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Interaction of Water with Self-Assembled Monolayers:
Neutron Reflectivity Measurements of the Water Density
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We applied neutron reflectivity measurements to hydrophilic and hydrophobic self-assembled monolayers
(SAMs) to probe water density at these interfaces. The measurements were motivated by a previous
theoretical study which reported a reduced water density at a hydrophobic surface (Lum, K.; Chandler,
D.; Weeks, J. D. J. Phys. Chem. B 1999, 103, 4570) and by our own computer simulations on the hydration
force and water density between two methoxy tri(ethylene glycol) terminated undecylthiolate SAMs adsorbed
on gold substrates used to study protein adsorption. These simulations predicted that the surfaces are
slightly hydrophobic and are characterized by a reduced water density at the interface (Pertsin, A. J,;
Hayashi, T.; Grunze, M. J. Phys. Chem. B 2002, 106, 12274). In disagreement with the marginal reduction
in water density derived in the simulations, the neutron reflectivity measurements reported here indicate
an unexpectedly extended (~4 nm) water layer at the SAM surface with a noticeably reduced density
(85—90% of the density of bulk water). The reproducibility of the experimental results with the methoxy
tri(ethylene glycol) terminated undecylthiolate SAMs was confirmed with four different samples and by
one measurement using a contrast-matched D,O/H20 water mixture. We also used neutron reflectivity
measurements to study the water density at the water/SAM interface of hydroxy hexa(ethylene glycol) and
hydroxy tri(ethylene glycol) terminated undecylthiolate SAMs. Except for one of the hydroxy hexa(ethylene
glycol) samples studied, the results are consistent with the presence of bulk water in direct contact with
the interface. We also discuss possible artifacts and problems in the analysis. Our results on nonfunctionalized
hydrophobic octadecanethiolate and hydrophilic hydroxy-terminated undecylthiolate SAMs give physically
unreasonable and nonconclusive models for the water interface on these surfaces, respectively. The best
fit of the data for the hydrophobic surface gives an unreasonably low water density, possibly due to the
presence of air inclusions in the film and/or adsorbed air “nanobubbles”. The results obtained on the
hydrophilic hydroxy-terminated surface can be fitted equally well with a model assuming an interface
water density that is higher or lower than that of bulk water, demonstrating the ambiguities associated
with describing the organic/liquid interface with a box model for the Q range accessible in our experiment.

Introduction

One of the pertaining issues in the discussion of the
interaction of water with surfaces is the property of water
in direct contact with solids. Water molecules adsorbed
on asurface are expected to have a preferential orientation
caused by the directional nature of the water/substrate
bond, which will affect the ability of these water molecules
to be integrated into the hydrogen bonding network of
surrounding water molecules. This difference in the ability
to optimize hydrogen bonding between the water molecules
at the solid/liquid interface and the adjacent bulk liquid
will affect the structure of interfacial water and hence its
static and dynamic properties, as reflected in its density
and viscosity. These considerations give rise to the
expectation that water in contact with a solid has a
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different structure and density than bulk water and that
in the extreme it may be “icelike” if the density is reduced.
A “Biography of Water” discussing the special properties
of water and the questions relating to its interfacial
properties was presented by P. Ball.?

A direct measurement of the structure and density of
water at a solid/liquid interface is, to say the least, not
straightforward. Experimental results giving indirect
information on interfacial water properties were reviewed
by Israelachvili*®and Vogler.® Direct spectroscopic results
proving a preferential orientation of water molecules at
solid surfaces,”® the pH dependence of the orientation,®
and changes in water orientation upon polyelectrolyte or
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protein adsorption at a solid/water interface'®'! were
recently obtained by vibrational sum frequency generation
(SFG). Due to the nature of this nonlinear optical
technique, only water molecules adsorbed onto the surface,
but not those in adjacent water layers, can be observed.
The structural transition of water from adsorbed and
preferentially oriented water molecules into the bulk water
structure, in particular the range of this transition zone
(which we will hereafter call water interphase), remains
elusive.

Indirect conclusions on the structure of water confined
between two surfaces can be derived from surface force
measurements. The dynamical properties of water films
confined in narrow slits, in particular its fluidity, have
been studied experimentally by surface force balance
experiments by Klein et al.'?> and Zhu and Granick.!?
However, the two studies give different results on the
properties of the confined water film. A measurement of
water density oscillations near amica/water interface with
high-resolution specular X-ray reflectivity was reported
by Cheng et al.** They interpreted their data on crystal-
lographic well-defined mica surfaces by a model in which
a layer of adsorbed, laterally ordered water on the
molecularly smooth mica surface is followed by a second
nonordered hydration layer, suggesting that the effect of
the solid surface on water structure vanishes within a
few molecular layers.

The situation regarding interfacial water structure may
be different on organic substrates, which are commonly
classified according to their macroscopic wetting behavior
into hydrophobic or hydrophilic surfaces,*>~1” and where
the observed water-mediated forces are often associated
with unusual structural properties of the water inter-
phase.® According to theoretical work by Lum et al.,* a
reduced water density in a solid/water interphase is a
consequence of the hydrophobic nature of the surface.

The water density at a solid/liquid interface can be
determined experimentally by neutron reflectivity (NR)
which probes the scattering length density profile along
the surface normal and is a proven and powerful method
to study adsorption (in particular protein adsorption) at
air/solution or solid/solution interfaces.'® Although several
examples of NR measurements on solid/liquid interfaces,
including self-assembled monolayers (SAMs), were re-
cently reviewed by Lu and Thomas,'®° the possible
changes in the density of water in contact with a hydro-
phobic interface, for example, in the study of octadecyl
trichlorosilane (OTS) on silica in contact with water, were
not discussed.

In our NR study described here, we are interested in
probing the water density at the surface of SAMs adsorbed
on a polycrystalline gold substrate. SAMs allow precise
control of the solid/water interfacial energy as reflected
in the macroscopic contact angle,*>"'7 and thiols on Au
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have been characterized in detail.?° The system we studied
most extensively by neutron reflectivity measurements
is methoxy tri(ethylene glycol) terminated undecylthiolate
SAMs (EG3-OMe) on polycrystalline gold substrates.t521.22
Recently the hydration forces between two adjacent EG3-
OMe surfaces were calculated using the grand canonical
Monte Carlo (GCMC) technique.? The simulations predict,
in agreement with SFG experiments,?® that water pen-
etrates into these films and that they exhibit a typical
hydrophobic behavior which is reflected in a slightly
reduced interphase water density. We note however that
these simulations refer to water confined between two
SAMswhich are 8—10 nm apart. The situation is therefore
not directly comparable to the experiments with a single
SAM immersed into bulk water, as described in the
discussion section of this paper.

Our paper isorganized as follows: Firstwe will describe
in detail our experimental procedures and fitting strategies
of the reflectivity curves with a box model to extract a
density profile of water along the z axis away from the
substrate surface. Then we present the results we obtained
on the density of water near EG3-OMe, hydroxy tri(eth-
ylene glycol) (EG3-OH) and hydroxy hexa(ethylene glycol)
terminated undecylthiolate SAMs (EG6-OH) and at non-
functionalized hydrophobic octadecanethiolate (C18) and
hydrophilic hydroxy-terminated undecylthiolate SAM
(C110H) surfaces. We find that the results involve
noticeable uncertainty, making it difficult to draw reliable
conclusions on interphase water density. The results on
more hydrophobic surfaces are most likely obscured by
the presence of air inclusions or adsorbed nanoscopic air
bubbles, which have been observed previously in the
atomic force microscopy (AFM) work of Ishida et al.,?
Ederth et al.,?> and Tyrell et al.?®

Experiments

Chemicalsand SAM Preparation. Octadecanethiol (0185-
8), 11-mercapto-1-undecanol (44,752-8), and deuterium oxide
(15,188-2) from Sigma-Aldrich and absolute ethanol (>99.8 vol
%) from Riedel-de Haén were used as received. The synthesis
and structure of HS(CH3)11(OCH,CH,);s0OH (EG3-OH), HS-
(CH2)11(OCH2CH2)3OCH3 (EG3-OM9), and HS(CHz)ll(OCHz-
CHy,)sOH (EG6-OH) have been described elsewhere.'>21.27 The
SAM preparation is described in refs 21 and 28.

Materials. Onto all-side-polished, single-crystal SiO, (0001)
substrates (CrysTec, Berlin, Germany), 8.9 x 3.8 x 1.3 cm3in
size (10 x 8 x 1.3 cm3 in the case of EG3-OH and sample 11 of
EG6-OH), a 10—15 nm thick adhesion layer of Cr and then a
20—50 nm thick Au film were deposited by evaporation. The
typical root-mean-square (rms) roughness of the metallized
substrate was 8.5—11.5 A as determined by AFM.

Experimental Procedure. All neutron reflectivity measure-
ments discussed in this paper except those with EG3-OH and
sample Il of EG6-OH were performed at the Neutron Scattering
Center at the Hahn-Meitner-Institut in Berlin (BENSC) on the
V6 neutron reflectometer.?® The instrument has a vertical
scattering plane and operates with cold source neutrons at a
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Figure 1. Aschematic representation of the multilayer system
studied and a list of the associated model parameters. The
variable parameters are encircled in a frame. The arrow shows
the direction of the incident neutron beam.

wavelength of A = 4.66 A. Instrumental resolution is of the order
of 103 A-1, Experiments with EG3-OH and sample 11 of EG6-
OH have been performed at the time-of-flight spectrometer D17
at the Institute Laue-Langevin in Grenoble, France. The
spectrometer has a horizontal scattering plane and operates in
a wavelength range of 2—20 A with a wavelength resolution AL
of 2—15%.

The measurements were made with SAMs both in the dry
state and in contact with D,O and D,O/H,O mixtures. In dry-
state experiments, the SAM-coated substrates were fixed faceup
in an aluminum cell with an O-ring-sealed aluminum lid. The
cell was evacuated and flushed with nitrogen several times and
finally kept under a small overpressure of nitrogen during the
measurement. The wall thickness at the inlet and outlet windows
of the aluminum cell was limited to 2 mm each so that the
attenuation of the neutron beam was less than 5%.

For the measurements in contact with D,O, we used a liquid
cell as described by McDermott et al.3¢

To verify our results on EG3-OMe, EG3-OH, and EG6-OH in
contact with D,O, we repeated the measurements using a mixture
of D,O and H;O having a different scattering contrast.181° A
mixture of D,O and distilled water with a ratio of 68:32 vol %
or 93:7 vol % has the same scattering length density as quartz
or a 15% solution of bovine serum albumin (BSA) in D0,
respectively. They are denoted as quartz-matched contrast (QMC)
and BSA-matched contrast (BSA-MC) in the following. After
measurements against pure D,0, the liquid phase was changed
to QMC or BSA-MC and the sample was measured again without
further sample adjustment. BSA-MC was used for the EG3-OH
SAMs in the context of a research program in which the
interaction of BSA with SAM surfaces has been investigated by
neutron reflectometry.3!

Of great concern is the possible damage of the SAMs either
during transport or during the measurements. We measured
the same EG3-OMe SAM with all instruments used in our neutron
reflectivity studies (V6, Hahn-Meitner-Institute, Berlin,and D17,
and in addition on the EVA and ADAM reflectometers at the
Institute Laue-Langevin, Grenoble, France) within a period of
about 4 weeks. The sample was stored in an aluminum container
in an inert gas atmosphere (Ar, Ny, or He) and mounted on the
liquid cell directly before the measurements. We checked the
integrity of the SAM before the first and after the last (fourth)
neutron measurement by ellipsometry. Within the error of
measurements, we found that the SAM did not change during
the 4 weeks of transport and measurements.

Substrate Parameters. To extract the parameters of the
system from the measured reflectivity curves, we employed least-
squares parametric fitting procedures. The model parameters
used to specify the system are the neutron scattering length
densities, pi, thicknesses, di, and interfacial rms roughnesses,
oiji+1, of all the individual layers and interfaces in the system
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(Figure 1). The scattering length densities of quartz, Cr, Au, and
bulk DO were fixed at their commonly accepted values.3? For
the QMC and BSA-MC liquid phase, we used a scattering length
density of 4.17 x 1076 and 5.86 x 107¢ A~2, respectively.

SAM Parameters. The SAM thickness in the dry state was
determined by X-ray photoelectron spectroscopy (XPS) and
ellipsometry measurements. The values are 20.3 A for EG3-OH,
29.0 A for EG6-OH, 20.5 A for C18, and 13.2 A for C110H. For
EG3-OMe, the SAM thickness has been measured by four
different experimental methods (ellipsometry, XPS, and X-ray
and neutron reflectivity) and proved to be in the range from 20
to 23 A. For the analysis of the experiments, the C18 and C110H
areal density was fixed at 21.65 A2 per molecule, corresponding
to a perfect monolayer of dodecylthiolate (C12) assembled on a
Au(111) surface.33-36 The oligo(ethylene glycol) (OEG) SAMs,
however, have a lower coverage than the C18 SAMs.2137 According
to the XPS measurements, the average molecular areas are 27
A2 (EG3-OH and EG3-OMe) and 28 A2 (EG6-OH), respectively.

For the EG3-OMe SAM in contact with D,0O, two independent
models of the SAM structure were tested. In one model, the SAM
is assumed to be impenetrable to water, so that its thickness in
contact with water is the same as in the dry state. In the
parameter fitting, the thickness is fixed at the mean value of
21.5 A, which results in psayw = 1.110 x 107 A-2. The other
model is based on recent SFG experiments?® and computer
simulations,? which show a substantial conformational disorder-
ing of the SAM and penetration of water deep into the EG3-OMe
layer. The water and SAM density distribution found in computer
simulations? for two parallel S(CH,);—(OCH,CH3)3-OCH3 SAMs
(EG3-OMe with shorter alkyl chain) whose substrates are H =
80 A apart is depicted in Figure 2. The density distribution is
naturally divided into three distinct layers with substantially
different scattering length densities: (I) the alkanethiol layer of
the SAM (z < 4 A), (11) the interpenetration layer (4 A <z < 20
A), and (I11) the water layer adjacent to the SAM (20 A < z <
40 A). The averaging of the water density in the two latter layers
gave 11.5% and 92.2% bulk water density, respectively. A
correction for the difference in the alkane chain length between
the simulations (n = 3) and experiments (n = 11) gives for layer
I a thickness of 11.3 A. The subsequent calculations of neutron
reflectivity from the EG3-OMe-terminated SAM showed, how-
ever, that the division of the SAM into separate alkanethiol and
EG3-OMe sublayers had a negligible effect on the calculated
reflectivities because of the limited Q range of the measurements.
For this reason, in the parameter fitting the SAM was treated
as a single layer with a total thickness of 11.3 + 14 = 25.3 A and
an average scattering length density of 7.349 x 107 A2,

For EG3-OH, EG6-OH, C18, and C110H in contact with water,
respective computer simulations are not completed yet. Neither
experimental nor simulated data on the water penetration are
available. For EG3-OH and EG6-OH, we assumed the same
swelling and water penetration as for the EG3-OMe-terminated
SAMs.2 This yielded a SAM thickness of 24.1 A for EG3-OH and
36.6 A for EG6-OH. Accordingly, the values of psam used in our
fits were 1.505 x 1077 A*zg.689 x 1077 A~2) for EG3-OH, 9.123
x 1078 A2 (7.260 x 107 A~2) for EG6-OH, —3.576 x 107 A2
for C18,and —1.484 x 107 A-2for C110H. The values in brackets
refer to the swollen SAM in D,O. Water penetration and SAM
swelling in QMC and BSA-MC result in psam = 7.201 x 107 A2
(EG3-OH/BSA-MC), 5.119 x 107 A-2 (EG3-OMe/QMC), and
4.990 x 10~7 A2 (EG6-OH/QMC).

Water Models. Two different assumptions for the water
density distribution next to the SAM surfaces were tested. In the
first case, water is represented by a single semi-infinite box with
a density equal to that of bulk water (BW). Alternatively, one or
two additional boxes, associated with interphase water layers
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Figure 2. Density profiles in the EG3-OMe SAM—water interfacial region averaged over a SAM area of 36 Au—S(CH)3;(OCH,-
CH;)3;0CHg thiolate molecules, as obtained in GCMC simulations (ref 2). The blue data points show the density of water molecules
as a function of distance from the substrate surface. The red data points depict the SAM density. See details in the text.

(IW), are placed between the SAM and bulk water. The three
corresponding models are characterized by the total number n
of water boxes and denoted as n-box models in the following.
Both the thickness and scattering length density of the individual
IW boxes are treated as adjustable parameters, whereas the
roughness of each D,O/D-0 interface (IW,-1/BW and, if existing,
IW1/IW,) is fixed at zero. While a realistic description may have
to include a certain degree of smearing of the density profile at
this interface (represented by a finite ojwmsw), our assumption
reduces the number of fitting parameters and thus the ambiguity
of the fitting results. Since our assumption is used consistently
throughout the fitting, the results for different films should be
comparable and the qualitative conclusions should not be affected.

Fitting Procedure. Due to the so-called “phase problem”,
there isnogeneral inversion procedure of scattering data. Because
the experimental reflectivity (or scattering) pattern is propor-
tional to the square of its complex scattering amplitude, the phase
information is in general lost and the corresponding real-space
profile cannot be retrieved in an unambiguous manner. The
common way of treating the reflectivity problem is to model the
interface in real space, subdivide it into a suitable number of
slices (boxes) of constant refractive index according to the
underlying physical constraints (e.g., the number of layers
assembled on the given substrate), and calculate the corre-
sponding reflectivity pattern by applying the dynamical scattering
theory. In this respect, mostly the optical matrix method?® and
Parratt’s recursion algorithms32 are applied. The box models are
then refined by least-squares fitting procedures to maximize the
overlap between the experimental and calculated reflectivity
curves and, hence, minimize the merit function y2. The model
profile that represents the experimental reflectivity curve best
in concordance with the physical boundary conditions is accepted
as the (most likely) profile of the interface under consideration.

Recently it has been shown both theoretically3%4% and experi-
mentally*! that in special cases the phase problem can be
overcome by introducing reference layers or, alternatively, by
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Tobias, D.; Silin, V.; Meuse, C. W.; Woodward, J.; Plant, A. L. Biophys.
J. 2000, 79, 3330.

changing the environment. Both strategies are difficult to adapt
to our particular problem. The introduction of a magnetic
reference layer would change the growth of the Au, and thus the
obtained profiles would be difficult to compare with previous
data. A systematic change of the scattering length density of the
liquid environment is a possibility to reduce the phase problem,
but such time intensive measurements may induce changes in
the SAM/liquid interphase region and are therefore not further
pursued in our studies focusing on the organic/water interface.
Replacing the quartz substrate by a silicon substrate is also not
favorable because one would treat two individual (and maybe
differentin their roughness and homogeneity) systems as asingle
one. This presumption would be hardly justified in our case
considering the observed differences in thickness and roughness
of the individually prepared systems of the same kind. Therefore,
we decided to follow the widespread strategy of least-squares
fitting of box models to our reflectivity data.

All the model parameters treated as variables in the fitting
routine are shown enclosed in a frame in Figure 1. The variation
of two roughness parameters was constrained by the following
conditions: oauwsam = osamnwi for the two- and three-box models,
or oauwsam = osamiw for the one-box model; that is, the roughnesses
of the upper and lower interfaces of the SAM with the adjacent
phases (water and gold) were assumed to be equal. This
assumption is justified by the fact that the SAM thickness is
small and, to a good accuracy, constant. As a consequence, the
SAM conforms to the substrate surface, reproducing its shape
and roughness. In Figure 1, oausam and osamnwi are enclosed in
acommon frame to emphasize the correspondence between these
two parameters. Considering these constraints, the total number
of adjustable model parameters is 5, 7, and 9 in the one-, two-,
and three-box models, respectively.

The search for the optimum model fit was carried out by
minimizing the discrepancy factor y? defined as the sum of
weighted squared deviations between the experimental and
calculated reflectivities. Two alternative choices for the weighting
factors, w, were tried: w = 1/R®® and w = 1/AR®®, where AR®®
is the experimental error in the measured reflectivities R®®.
Inasmuch as AR®*P ~ (R®P)12 the 1/R weighting scheme makes
the discrepancy factor more sensitive to the range of higher Q,
while the 1/AR weighting favors the lower Q range.

Inaddition, two different strategies were used to check whether
the obtained fitting parameters are suitable to correctly describe
the studied multilayer system. First, for the liquid-phase
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Table 1. Preferred Two-Box Models for Three Investigated OEG SAMs: EG3-OMe against D,O (a) and QMC (b), EG6-OH
against DO (c) and QMC (d), and EG3-OH against D,O (e) and BSA-MC (f)2

EG3-OMe SAM EG6-OH SAM EG3-OH SAM
contrast (a) DO (b) QMC (c) D2O (d) QMC (e) DO (f) BSA-MC
no. of samples 4 1 2 1 1 1
no. of boxes 2 2 2 2 2
diw [A] 413493 49 455 +10.5 28 8 33

(41.8 + 8.8) (48) 475+ 6.5) (31) 3) (32)
ow [x1076 A~2] 5.52 £ 0.29 3.56 5.80 £0.13 3.98 6.57 5.89
(5.55 £ 0.17) (3.61) (5.79 £ 0.32) (4.09) (6.45) (5.89)
piw/psw x 100 [%] 86.4+ 4.4 85.4 91.2+23 95.3 103 101
(86.9 + 2.6) (86.6) (90.8 +5.1) (98.1) (101) (101)
02,22 1.54-2.78 3.15 1.21-2.63 1.21 1.76 1.00
(1.81—-3.43) (2.32) (1.21-1.66) (1.01) (1.89) (1.00)
G2l D 1.33-1.83 6.07 0.97-1.54 0.99 1.83 1.40
(1.33-1.94) (4.96) (1.11-1.45) (1.03) (1.94) (1.00)

a The number of samples used to derive the results is given in the third line. All values in brackets refer to the swollen SAM.

measurements the total metal layer thickness dcr+au Was also
estimated from the width of the Kiessig fringes in the regime Q
> 0.02 A-1 from the linear regression Q, = (27/d)n where Q,
denotes the maximum position of Kiessig fringe n observed in
the reflectivity profile. Taking into account an experimental step
width of A6 = 0.02°, dcriau €can be determined with a precision
of at least +15 A. Second, for some of the substrates, dry-state
neutron reflectivity measurements against a nitrogen atmosphere
were performed to independently determine the metal thickness
and roughness. In either case, fitting results for the liquid-phase
measurements were accepted only if the calculated parameters
for the metal thickness did not differ by more than 15 A from the
independently determined values.

Note that the metal thickness and roughness determined in
the dry-state experiments were not used as fixed parameters in
the fitting routines for the liquid-phase measurements. This is
based on the consideration that the data are uncertain to some
extent and that small deviations from these values already have
a major impact on the quality of the fit. Moreover, such a
procedure would completely fix all parameters in the case of the
one-box model, which appears as a too severe restriction
considering the inherent uncertainties in the metal layer
thicknesses.

All of the calculations were made using the Paratt32 software,*?
which implements Parratt's recurrent formalism for reflectivity,*
with roughness included as suggested by Névot and Croce.*

Results

All detailed fitting results, including substrate param-
eters (such as metal thickness and roughness) and SAM
roughness, are documented in the Supporting Information
of this paper.

EG3-OMe. The fitting results for EG3-OMe in contact
with D,O are summarized in Table 1a. These data present
the averaged values for the interphase water layer as
represented by the two-box model, where the values in
brackets refer to the fit assuming a water-swollen SAM.

Aside from the optimum value for the scattering length
density pywi1, Table 1a gives also the quantity pywi/psw x
100, which represents the interphase water density
expressed as a percentage of the bulk density. The ratios
(2l A)1% in Table la characterize the improvement
obtained when the interphase water box is added to the
one-box model (the subscripts 1 and 2 refer to the one-
and two-box models, respectively). The higher the
(2l )14 the more significant the improvement. For
comparison, Table 1a also presents the improvement
criteria (y,%/x,°)\ 3 calculated for the same model pa-
rameters but using the 1/AR weighting scheme. All

(42) Braun, C. Ph.D. Thesis, Hahn-Meitner-Institut, Berlin, 1999.
(43) Parratt, L. G. Phys. Rev. 1954, 95, 359.
(44) Névot, L.; Croce, P. Rev. Phys. Appl. 1980, 15, 761.

numbers in brackets refer to the assumption of a swollen
SAM with 11.5% of bulk water penetration as described
above.

1/2

The smallest improvement (x,°/x,”)1/g in the quality of
fit observed for an individual sample on going from the
one-box model to the two-box model is 1.54 (1.81). To
estimate the statistical significance of this improvement,
we resorted to the Hamilton test.*> The hypothesis to be
tested is that the one-box model, which involves no
interphase water, correctly describes the sample structure.
On the basis of the number of observations (reflected
intensities) and variable parameters, we find from the
Hamilton tables*® that the hypothesis can be rejected at
a significance level of 99.5% and higher, that is, the
O * I, 21/ criterion strongly favors the two-box model.

The interphase water layer parameters determined in
independent measurements using four different samples
are in fairly good agreement, the mean values being 41.3
(41.8) A for thickness and 86.4 (86.9)% for density (the
values in brackets refer to the swollen SAM). Since the
assumption of both a swollen and a nonswollen SAM
results in nearly the same water interphase, it may be
concluded that the shape of the reflectivity profile is
predominantly determined by the existence of a density-
reduced interphase water layer and not by the internal
SAM structure.

Figure 3a compares the experimental neutron reflec-
tivity of one of the four samples with the relevant
reflectivity curves of the one- and two-box models calcu-
lated for a swollen SAM. Noticeable deviations of the one-
box model predictions (red line) from the experimental
results around Q < 0.02 A1, in the range 0.05 A1 < Q
< 0.08 A1, and particularly at Q > 0.1 A~ are apparent.
For the two-box model (green line), a much better
correlation is obtained. Figure 3b shows the real-space
profile for both models, as obtained between the Au layer
and the bulk water phase. While in the case of the one-box
model the increase from psam to pgw Occurs in one step
(red line), the interphase water layer is represented by an
additional box at about 340—380 A (green line) away from
the quartz substrate. It can also be observed in Figure 3b
that the total metal layer thickness, as calculated by the
use of both models, amounts to about 310 A with a
difference of less than 15 A.

Aside from the above-described fitting strategy sum-
marized in Table la, some alternative approaches were
tried to see whether the conclusion regarding the prefer-
ence of the two-box model is independent of the fitting

(45) Hamilton, W. C. Acta Crystallogr. 1965, 18, 502.
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Figure 3. Comparison of the experimental data (circles) and
calculated neutron reflectivity (a) and scattering length density
profiles (b) for one of the EG3-OMe samples against D,O. Red
line: the model assuming the SAM is in direct contact with the
bulk water phase (one-box model). Green line: the model
assuming an IW layer of reduced density is between the SAM
and the bulk water phase (two-box model).

details and assumptions. When, for example, osamsw Was
treated as an additional independent parameter in the
one-box model, no significant improvement was obtained,
thatis, the associated change in (y1%/y,%)%? was very small.

For one sample, we also tried to fit the data by fixing
the substrate parameters at the values determined
independently from a dry-state experiment against a
nitrogen atmosphere. The resulting (y1%/y.?)Y? criteriawere
found to be 2.0 and 1.18 for the 1/R and 1/AR weightings,
respectively, which also favors the two-box model. Finally,
for all the four samples other fits were tried to achieve
satisfactory correlation using (i) a one-box model with free
variation of osamew and oawsam and (ii) a kind of
constrained fitting in which oaysam Was fixed at 10 A, as
found by AFM for the rms roughness of the bare metallized
substrate, while oguartzicr, Ocrau, der, and da, were kept
constant at the respective means of the one- and two-box
model values determined in unconstrained fits for each
individual sample. In all cases, the improvement criteria
(x13/y22)¥? strongly suggested the existence of an extended
interphase water layer with a substantially reduced
density.

To confirm the above-mentioned results, one experi-
ment has been performed using a quartz-matched con-

Langmuir, Vol. 19, No. 6, 2003 2289

trast.’®!® These results are summarized in Table 1b. The
best fit is obtained with a two-box model similar to the
one used for the data set against pure D,0. The thickness
of the interphase water is confirmed to be 49 (48) A with
a density of 85.4 (86.6)% bulk water. The neutron
reflectivity data of EG3-OMe against QMC including the
fitsassuming a “dry” SAM are presented in Figure 4. Both
box models do not describe the Q < 0.016 A~ range. Since
total external reflection cannot be measured under QMC
conditions, it is impossible to normalize these data to an
absolute reflectivity. Thus, the normalization parameters
for the fits were taken from the experiment against pure
D,O which was performed immediately before. As the
sample position might have slightly shifted during the
change of the liquid phase to QMC, the deviation in the
low Q range is not unexpected. Furthermore, due to lower
counting rates especially in the low Q range the experi-
mental error is higher compared to the measurements
against D,0. Thus, the values for the fits given in Table
1b refer only to the Q > 0.016 A~! range. The small
difference in dcr+au 1S most likely also related to small
changes in the sample position and reflects the experi-
mental problems associated with carrying out a series of
measurements on one sample outside the range of total
reflectivity.

As described in the experimental section, the quality of
the SAM is a possible source of error in our data analysis
process since we have to assume a certain thickness and
water content of the SAM. The presence of defects should
obviously enhance the penetration of water into the SAM,
so that its scattering length density should also increase.
To assess the effect of the SAM imperfections on its water
penetrability, we simulated the behavior of water near a
SAM inwhich every sixth lattice site was assumed vacant
(the respective monolayer coverage being about 83%). The
resulting average density of penetrated water proved to
be 20% of the bulk water density. The use of this value
in the box-model fitting of the neutron reflectivity data
for the sample measured against D,O and QMC worsened
the agreement between the experimental and model
reflectivities, particularly in the range 0.016 A1 < Q <
0.035 A-1. In addition, the fitting resulted in a physically
unrealistic value for the thickness of the metal layer.
Similar results were obtained when the density of
penetrated water was assumed to be 30% of the bulk water
density.

EG6-OH and EG3-OH. To determine whether the
observed reduction in the interfacial water density reflects
the intrinsic hydrophobicity of the oligo(ethylene glycol)
SAM surface, neutron reflectivity studies were also
performed on two samples of EG6-OH and one of EG3-
OH. Note that SAMs of EG3-OMe, EG3-OH, and EG6-
OH on Au are protein resistant!>1® and exhibit a helical
or amorphous conformation of the EG moieties in the dry
state*®37 but differ significantly in their contact angles
(Bagy = 63 £ 2° for EG3-OMe, 0,4y = 32—36° for EG3-OH,
and 6,9, = 30—35° for EG6-OH; 6,4, advancing water
contact angle).3"6 Table 1c presents the averaged fitting
results for EG6-OH in contact with D,O. Values in brackets
refer to the results obtained for the swollen SAM. Besides
the measurement at the V6 spectrometer (sample I), a
second sample of EG6-OH (sample I1) was measured
against D,O and QMC at a second beam line (D17,
Grenoble). For the liquid-phase measurement of sample
1, a significant improvement as compared to the one-box
model is again achieved by using a two-box model for the

(46) Harder, P. Ph.D. Thesis, Ruprecht-Karls Universitat, Heidelberg,
1999.
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Figure 4. Comparison of the experimental data (circles) and calculated neutron reflectivity profiles for EG3-OMe against QMC.
Red line: the model assuming the SAM is in direct contact with the bulk water phase (one-box model). Green line: the model
assuming an IW layer of reduced density is between the SAM and the bulk water phase (two-box model).
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Figure 5. Comparison of the experimental data (circles) and
calculated neutron reflectivity profiles for EG6-OH against D,0.
Red line: the model assuming the SAM is in direct contact with
the bulk water phase (one-box model). Green line: the model
assuming an IW layer of reduced density is between the SAM
and the bulk water phase (two-box model).

fit as indicated by the (y1%/y.?)"? values of 2.63 (1.66) and
1.54 (1.45) for the 1/R and 1/AR weighting schemes. The
optimum fit yields an interfacial water layer with a
thickness of 56 (54) A and a reduced density of 88.9 (85.7)%
compared to bulk D,O, which is comparable to the results
obtained for EG3-OMe. For sample Il, the optimum fits
for the 1/R and the 1/AR weighting schemes indicate a
more bulk-water-like interfacial water layer with a
thickness of 35 (41) A in D,O and 28 (31) A in contact with
QMC (see Table 1d) and a density of 93.4 (95.9)% and 95.3
(98.1)%, respectively.

The neutron reflectivity profile obtained for sample | is
presented in Figure 5. Here again, attempts to interpret
the experimental data by allowing a free variation of
osamsw did not lead to satisfactory agreement.

As described above for EG3-OMe, we tested the quality
of the fit as a function of water penetration into the film.
Note that in the case of EG6-OH no theoretical or
experimental values for the swelling behavior are pres-
ently available. For sample | of EG6-OH against D,0, the

best one-box model is achieved for a SAM water density
of 30%. Although an acceptable correlation can be
achieved, itis improved with the addition of an interphase
water layer with a thickness of 41 A and a density of
92.5%. The corresponding ratio (y1%/y42%)"? yields a factor
of 1.80 for 1/R and 1.40 for the 1/AR weighting scheme.
Thus, for all assumed water densities in the swollen SAM
(0, 10, 20, 30, and 40%), the two-box model shows better
correlation with the reflectivity data than the correspond-
ing one-box model. The exception is sample 11, for which
a satisfying correlation is achieved using a one-box model
and a penetrated water density of 30%. The addition of
an interphase water layer does not improve the (y1%/y,%)%?
ratio. In contact with QMC, sample Il is also best fitted
with a one-box model and a penetrated water density of
30%. In summary, the box-model analysis of the reflectivity
data for the hydrophilic EG6-OH SAM gives different
interphase water densities for different samples, which
reflects either the uncertainties involved in fitting the
data or the problems associated with a reproducible
preparation of the large-area films. Taken together, the
results favor a model in which the water density at these
hydrophilic hydroxy-terminated surfaces is close to that
of bulk water.

In contact angle measurements, EG3-OH shows the
same hydrophilicity as EG6-OH. The best fits to the
neutron reflectivity measurements of EG3-OH in contact
with D,O and BSA-matched contrast are shown in Table
le,f. Although the fitting results in case of D,O show clear
improvement for the two-box model, this model assumes
a very thin interphase water layer of slightly enhanced
density. The two-box model fit for the measure-
ment against D,O results in a thickness of 8 (3) A and a
density of 103 (101)%. The values for the swollen SAM
are given in brackets. For the measurement against BSA-
matched contrast, the fits yield an interface water layer
of 33 (32) A with a density of 101 (101)%. In other words,
the water interphase at the EG3-OH SAMs cannot be
distinguished from bulk water within the uncertainties
of our measurements.

C18 and C110H. We measured a hydrophobic C18
(Oagqy = 115 + 2°) and two hydrophilic C110H (s =
29 + 2°) alkanethiolate SAM samples on Au. The packing
density in these films is about 20% higher than in the
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Figure 6. Comparison of the experimental data (circles) and
calculated neutron reflectivity profiles for C18 (a) and sample
I1 of C110H (b). (a) Dashed red line: the model assuming the
SAM is in direct contact with the bulk water phase (one-box
model) with substrate parameters adopted from the dry-state
experiment. Green line: the model assuming two IW layers of
reduced density are between the SAM and the bulk water phase
(three-box model). (b) Red line: the model assuming the SAM
is in direct contact with the bulk water phase (one-box model).
Green line: the model assuming two IW layers of reduced
density are between the SAM and the bulk water phase (three-
box model). Blue line: the model assuming two IW layers of
increased density are between the SAM and the bulk water
phase (three-box model). The differences of the profiles are
magnified in the insert.

OEG SAMs.2137 Both the higher density and the hydro-
phobic nature of the poly(methylene) spacer prevent
penetration of water molecules into the film. The experi-
mental data and box-model results for C18 are displayed
in Figure 6a. The corresponding fitting parameters are
summarized in Table 2a, together with the (y1%/y,%)%?
values for the two-box model and (y1%/y3?)*? for the three-
box model.

Figure 6a shows that the assumption of bulk water
directly contacting the hydrophobic C18 SAM is incon-
sistent with the experimental results. To fit the one-box
model to the reflectivity datawould require the assumption
of a metal layer thickness of 545 A, which is more than
30 A higher than the value determined from the dry-state
experiment and does not correspond to the estimated
thickness from the width of the Kiessig fringes of 513 +
15 A. Therefore, we used the substrate data determined
from the dry-state experiment as fixed input parameters
for the one-box model and the calculation of y;2.

Comparing the model calculations to the experimental
data, we find that neither the one-box model with fixed
substrate parameters (Figure 6a, dashed red line) nor the
two box-model can satisfactorily describe the interfacial
properties. It appears that the density gradients in the
near-surface region are so high that the water interphase
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has to be split into two distinct boxes as approximated by
a three-box model (Figure 6a, green line). Here, indeed,
excellent agreement between the model and measured
reflectivity data is obtained. The low scattering length
density as observed for IW; might be related to the
formation of nanoscopic air bubbles at hydrophobic
surfaces as reported by Ishida et al.,?* Ederth et al.,?> and
Tyrell et al.?®

In the case of C110H in contact with D,O, no unique
solution of the interphase composition could be found to
explain the experimental data. Again, a three-box model
correlates best with the experimental data for the two
different samples studied. However, there are now two
significantly different sets of model parameters which lead
to good agreement with the measured profiles. As shown
in Table 2b, both the assumptions of a reduced and an
enhanced interphase density compared to bulk D,O yield
high values for (y12/x2?)"? and (y12/x3?)"?. Actually, con-
sidering the absolute numbers for both samples, a three-
box model with a reduced water density in the interphase
region is the most favored one, although intuitively, rather
a bulk-water-like interphase density would be expected
due to the hydrophilic character of the SAM. Again, dcr+au
differs slightly for the different models. However, the
values are consistent with the dry-state experiment and
the thickness estimates of the metal layers from the width
of the Kiessig fringes, respectively.

Figure 6b presents the reflectivity profile for CL10H in
contact with D,O. The one-box model (red line) yields
reflectivity values that are too low to fit the experimental
data. The three-box models with reduced (green line) and
enhanced (blue line) density show nearly identical cor-
relation with the reflectivity measurement. The most
pronounced difference between the two three-box models
is found at 0.015 A-1 < Q < 0.025 A1 as shown in the
insert of Figure 6b. Obviously, it is not possible to extract
a unique box model describing the density profile from
the measurements on C110H in contact with D,0O.

Discussion

The analysis of the neutron reflectivity data shows that
a consistent interpretation of the data sets in terms of a
distinct (but unexpectedly low) water density in the near-
surface interphase can be achieved for the EG3-OMe-
terminated alkanethiolate SAMs. For EG3-OH, abulklike
water density of the interphase is extracted from the data
sets. Before we discuss these results and also the ambiguity
encountered in analyzing the data for the EG6-OH, C18,
and C110H films, we first list possible problems which
could lead to wrong conclusions about the SAM/water
interphase.

One uncertainty is, of course, the quality of our films.
Although prepared using procedures developed by us and
others to ensure complete coverage and homogeneity of
the films on polycrystalline and predominantly (111)-
oriented gold films, the films prepared on the large quartz
crystals necessary for neutron reflectivity measurements
cannot be characterized directly in our apparatus by
standard surface analysis techniques such as XPS and
Fourier transform infrared spectroscopy due to their size.
Ellipsometry and AFM were applied to some of the samples
to verify the SAM thickness and surface roughness, but
questions remain about their homogeneity. This should
be kept in mind when discussing the fact that for some
of the films the analysis is ambiguous and different
samples show different results.

The quality of the films, in particular the hydrophobic
ones, will inevitably also have an effect on air inclusions
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Table 2. Optimized Parameters of the Two- and Three-Box Models for C18 (a) and C110H (b) against D,O?2

(b) C110H SAM

(a) C18 SAM low density high density
no. of samples 1 1 2 2 2 2
no. of boxes 2 3 2 3 2 3
diwa [A] 20 21 2154+ 0.5 225415 126.5+ 4.5 100.5 + 23.5
diwz [A] 48 43.0+5.0 440+ 1.0
piwi [x1076 A2 1.47 0.57 5.03 + 0.37 3.79 £ 0.02 6.81 + 0.01 6.92 + 0.90
oz [x1078 A2 5.61 578 +£0.11 6.59 + 0.05
pwi/psw x 100 [%] 23.1 9.0 78.8+5.8 59.4 £ 0.3 106.6 + 0.1 108.4 + 1.5
piwz/pew x 100 [%] 87.9 90.6 + 1.7 103.3+ 1.2
G2 7.55 24.89 1.24—1.96 2.09-2.51 1.47-1.87 1.23—2.44
G2 2 e 4.71 38.64 1.13-1.21 1.27-1.37 1.04—1.38 1.37-1.44

@ The number of samples used to derive the results is given in the third line.

or the presence of “nanobubbles” as observed in AFM work.
Due to the unexpectedly low water density at the EG3-
OMe SAMs, we conducted a series of experiments with
air-saturated and degassed deuterated water. These
measurements are not conclusive yet due to the problems
associated with replacing the degassed alcoholic thiol
solution used for film preparation with degassed water
while avoiding residual ethanol incorporation in the films.
At this stage, we can report only that we do find small
differences in the reflectivity curves with degassed water
(as compared to air-equilibrated ambient water) for the
EG3-OMe samples, but not for the hydrophilic hydroxy-
terminated SAMs. This indicates that there may be
problems associated with interpreting experiments on the
nature of solid/water interfaces conducted under ambient
conditions (but note, this is the natural environment)
under the assumption that no gas inclusions are present.
It should be kept in mind also in the following discussion
that air inclusions or nanobubbles could cause variable
results on supposedly identical samples or might be the
reason for the low water density on the hydrophobic
surfaces as concluded from the best fits to the reflectivity
curves.

A systematic source of error or gross simplification is
in the procedures used to fit the data. Problems are the
use of a “box” model for the SAM and the interphase water
which takes into account only in a simplified way the
diffuse character of the SAM/water interface, and even
more so the gradient in water density from the SAM into
the bulk water. We assume Gaussian roughness. This
made the Névot and Croce approach applicable to our
data. Following this route, one has to keep in mind that
the numbers that are extracted from the box model can
be misleading unless interpreted with consideration of
the substantial smearing. It is the p(z) profile which
represents the interface and not a box i of constant p;
which dominates the reflectivity in this case.

Despite these uncertainties in the film quality, possible
gasinclusions, and the reliability of the fitting procedures,
aconsistent model is derived for some of the films, whereas
for others different data give contradictory results or
nonphysical models if the possibility of air inclusions or
nanobubbles is ignored. In the following, we first discuss
the dataon the EG3-OMe SAMs, which have been studied
most extensively to establish the reproducibility of the
neutron reflectivity measurements and for which a
comparison to GCMC simulations? can be made. For the
four EG3-OMe samples studied in D,0O and the one in the
QMC D,0/H,0 mixture, the variation of the SAM thick-
ness within plausible limits and the water content in the
film result in a model with a water interphase of reduced
density as compared to that of bulk water, the mean values

being 41.3 (41.8) A for thickness and 86.4 (86.9)% for
density (Table 1a).

Unfortunately, a straightforward comparison of these
quantities with those found in GCMC simulations? is
impossible because the measurements and the simulations
deal in essence with different systems: while the simula-
tions are concerned with water confined between two
parallel SAMs, the experiments deal with a single SAM—
ambient water interface, which formally corresponds to
infinite separation between the parallel SAMs. For the
EG3-OMe SAMs whose substrates are a distance H = 80
A apart, the average water density in a 20 A thick layer
near the SAM surface was simulated to be 92.2% of bulk
water density (Figure 2), which is noticeably higher than
the value derived from the parameter fitting to the neutron
reflectivity curves (86.3%). With increasing H, the com-
bined effect of the two opposite SAMs on the confined
water should decay, and the interphase water density
should increase, so that the agreement between the
simulations and experiment can only become worse. An
approximate extrapolation of the simulation results at
different H to the infinite separation showed that the
average density depression in the 20 and 30 A thick
interphase water layers cannot exceed 3.5 and 2.5%,
respectively, which is much less than observed experi-
mentally. The allowance for the SAM imperfectness had
asimilar effect: the interphase water density rose, which
added to the discrepancy between the simulation and
experiment.

We finally address the results obtained on the hydroxy-
terminated oligo(ethylene glycol) and the C110H SAMs.
No explicit simulations or predictions are available about
water density at these hydrophilic surfaces, which elimi-
nates the possibility to make a direct comparison between
the data and simulations. On the EG3-OH surfaces, our
experiments, both in D,O and BSA-MC, are best explained
by assuming that the water density at the interface is
very close to the bulk density. The same conclusion is
reached for the EG6-OH surface studied at the D17
spectrometer in Grenoble, whereas the sample investi-
gated at BENSC in Berlin can be fitted only by assuming
a reduced density water interphase similar to the one
found at the more hydrophobic EG3-OMe surface. This
discrepancy and the inconclusive results for the C110H
films, which can be explained by either a reduced or
bulklike density at the interface, clearly show the am-
biguities involved in interpreting the data. Intuitively,
we expect a bulklike water layer at these hydrophilic SAM
surfaces, but this assumption needs to be tested in further
experiments.

From the analysis of our NR experiments, we determine
a substantial deficit of water density at the hydrophobic
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C18 interface, as a matter of fact much too large to be
explained by the hydrophaobicity of the surface (Table 2a).
We suspect that nanoscopic air inclusions in the hydro-
phobic film, or air nanobubbles as decribed in recent AFM
experiments,?*~26 are present under our experimental
conditions and lead to the anomalous results.

We conclude that NR experiments are able to distinguish
between the densities of water in contact with SAM
surfaces of different wettabilities but that without solving
the phase problem in the scattering experiments no
definite conclusions can be drawn for the present case.
The “best fit” approach using a box model is not sufficient
to analyze the reflectivity data in detail and to draw
unambiguous conclusions based on the data with the
presently accessible Q range. The Q range corresponds to
distances in real space down to ~27/Qmax = 50 A, implying
that differences in the density profile much below this
length scale are difficult to distinguish. The situation may
be complicated by variable defect densities in the organic
surfaces and the presence of nanobubbles in the experi-
ments which so far have not been considered in any
simulation work. More sophisticated experimental work
and simulations are required before a more definite
statement can be made regarding the exact profile of the
interface density of water at a solid surface.

Conclusions

For EG3-OMe-terminated undecylthiolate SAMs on Au,
experimental evidence has been found for the presence of
an unexpectedly extended density-reduced interphase
water layer next to the SAM surface. The mean values as
determined from the characterization of different samples
within the presently accessible Q range were a layer
thickness of about 4 nm and a density of approximately
85—90% compared to bulk water, in significant disagree-
ment with the results of GCMC simulations for these
SAMs in contact with liquid water. A similar low inter-
phase water density was observed for one of the EG6-
OH-terminated undecylthiolate SAMs on Au, whereas a
second sample revealed a bulklike water density. In the
case of EG3-OH, the deviation from bulk water appears
to be minor. Because for EGn-terminated SAMs in contact
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with D,O it is difficult to appreciate the differences
between the one- and two-box models by eye, statistical
methods have been used to evaluate the significance of
the different models. These techniques confirm the
conclusions drawn.

For comparison, we also studied the interfacial water
density for hydrophobic octadecanethiol (C18) and hy-
drophilic 11-mercapto-1-undecanol (C110H) SAMs on Au.
In the case of C18, a second interfacial layer is required
to achieve a satisfactory agreement between the experi-
mental data and the model calculations. For C18, the
measured reflectivity profiles suggest an interfacial water
structure comprising a ~2 nm thick layer with only ~ 9%
bulk D,0O density, followed by a ~5 nm thick layer with
~88% bulk D,O density. These results are suspected to
be obscured by the presence of air nanobubbles at the
hydrophobic interface.

In the case of C110H, no unique model representing
the measured data could be identified. Both the assump-
tions of a density-reduced and a density-enhanced inter-
facial water structure yielded good agreement with the
experiment.

The question of to what extent microscopic air bubble
formation at the water/SAM interface may contribute to
the measured water density distributions is still being
investigated.
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