm-1 to crystalline-like
band positions of 964 and 1244 cm-1. Samples such as c that
exhibited a high crystallinity in the polyether phase were
exceptional (6 out of∼100). The degree of crystallinity did
not correlate to the immersion time or thiol concentrations used.
The spectrum denoted as c corresponds to a sample from a 40
µM solution with 10 min immersion time; other samples having
a crystalline ether phase were immersed for 1-4 days in a 2
mM solution.
The spectrum 2d for EG6-OH on Ag is similar to the

spectrum c for EG6-OH on Au and shows a mixture of bands
that can be assigned to domains with an oriented crystalline
helical phase (964, 1114, 1348 cm-1) coexisting with a more
amorphous phase (1145, 1325 cm-1).
The orientation of the alkyl chains relative to the surface can

be deduced from the relative intensities of their CH2-stretching
vibrations (Figure 3).33,34 As a reference for the alkyl chain
orientation in the EG6-OH films, we show the spectra of an
unfunctionalized dodecanethiolate (C12) monolayer on Au (tilt
angle with respect to the surface normal∼30°) and on Ag (tilt
angle∼10°), in which the alkyl CH2-stretching bands (bold
lines) were deconvoluted.35 Alkyl CH3-stretching (2878, 2964
cm-1) and the CH3-Fermi resonance band (2938 cm-1), which
are not present in the spectra of the oligo(ethylene glycol)-
terminated monolayers, are indicated by the dashed lines.
All EG6-OH spectra have in common that the relative

intensities of the alkyl CH2-stretching bands (Figure 3) at 2856
cm-1 (shoulder) and 2921 cm-1 are reduced compared to the
isotropic EG6-OH transmission spectra shown in Figure 1,
indicating a preferential orientation of the alkyl chains in the
film. The similar intensity and peak position (within 1 cm-1)
of the asymmetric alkyl CH2-stretching band for all three EG6-
OH samples on Au (a-c) indicate that the orientation and
conformation of the alkyl chains are not affected much by the
phase transition in the EG6-OH ether phase. The asymmetric
alkyl CH2-stretching mode frequency of 2921 cm-1 indicates
that the C11-alkyl phase has more gauche defects than the
unfunctionalized C12-thiol (2919 cm-1), but fewer than in the
liquid phase (2926 cm-1). The symmetric alkyl CH2-stretching
mode frequency appears to be shifted by the underlying broad
stretching mode of the OEG units. A symmetric ether CH2-
stretching band characteristic for gauche conformations is
detected as a broad band with a maximum around 2870 cm-1.
The strong band in the CH-stretching region at 2894 cm-1 in
spectrum c can be assigned to the symmetric CH2-stretch of
the crystalline helical EG6-OH units present in the film.36

For EG6-OH on Ag, the spectrum shows a reduced intensity
of the alkyl CH2-stretching modes and a simultaneous reduction
of the spectral intensity of the OEG CH2-stretching bands at
2870 cm-1 and the shoulder around 2930 cm-1 (characteristic
for amorphous EG6-OH) as compared to Au. The similar
reduction of the alkyl CH2-stretching modes for unfunctionalized
C12-alkanethiolates and EG6-OH SAMs on Ag indicates that

Figure 2. Detail IR spectra for four different EG6-OH samples on
Au (a-c) and Ag (d) from a solution in ethanol. Spectra c and d show
crystalline-like bandwidths and peak positions for the EG6 ether phase,
whereas the spectra a and b show peak positions similar to amorphous-
phase poly(ethylene glycol).

Figure 3. CH-stretching region of EG6-OH samples on Au (a-c) and
Ag (d), respectively, in comparison with the spectrum of unfunction-
alized dodecanethiolate (C12) on Au and Ag, for which the alkyl CH2-
stretching bands (bold lines) were deconvoluted with a peak-fitting
routine from CH3-stretching and Fermi resonance bands (dotted lines).
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the average tilt angle of the EG6-OH alkyl chains depends on
the substrate lattice and not on the steric requirements of the
OEG units.
In summary, a comparison to the C12 spectra shows that the

intensities of the symmetric and asymmetric alkyl CH2-stretching
bands in the EG6-OH spectra on Au and Ag are roughly the
same as in the C12 spectra on the respective substrates and
therefore indicate a similar cant angle. Table 1 summarizes
the above band assignments.
3.2.2. EG3-OMe and EG[3,1]-OMe on Gold and SilVer

Surfaces.In contrast to the EG6-OH films, the EG3-OMe films
on Au showed less variation from sample to sample. The EG3-
OMe spectrum on Au, which is shown in Figure 4b, was the
spectrum with the strongest and sharpest CH2-wagging, -twist-
ing, and -rocking modes. Mode frequencies of 1350, 1244, and
960 cm-1 are shifted from the amorphous-phase-like frequencies
of the neat liquid of 1351, 1247, and 944 cm-1 and indicate a
predominantly helical conformation of the EG3 units. The
spectrum also exhibits a shoulder at 1114 cm-1 on the low-
frequency side of the C-O-C-stretching band. This shoulder
is also observed for the crystalline EG6-OH ether phase and
crystalline PEG, where it is assigned to a C-O-C-stretching
mode polarized parallel to the helical axis.36 A preferential
orientation parallel to the surface normal can also be derived
from the relative strength of the crystalline-like, parallel-
polarized, twisting mode at 1244 cm-1 and the absence of the
twisting band for the crystalline phase at 1283 cm-1 with
perpendicular polarization.
The spectrum for EG3-OMe on Ag (Figure 4a) shows a

single, sharp, strong C-O-C-stretching mode at 1145 cm-1,
but no gauche CH2-CH2-wagging band at 1350 cm-1. The
band at 1325 cm-1 is assigned to the wagging mode of glycol
units with a C-C trans conformation. This band assignment
is strictly valid only for isolated C-C trans conformations in
the amorphous phase. For planar oligomers with more than
one C-C trans conformation, the individual CH2-CH2 trans
wagging modes will couple and split into a series of modes

with different phases, intensities, and frequencies. The band
at 1313 cm-1, which does not appear in the spectra of EG3-
OMe on Au, might be attributed to such coupled wagging modes
(see inset in Figure 4). The shift of the COC-stretching vibration
from 1130 cm-1 for EG3-OMe on Au to 1145 cm-1 on Ag is
also indicative of conformational changes in the OEG moiety.

TABLE 1: Spectral Mode Assignments for PEG, EG6-OH, and EG3-OMea

mode assignment PEG, crystal.
polarization| or⊥ to

the helical axis PEG, amorphous EG6-OH/EG3-OMe liquid EG6-OH/Au EG3-OMe/Au SAM

OH stretch ∼3440 b/- ∼3440 b
CH3 asym. stretch -/2980 sh -/2982 s
EG CH2 asym. stretch 2950 ⊥ 2930 sh ∼2930 sh
alkyl CH2 asym. stretch 2925 s 2921 s/2919 s
EG CH2 sym. stretch 2890 s | 2865 b 2870 b‚‚‚2894 s

2885 s ⊥ 2870 b; 2896 s
2865 sh |

alkyl CH2 sym. stretch 2855 s ∼2856 sh/∼2853 sh
CH3 sym. stretch -/2820 sh -/2819 s
combination vibration 2740 | 2740 sh 2740 sh/2740 sh 2740 w/2740 w
alkyl CH2 scissor 1467 sh 1467 sh/1467 sh
EG CH2 scissor (gauche) 1470 m ⊥ 1460 m 1461 m 1463 m‚‚‚1465 m

1460 m | 1461 m
EG CH2 wag (gauche) 1345 s | 1352 m 1351 m 1348 m‚‚‚1348 s/1350 s
EG CH2 wag (trans) 1325 w 1325 w 1325 w/1325 w
EG CH2 twist 1283 m ⊥ 1296 m 1298 m 1296 m/1297 m
EG CH2 twist 1244 m | 1249 m 1249 m/1247 m 1250 m‚‚‚1244 s/1244 m
EG OCH3 rocking -/1199 -/1204
C-O, C-C stretch 1149 s ⊥ 1140 sh EG6-OH:

1119 s ⊥ 1130 s; 1145 sh
1102 vs | 1107 s 1113 s ‚‚‚
1062 m ⊥ 1038 m 1114 vs; 1130 s; 1145 sh

EG3-OMe:
1136 s

EG CH2 rocking (gauche) 963 s | 945 m 948 m/944 m 948 m‚‚‚964 s/960 m
aw weak, m medium, s strong, vs very strong, b broad, sh shoulder, asym asymmetric, sym symmetric. PEG: poly(ethylene glycol). EG6-OH:

HS(CH2)11(OCH2CH2)6OH. EG3-OMe: HS(CH2)11(OCH2CH2)3OCH3.

Figure 4. IR spectral region from 800 to 1550 cm-1 for EG3-OMe
and EG[3,1]-OMe samples on Au and Ag. The enlarged detail spectrum
of EG3-OMe on Ag shows a CH2-wagging mode at 1325 cm-1 that
can be assigned to the C-C trans conformation, but no ether CH2-
wagging mode at 1352 cm-1 that would indicate a C-C gauche
conformation.
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The symmetric C-O-C peak shape corresponds neither to the
broad, asymmetric peak37 in amorphous PEG nor to the sharp
multiplet for crystalline PEG.38

EG[3,1]-OMe samples on Au (Figure 4d) show an amorphous-
like C-O-C-stretching mode at 1126 cm-1 and broadened
wagging, twisting, and rocking modes typical for the liquid state.
The conformation around the ether C-C bonds is predominantly
gauche, as indicated by the wagging mode at 1352 cm-1. The
same applies to EG[3,1]-OMe samples on Ag (Figure 4c).
The intensities of the EG3-OMe alkyl CH2-strcetching modes

(Figure 5a) on Au are similar to the intensities of C12 and EG6-
OH SAMs, indicative of an alkanethiolate phase with a similar
cant angle. For EG3-OMe on Ag the very low intensity of the
ether and alkyl CH2-stretching vibrations (Figure 5b) and the
high packing density determined by XPS (see below) imply a
smaller tilt angle of the alkyl chains and that the planar ethylene
glycol units are oriented nearly parallel to the surface normal.
For comparison, we also display the respective C12alkanethiolate
spectra on Au and Ag (Figure 5e,f). The asymmetric alkyl CH2-
stretching mode frequencies at 2917 cm-1 on Ag and 2919 cm-1

on Au for EG3-OMe are the same as for the unfunctionalized
alkanethiolates and indicate a similar low density of gauche
defects in the alkyl phase. The alkyl CH2 stretching mode is
at a lower frequency for EG3-OMe on silver than for EG3-
OMe on gold and indicates a higher degree of crystallinity in
the alkane phase.
The spectral intensities for the EG3-OMe CH3-stretching

bands at 2820 and 2980 cm-1 on Ag are about the same as the
data for EG3-OMe on Au. The intensity ratios between the
symmetric and asymmetric stretching mode are the same for
Au and Ag and thus indicate the same average orientation of
the terminal methoxy group. This is in agreement with the
results for methoxy-terminated alkanethiolates, where the same
spectral characteristics for the terminal methoxy group were
observed on Au and Ag,39 suggesting that the orientation of
the terminal methoxy group is decoupled from the alkyl chain
cant angle.

The EG[3,1]-OMe alkyl CH2-stretching band intensities are
less distinct on Au and Ag than in the case of EG6-OH or EG3-
OMe. For both EG[3,1]-OMe samples on Au and Ag, the
asymmetric CH2-stretching mode maximum is shifted to a
liquidlike frequency 2925 cm-1, suggesting that the alkyl chains
are disordered by the steric requirements of the branched end
group. The two different-OCH3 end groups in EG[3,1]-OMe
give broad symmetric and asymmetric CH3-stretching modes
at∼2821 cm and∼2986 cm-1.
3.3. X-ray Photoelectron Spectroscopy (XPS).XP spectros-

copy gives information about the stoichiometry and thickness
of the films on Au and Ag. Assuming a homogeneous adsorbate
layer, we estimated the film thicknessd from the attenuation
of substrate photoelectrons (Au 4d and Ag 3d), which decrease
exponentially with increasing adsorbate thickness. We used a
reference system of six alkanethiolates (C6-C22) on Au and
four40 alkanethiolates on Ag (C12-C22) with 6, 10, 12, 16, 18,
or 22 carbon atoms (Figure 6) to determine the relative thickness
of the OEG-terminated SAMs. We assumed that the six
n-alkanethiolates have the same average alkyl chain tilt angle
of 30° on Au and∼10° on Ag to calculate the effective thickness
of the oligo(ethylene glycol)-terminated SAMs (using a value
of 1.26 Å per methylene unit). Linear regression of the data
gave attenuation lengths41 of 26 Å for both the Au 4d5/2 and
the Ag 3d5/2 photoelectrons.42 These results are somewhat lower
than the interpolated values of 29-34 Å for Au 4d5/2 or Ag
3d5/2 electrons attenuated byn-paraffins, polyethylene,43 and
alkanethiolates44 using empirical best fit expressions such as
the TPP-2M equation45 or theλ ∝ Ekin0.67 expression found by
Laibinis et al.46 However, the attenuation length depends on
the extent of elastic scattering, which is a function of electron
emission angle and incidence angle of the X-rays.47 The
somewhat lower value ofλ derived from our measurements at
near-normal emission angle as compared to previous measure-
ments44,46 at grazing emission angles is in agreement with
theoretical predictions.47

The experimental data (Figure 6) reveal that the attenuation
of the Au 4d substrate photoelectrons by an EG6-OH film with
23 methylene groups and 7 oxygen atoms corresponds to the
attenuation by an unsubstituted C23 SAM.48 On Ag, the
attenuation corresponds to a C20SAM. These values correspond
to 78% and 68% of the theoretical thickness49 on Au and Ag,
respectively.

Figure 5. CH-stretching region of EG3-OMe, EG[3,1]-OMe, and
dodecanethiolate (C12) on Au and Ag (a-d). In e and f, the CH2-
stretching bands (bold lines) were deconvoluted with a peak-fitting
routine from CH3-stretching and CH3-Fermi resonance bands (dotted
lines).

Figure 6. Attenuation of the substrate photoelectron intensity for
unsubstituted alkanethiolates with 6, 10, 12, 16, 18, and 22 carbon
atoms. The logarithmic Ag 3d5/2 and Au 4d5/2 intensities decrease
linearly with increasing molecular length and the least-squares fit for
unfunctionalized SAMs can be used as a reference to determine the
effective thicknesses of oligo(ethylene glycol)-terminated SAMs. The
indicated thicknesses do not include the sulfur atom layer, which
corresponds to∼1.5 molecular length units (carbon or oxygen atoms).
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For EG3-OMe, the attenuations of the substrate photoelec-
trons roughly correspond to the predicted attenuation by a C17

(Au) and C19 (Ag) alkanethiolate monolayer. EG3-OMe
consists of 22 ether oxygen and methyl(ene) units, and the
effective thickness is 79% of the theoretical value on Au and
85% on Ag. On Ag, the surface coverage of the alkanethiolates
is higher and the molecular cross section is smaller than on
Au.
For EG6-OH on Ag, the IR data suggest a helical conforma-

tion of the EG6-OH group and a less tilted alkyl chain than on
Au. The unit cell area of unfunctionalized alkanethiolates on
Ag50 is ∼10% smaller than the molecular cross section of a
helical-EG6-OH group (19.1 Å2 as compared to 21.3 Å2, see
the discussion). This difference requires the presence of voids
or defects in the alkyl phase to accommodate the helical
conformation and therefore results in a similar calculated surface
coverage as on gold.
EG3-OMe monolayers show a higher surface coverage on

Ag than on Au. The effective film thickness isg85% of the
predicted value for a monolayer of densely packed EG3-OMe
chains with an orientation close to perpendicular to the surface
plane. IR data show that EG3-OMe on Ag does not adopt the
helical conformation, inferring that the surface packing density
is too high to allow a helical conformation of the ethylene glycol
units.
In EG[3,1]-OMe SAMs, the-CH2-O-CH3 side chain is

expected to reduce lateral packing density and effective thickness
in comparison with EG3-OMe. The experimentally determined
effective molecular lengths of 17.5 for EG[3,1]-OMe on Au
and 15.5 on Ag are rougly the same (Au) or lower (Ag) than
for EG3-OMe.

The carbon atoms of the alkyl chain and the ether carbon
atoms can be distinguished by their distinct C 1s peaks at 284.9
and 286.8 eV, respectively (Figure 7). To verify the bilayer
structure of the SAMs, we deconvoluted the C 1s doublet into
the alkyl and polyether fraction by a numerical least-squares
routine using the normalized C 1s spectrum of PEG 8000 for
the polyether phase and the spectrum of a dodecanethiolate SAM
as a reference for the alkyl C 1s peak. If the SAMs adopt an
oriented structure, the OEG moieties will attenuate the intensity
of the underlying alkyl carbon atoms and produce a ratio of the
polyether carbon C 1s to the alkyl carbon C 1s peak above the
values expected from the stoichiometric ratios of 1.3 (13/10)
for EG6-OH, 0.8 (8/10) for EG3-OMe, and 0.83 (10/12) for
EG[3,1]-OMe.
The deconvolution of the C 1s peak gives ratios for the C 1s

ether to the C 1s alkyl intensities on Au and Ag of 1.62 and
1.89 for EG6-OH, 0.96 and 1.11 for EG3-OMe, and 0.81 and
0.95 for EG[3,1]-OMe, respectively (Table 2). With the
exception of EG[3,1]-OMe on Au, the values are significantly
higher than the corresponding stoichiometric ratios, indicating
attenuation of the alkyl C 1s emission and thus supporting the
model of a layered structure.
For SAMs with a layered structure of alkyl and polyether

phases with thicknessdOEG, the C 1s signal from the alkyl
methylene units should be attenuated by exp(-dOEG/λC 1s), and
the C 1s signal of theith of n polyether carbon atoms should
be attenuated by the overlyingn-i carbon and their adjoining
oxygen atoms.51 We assumed a value of 27 Å forλC 1s, close
to the value ofλ for Ag 3d5/2 estimated for our experimental
conditions from the data in Figure 6. For such an ideal EG6-
OH bilayer with helical polyether phase, we calculate a C 1s
alkyl/C 1s ether ratio of 1.85, close to the experimental value
of 1.89 for EG6-OH on Ag. The corresponding ratio for EG3-
OMe is 1.01 for a helical ether phase and 1.08 for a planar EG
conformation. The experimental data agree within(5% of the
predicted values for an ideal bilayer structure.
From the XPS data, we therefore conclude that the films are

not perfectly homogeneous, as assumed for the theoretical
estimates; they contain defects and/or domain boundaries
resulting in a lower effective thickness. The bilayer model
describes the experimental results for EG6-OH and EG3-OMe
well on a silver substrate, whereas the deviation of the model
predictions for the two molecules on Au, and for EG[3,1]-OMe
on both substrates, indicates a higher degree of disorder.
3.4. Fibrinogen Adsorption Experiments.Fibrinogen was

used as a model protein for measuring the protein resistance of
OEG-terminated SAMs, because adsorption experiments on
various surfaces with single protein solutions of albumin, IgG,
and fibrinogen (the three main components of blood plasma)

Figure 7. XPS C 1s spectra of EG6-OH, EG3-OMe, and EG[3,1]-
OMe on Au and Ag. The C 1s spectral envelopes were deconvoluted
in an ether C 1s peak at 286.7 eV and an alkyl C 1s peak at 284.9 eV.

TABLE 2: Effective Film Thicknesses for EG6-OH, EG3-OMe, and EG[3,1]-OMe SAMs on Au and Ag

dcalc [Å] a C 1s ether:C 1s alkyl

helical planar dexp [Å] a calcb exptl

Au EG6-OH 30.8 25 1.30-1.85 (helical) 1.62:1
Au EG3-OMe 23.3 20 0.80-1.01 (helical) 0.96:1
Au EG[3,1]-OMe 21 >0.83 0.81:1
Ag EG6-OH 30.8 37.5 26 1.30-1.85 (helical) 1.89:1
Ag EG3-OMe 23.3 28.3 26 0.80-1.08 (planar) 1.11:1
Ag EG[3,1]-OMe 21 >0.83 0.95:1

a The relative molecular lengths as indicated in Figure 6 were multiplied by the incremental length per methylene unit for a perpendicular
oriented alkyl chain (Ag) of 1.26 and 1.1 Å for an all-trans chain tilted by 30° from the surface normal (Au) plus the length of the C-S bond.
Theoretical thicknesses for the oligo(ethylene glycol) end groups were predicted from the incremental thicknesses of 2.78 Å for the helical conformation
and 3.56 Å for the planar conformation.b The lower value is the stoichiometric ether carbon:alkyl carbon atoms ratio; the higher value corresponds
to an ideal bilayer structure, where the alkyl carbon C 1s intensity is attenuated by the overlying OEG strands with helical (EG6-OH on Au, Ag;
EG3-OMe on Au) or planar (EG3-OMe on Ag) conformation.

432 J. Phys. Chem. B, Vol. 102, No. 2, 1998 Harder et al.



showed a maximum surface coverage for fibrinogen.52 Also,
competitive adsorption experiments from ternary albumin-
IgG-fibrinogen solutions revealed a preference for fibrinogen.10

Experiments with EG6-OH and EG[3,1]-OMe SAMs on Au
and Ag, both for the more densely packed helical phase of EG6-
OH and the predominantly amorphous ether phase for the two
molecules, showed that these films were completely resistant
to protein adsorption if the adsorption time was sufficient for
the formation of a monolayer film. On incomplete films of
EG6-OH and EG3-OMe with an immersion time of 1 min, ca.
40% of a monolayer of fibrinogen adsorbed. The amount of
protein adsorption was much lower for more complete SAMs,
and 30 min immersion times for formation of the SAMs were
found to be sufficient to form an intact film. The representative
FTIR data for the protein resistant EG6-OH films are shown in
Figure 2. These findings agree with earlier results.10

Our FTIR data showed that adsorption of EG3-OMe on Au
and Ag resulted in different preferential molecular conformations
of the OEG moiety: on gold, the ethylene glycol units were
observed to be predominantly in their room-temperature helical
gauche conformation, whereas on silver we found that the
majority of the oligo(ethylene glycol) units assumed the planar
“all-trans” conformation. In the fibrinogen adsorption experi-
ments, we observed that films on silver exhibiting predominantly
the all-trans phase (no C-C gauche wagging mode at 1352 cm-1

detectable) adsorbed fibrinogen in a range of 5%-60% of a
monolayer (Figure 8a,b), whereas the EG3-OMe films with
gauche conformations on gold were consistently protein resistant
(Figure 8c,d). The highest amounts of protein adsorption on
Ag/EG3-OMe were observed when the C-O-C-stretching band
maximum was observed at 1145 cm-1 before and after immer-
sion in the buffered, aqueous fibrinogen solution. The lower
limit for the amount of protein adsorption (5%-10%) corre-
sponds to EG3-OMe samples which showed some relaxation
of the ether phase during exposure to the fibrinogen solution,
indicated by a shift of the C-O-C band maxima to∼1140
cm-1. Hence, for a densely packed film of EG3-OMe, the
ability to resist fibrinogen adsorption correlates with molecular
conformation. Analogous experiments with different OEG
conformations in EG6-OH-terminated SAMs were not possible,
because the helical conformation formed on both gold and silver
surfaces.

4. Discussion

4.1. The Conformation of OEG on Au and Ag Surfaces.We
would first like to summarize and discuss our results relating

to the different molecular conformations observed for the OEG
moieties in the self-assembled monolayers. Neat EG6-OH,
EG3-OMe, and EG[3,1]-OMe are liquids at room temperature,
whereas EGn-OH oligo(ethylene glycol) amphiphiles with a
dodecyl chain andn > 6 are crystalline solids at room
temperature.53 In the liquid or amorphous state, no preferred
molecular conformation is observed: The conformation of the
C-C bond is mainly gauche, but without uniform rotation, and
the conformation around the C-O bond can be trans or gauche.
In a SAM, the anchoring ofn-alkanethiols to the Au and Ag

surfaces favors a parallel alignment of the alkyl chains and a
crystalline-like all-trans conformation forn > 10.12 Like the
dodecyl oligo(ethylene glycol) series,40 the ordered arrangements
of the oligo(ethylene glycol)-terminated alkanethiols should
favor a helical conformation of the OEG moieties if they are
not spatially restricted.
In the following discussion, we assume that our polycrystal-

line Au and Ag surfaces consist predominantly of (111) facets
in order to relate our observations to the structural data available
for alkanethiolates on defined gold and silver surfaces. Figure
9 summarizes an idealized model for the adsorption geometries
and conformations for EG6-OH and EG3-OMe on Au(111) and
Ag(111). The sulfur atoms of unfunctionalized long-chain
alkanethiolates on Au(111) form a commensurate hexagonal
(x3 × x3)R30° overlayer54 with an S‚‚‚S spacing of 4.97 Å
and an idealized (for a defect-free film) packing density of 21.4
Å2/thiolate. To optimize the van der Waals contact, the alkyl
chains must tilt from the surface normal by∼30° as observed
by IR15 spectroscopy and grazing incidence X-ray diffraction.55

The resulting alkyl chain density and cross sectional area
perpendicular to the chain axis are the same as for polyethylene
(18.4 Å2). Crystalline poly(ethylene glycol) in its idealized
helical form has a larger molecular cross section of 21.3 Å2,
but can be accommodated on top of the crystalline polyethylene
layer with an in-plane packing density of 21.4 Å2/thiolate

Figure 8. EG3-OMe SAMs before and after immersion in fibrinogen
solution. EG3-OMe on Ag is not protein resistant like EG3-OMe on
Au but adsorbs up to 60% of a monolayer fibrinogen as determined by
the intensities of the amide I and amide II bands of the fibrinogen film.

Figure 9. Molecular cross sections and incremental thickness per
methylene and EG (-OCH2CH2-) unit, respectively, for EG6-OH on
Au with a∼30° tilt of the alkyl chain and a perpendicular orientation
of the EG6 helix axis and for EG3-OMe with a perpendicular orientation
of the alkyl chain and a planar zigzag conformation of the EG3 units.
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molecule. Due to lateral constraints in the densely packed phase,
the oligo(ethylene glycol) moieties adopt an orientation parallel
to the surface normal and attain their bulk mass density.
On Ag(111), the S‚‚‚S spacing for long-chain alkanethiols is

smaller (4.77( 0.03 Å)50 than on Au(111). The molecules
assume a more perpendicular orientation with respect to the
surface plane, and the surface area per molecule (18.4 Å2) is
nearly the molecular cross section of the alkyl chains. The
smaller domain size of the alkanethiolates and the presence of
defect sites56 on Ag(111) cause average molecular tilt angles
of 7-14°.57 Since the molecular cross section of helical poly-
(ethylene glycol) is larger than the unit cell dimension of
unfunctionalized alkanethiols on Ag(111), the helical form
cannot easily be accommodated. That the EG6-OH molecules
are adsorbed in their energetically more favorable helical
conformation on Ag(111) indicates that the EG6-OH film must
have vacancies or defects and/or that the underlying alkane
lattice is expanded as compared to neat alkanethiolates. For
the EG3-OMe films, the energetic advantage of the helical form
versus the all-trans form of the OEG units is smaller58 than for
EG6-OH, so that the tri(ethylene glycol) unit more easily adopts
a planar zigzag conformation with a cross section of 17.1 Å2,
which can be accommodated in the alkanethiolate lattice on Ag-
(111).
The different film densities for EG6-OH and EG3-OMe on

silver are also evident in the XPS data, where we found that
the film thicknesses (as measured by the attenuation of the
substrate signal) are about the same despite their different
molecular lengths. This observation confirms that the lateral
density in the two films are different on silver surfaces, as
suggested above.
These observations indicate that the energy differences are

small and that a subtle balance between the headgroup/substrate
energetics, alkane/alkane chain interactions, and the energy
differences between the conformations of the OEG moiety
determine the phase behavior and molecular conformation in
the OEG SAMs. To our knowledge, this is the first example
where the conformation of the tailgroup of anω-terminated
monolayer can be tuned by the choice of the substrate material.
The deviation of the idealized model from the experimental

observation, i.e., the presence of amorphous conformations in
the predominantly helical or all-trans OEG phase (in the FTIR
data) and the lower than expected absolute film thickness
(derived from XPS), is not unexpected considering the poly-
crystalline nature of the substrates and the well-documented
presence of domain boundaries due to the canted orientation of
the molecules in the alkanethiolate films.
The bulky nature of the EG[3,1]-OMe molecules obviously

prevents the formation of an oriented and well-ordered film.
The FTIR data show that the alkyl chains for this molecule are
less ordered than in simple alkanethiolate films and that the
OEGmoieties are best described by an amorphous conformation.
Accordingly, these films are less dense than the EG6-OH and
EG3-OMe films, as confirmed by the XPS data.
4.2. Protein Resistance of the Films.That the helical and

the amorphous-like OEG phases in the EG6-OH and EG3-OMe
films and the less densely packed EG[3,1]-OMe samples are
protein resistant is consistent with previous results. Whitesides
et al.10,59 reported not only that the pure EG6-OH films resist
protein adsorption but also that resistance was maintained in
mixed layers of EG6-OH withn-alkanethiols as long as the mole
fraction of the latter did not exceed∼35%. On the basis of the
measurements described here, we expect that the OEG strands
in these diluted EG6-OH SAMs have amorphous conformations.

It is noteworthy, however, that the densely packed and
crystalline-like helical OEG-terminated SAMs are also protein
resistant. These films do not present a long-range steric barrier
to the proteins,60 and their observed protein resistance is
consistent with the notion that the surface film prevents
adsorption onto the substrate simply by preventing the protein
from reaching the interface.61 The crystalline-like, ordered EG6-
OH samples in our measurements are completely fibrinogen
resistant. This result agrees with the theoretical work of
Szleifer,60who found that the presence offlexiblepoly(ethylene
glycol) strands is not a necessary condition for protein resistance,
but rather a dense and inert film that prevents contact between
the substrate and the protein.
The question then remains, why the protein does not adsorb

onto the EG3-OMe SAM surface, which is substantially less
hydrophilic than-OH-terminated alkanethiolates. To explain
this observation, it is significant that the predominantlyhelical
EG3-OMe films on Au are protein resistant, whereas the EG3-
OMe layers which are densely packed and mainly in a trans
conformation on Ag do adsorb protein. The distinction between
the two conformations can be made by the characteristic
vibrations in the FTIR data; they cannot be distinguished by
different contact angles of water. The observation of identical
(within the errors of measurement) wettabilities is in agreement
with the FTIR data (Figure 5), where the orientation of the
terminal CH3 group is found to be the same, which suggests
that the wetting properties might also be similar. Obviously,
the water contact angle measurements taken in air are not
sensitive to the molecular conformation of the OEG moieties,
or the differences in the molecular conformation inferred from
the nitrogen-purged FTIR experiments disappear in the presence
of liquid water.
Despite the similarity in wettability by water droplets, the

resistance to protein adsorption is significantly different for
SAMs that have OEG units predominantly in the helical and
planar trans conformations. In those EG3-OMe samples on Ag,
where only a small amount of fibrinogen adsorption was
detected, we observed a change in the IR absorptions of the
OEG moieties, suggesting a transfer of molecules from the
predominantly planar trans to the amorphous phase on adsorp-
tion of proteins. In other words, interaction with the protein-
containing buffer solution or direct interaction with the protein
changed the conformation of the EG3-OMe moieties. This
observation suggests that protein resistance in these films is
influenced by the molecular conformation of the OEG units in
the interphase and not just by surface energy as determined by
the orientation of the terminal functionality and probed by the
contact angle of water on the neat films.
The helical, protein resistant conformation we observe in our

FTIR spectra taken in a nitrogen atmosphere corresponds to
the stable solvated form of the polymer at room temperature;
desolvation at higher temperatures leads to a amorphous phase
having a substantial population of trans conformations around
the C-C bond.9 Due to its high flexibility, the polymer does
not assume a homogeneous all-trans conformation in its
dehydrated, high-temperature, amorphous form, and therefore
no experimental information on such a phase to compare with
our data for EG3-OMe on Ag is available.
Correlating the molecular conformations of the OEGmoieties

with their ability to bind water, we speculate that the protein
reaching the interface of the OEG-terminated SAMs by diffusion
distinguishes whether it approaches a solvated or a partly
desolvated interphase and that this affects its ability to bind
irreversibly. If the water is strongly bonded and provides a
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stable solvation shell, the protein might not be able to displace
the bound water and, hence, to adsorb. In other words, the
protein resistance of the helical OEG phase may not be a
property of the molecule itself; instead, the helical phase may
prevent a direct interaction between the surface and the protein
by forming a stable solid-liquid interphase involving tightly
bound water. This model is supported by quantum mechanical
calculations on the solvation of the different OEG conforma-
tions,62 which suggest that the all-trans phase of an OEG-
terminated SAM cannot form a stable solvation layer, while
the helical structure (due to its strong and self-perpetuating
dipole field) stabilizes such a layer.
Note, however, that this model remains speculative as long

there are no direct “in situ” experimental data establishing the
molecularinteraction of OEG in different conformations with
water. The lack of a direct correlation of conformation with
macroscopic wetting properties, as measured by the contact
angle of water, is not obviously compatible with the hypothesis
that the strength of interaction with water is the characteristic
that determines protein adsorption, and requires further study.
At this time, fibrinogen adsorption is a more sensitive probe of
the interfacial properties of OEG-terminated alkanethiolate films
than water contact angle measurements.

Summary and Conclusions

FTIR and XP spectroscopies revealed that EG6-OH-, EG3-
OMe-, and EG[3,1]-OMe-terminated SAMs on polycrystalline
gold surfaces vary in their lateral density and in the molecular
conformation of the OEG group. The EG6-OH films on Au
show a high degree of variability in conformation and may exist
in conformations ranging from a predominantly crystalline,
helical phase to an amorphous phase characteristic of OEG
conformations in the liquid state. Less variation of the film
properties was observed for EG3-OMe-terminated SAMs. For
EG[3,1]-OMe SAMs, the coverages measured by XPS and the
FTIR data indicate a highly disordered alkanethiolate monolayer.
The conformation of the EG3-OMe-terminated alkanethiolate

film can be manipulated by the choice of the substrate metal,
i.e., gold or silver. On the former, the lateral spacing of the
canted alkane chains allows the OEG units to accommodate
their helical conformation. On silver, the alkane chains are
oriented nearly perpendicular to the surface plane and the higher
lateral density causes the methoxy-terminated tri(ethylene
glycol) unit to assume trans conformations around their C-O
bonds. To our knowledge, this example is the first where the
molecular conformation in the tailgroup of anω-functionalized
SAM can be manipulated by the choice of the substrate material.
Whereas the SAMs exhibiting the characteristic FTIR spectra

of OEG moieties with helical or amorphous conformations were
found to be resistant to fibrinogen adsorption, the dense EG3-
OMe films on silver with OEG strands in a preferential “all-
trans” conformation adsorb fibrinogen. The observation that
dense and predominantly helical (but not defect-free) films of
OEG-terminated SAMs are protein resistant suggests that
conformational freedom (as present in grafted PEG coatings)
is not a necessary condition for rendering the surface resistant
to protein adsorption. We speculate that the conformation-
dependent degree of solvation, and consequently the stability
of an interfacial water layer, determines if the protein, reaching
the surface by diffusion, can irreversibly adsorb onto the surface.
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