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The interaction between water and organic substances is of extreme importance in physical, biological, and
geological chemistries. Understanding the interactions between water and organic interfaces is one of the
earliest chemical quandaries. In this research, self-assembled monolayers (SAMs) were used as a tool to
investigate the interaction between water molecules and hydrophobic surfaces. Real-time adsorption and
desorption kinetics of water on hydrophobic SAM surfaces was monitored using a new type of field effect
transistor (FET)-like device called MOCSER (molecular controlled semiconductor resistor) coated with SAMs.
A quartz crystal microbalance (QCM) was used as a complementary technique to give an estimate of total
water mass adsorbed. It is shown that water adsorption depends on relative humidity and is reversible. The
amount of adsorbed water increased with surface corrugation. The measurements suggest that adsorption
takes place as small water clusters, originating on irregularities on the surface organic layer. Molecular dynamics
simulations were carried out to study the interactions of water and hydrophobic surfaces as well. These
simulations also suggest the formation of water microdroplets on hydrophobic surfaces, and indicate a strong
correlation between increased surface corrugation and adsorption. This paper examines the possible
consequences of these interactions on the properties of organic aerosols in the troposphere.

I. Introduction

The interfacial interactions between water and organic
substances receive much attention due to their importance in
many fields, among them biology, atmospheric chemistry, and
technology (see, for example, refs 1-3). Previously, such
interactions were studied both experimentally and theoretically.4-7

It was proposed that the hydrophobic interface leads to ordering
of the water molecules8 and that the water structure can be
perturbed up to few micrometers away from the surfaces.9 In
other studies, the effect of water restructuring around alkyl
groups was found to be minimal.10 Molecular dynamics simula-
tions suggested that cavities could form as a result of the
interaction between water and hydrophobic substance.9,11 An-
other recent molecular modeling study of water near hydro-
phobic surfaces has revealed a clathrate hydrate structure.12

Previous experiments to measure water adsorption on organic
surfaces utilized a variety of techniques such as infrared
spectroscopy, temperature-programmed desorption (TPD), and
quartz crystal microbalance (QCM).12-15 Despite the wealth of
studies, many aspects regarding the mechanism of water
adsorption on hydrophobic surfaces are still not well-known.

Recently, a new type of field effect transistor (FET) was
developed. The MOCSER (molecular controlled semiconductor
resistor) is a special FET, designed for measuring minor changes
in its surface charge density. In contrast to the common FET,
which has three electrodes (gate, source, and drain) the
MOCSER has only a source and drain. When a voltage is
applied between the source and drain electrodes, current flows

through the MOCSER’s active layer. Adsorption of molecules
on the MOCSER surface affects the charge distribution on the
device surface, changing the surface electrostatic potential. The
adsorbed molecules function as the “gate” that modulates the
current. The current can either increase or decrease depending
on the specific electronic interactions involved, and the kinetics
of adsorption on MOCSER surface can be studied by monitoring
the current. It was found that the change in the current is
proportional to the surface coverage by the adsorbed species.16

In the present study, MOCSER surfaces were covered with
organic self-assembled monolayers (SAMs) and adsorption of
water was measured as a function of the SAM surface properties.
While MOCSER is sensitive only to molecules in contact with
the surface, QCM measured the total mass adsorbed. Therefore,
simultaneous measurements by MOCSER and QCM were
employed for studying water adsorption kinetics on organic
hydrophobic surfaces by conducting real-time measurements of
both surface coverage and mass change.

Molecular dynamics simulations were performed in order to
understand the interactions between a hydrophobic organic layer
with gas-phase water molecules. Theoretical studies of water
next to surfaces have a long history, and we refer the reader to
several recent reviews of this topic in the general context of
liquids at interfaces.17,18It was realized early on that the behavior
of water next to any surface is a result of the delicate balance
between long-range interactions, the short-range water-surface
atoms interactions, and the driving force for water molecules
to keep their hydrogen bonds network intact. Although the short-
range interactions are not expected to depend significantly on
the morphology of the surface, the hydrogen bonding network
is quite sensitive to this aspect, as has been demonstrated by
recent molecular dynamics simulations where the issue of
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hydrogen bonding at interfaces is directly examined.6,19 In the
present work, as a complementary study to the experimental
investigations, we look more specifically at the collective
behavior of a monolayer of adsorbed water molecules on
hydrocarbon surfaces of different, well-defined corrugation. This
part of the work is closely related to molecular dynamics
investigations by Hautman and Klein,20 who examined the
difference in wetability between hydrophobic and hydrophilic
surfaces. Using these tools, we have developed a geometrical
model for the interaction of water with these organic surfaces,
which is dependent on the surface morphology. Discussion of
the implication of this model to the understanding of the
atmospheric properties of organic aerosols is presented.

II. Wettability of Hydrophobic Surfaces

a. Experimental Details. The design and properties of the
MOCSER have been described previously, and they will not
be discussed here.16,21,22 Both the MOCSER and QCM were
covered with 100-200 nm of plasma-deposited SiO2, which is
the substrate on which organic monolayers bind to the surface.
By coating the active surface of these devices with SAM,
hydrophobic surfaces with known qualities (chain length,
packing, surface roughness) are made. Several different types
of monolayers were adsorbed, with variable chain lengths. They
include octadecyltrichlorosilane (OTS), dodecyltrichlorosilane
(DTS), octyltrichlorosilane (OcTS), octenyltrichlorosilane
(OcEnTS), methyltrichlorosilane (MTS), and mixed monolayers
of OcTS/DTS and DTS/OTS. The technique of self-assembly
is well-known and is described elsewhere.23,24As confirmation
of monolayer quality, the contact angle formed by a water
droplet on the surface was measured. Additional qualitative
information was obtained from the infrared spectra of the films,
measured in the direct adsorption mode on the Bruker IFS-66
spectrometer.

The QCM and MOCSER devices were placed in a dark glass
chamber with a dry nitrogen atmosphere. Variable humidities
were generated by a two-stream nitrogen flow system. One
stream flowed through a deionized water bubbler to create a
near saturated state, while the other remained dry. By controlling
the ratio of these two flows into the chamber, humidity could
be easily regulated. Fast mixing of humid and dry air in the
chamber was achieved by conditioning the system with humid
air prior to exposure of the organic surface. The saturated flow
was generated by bubbling N2 through a reservoir of deionized
water and was calibrated with a standard RH measurement
instrument (2% accuracy at RH< 97%). In this work, the term
100% RH will refer to all conditions in which humidities above
97% were used. All the measurements were taken at 1 atm and
25 °C. Current from the MOCSER was measured using a
Keithley model 487-picoammeter/voltage source. Changes in
the QCM resonance frequency were simultaneously measured
using a model TM-100 thickness monitor (R. D. Mathis Co.).
Experiments were performed simultaneously for MOCSER and
QCM, and concurrent real-time data were collected.

b. Results and Discussion.The normalized response of
the MOCSER to humidity is displayed in Figure 1. The current
through the device increases as water adsorbs to the surface,
until desorption and adsorption from the surface reaches
equilibrium. The current at equilibrium varies with relative
humidity (RH) and is proportional to the coverage of water
in contact with the surface. As the water is turned off,
water desorbs from the surface and the current slowly returns
to its original value. The adsorption curves were normalized

according to

Equation 1 represents a percentage change in the MOCSER
current with exposure to humidity.

The adsorption measured by the MOCSER was analyzed
using the Langmuir isotherm.25 In the Langmuir model, the ratio
between the number of occupied adsorption sites and the total
number of sites is defined asθ which is given by

whereK ) kA/kD is the adsorption equilibrium constant andC
is the water vapor concentration. Settingθ ) Inorm/Inorm

∞ (Inorm is
the normalized current at the specific coverage andInorm

∞ is the
normalized current corresponding to 100% coverage) eq 2 can
be rearranged into

A plot of C/Inorm versusC yields a straight line with a slope of
(Inorm

∞ )-1 and an intercept of (KInorm
∞ )-1. The ratio of slope to

intercept yields the adsorption equilibrium constantK (in units
of L/mmol). A plot of eq 3 for OTS is shown in Figure 2A.
The equilibrium constant determined for OTS isK ) 3.4( 1.6
L/mmol. This equilibrium constant corresponds to about 70%
coverage of the available surface adsorption sites at 50% relative
humidity. Equilibrium constants for the other organic surfaces
measured were within the same order of magnitude, with the
highest being 6.1( 3.4 L/mmol for the OcTS monolayer.

Figure 2B presents theInorm as a function of water vapor
concentration. As predicted by the Langmuir model, this
presentation does not have a linear dependence, since linear
dependence between the amount of the adsorbed species on the
surface and its concentration is expected only in cases where
adsorption is not limited by the number of sites. This happens
whenKC , 1 and thereforeθ ) KC.

The effect of substrate corrugation on the equilibrium constant
was investigated using wettability of water (contact angle, CA)

Figure 1. The normalized current through the MOCSER covered with
OTS. During the measurements constant voltage of 0.05 V was applied.
In each measurement nitrogen containing water vapor of various
concentrations was inserted to the chamber att ) 450 s and removed
at t ) 1120 s. The numbers near the curves correspond to the relative
humidity of the moist nitrogen.

Inorm(t) ) ( I(t)
I initial

- 1)100% (1)

θ ) KC
1 + KC

(2)

C
Inorm

) C

Inorm
∞ + 1

KInorm
∞ (3)
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measurements that provide information on the ordering of the
organic film.26,23 More ordered films have a larger advancing
contact angle and smaller difference between the advancing and
the receding contact angles (hysteresis). In Table 1, the results
of wettability and water adsorption measurements are sum-
marized.

Adsorption of water on the organic surface induces an
increase in the MOCSER current. In contrast, the MOCSER
current decreases due to exposure to molecular oxygen. This
behavior results from different electronic interaction between
the adsorbate and the organic molecules on the surface. Oxygen
affects the current independently of water presence on the
surface. The response to oxygen, which is observed with and
without water present, can be explained if the surface is only
partially covered by water, so that O2 can reach the surface.
The same phenomena was observed also for DTS and OcEnTS
surfaces with up to 100% RH.

Since the MOCSER is sensitive only to the first adsorption
layer, the absolute amount of water on the surface cannot be
obtained. Therefore, an independent technique that is sensitive
to the total mass, such as quartz crystal microbalance (QCM),
is used. The QCM response, given in units of layer thickness,
was calibrated by measuring the thickness difference of a quartz
crystal covered by two different SAMs of known length
difference: OTS and DTS. There is an approximate 10 Å
difference in the lengths of these chains. The amount of adsorbed
water on OTS monolayer was calculated to be larger than the
amount needed to complete one monolayer of water. Because
of difficulties in quantitative measurements of liquid film
adsorption by microbalance techniques15 and the variability of
the surfaces, the exact amount of adsorbed water on the surface
could not be determined. An upper bound for the amounts of
adsorbed water is the equivalent of up to 10 monolayers-
equivalents of water on the roughest surface. Substantially higher

water uptake was measured on MTS surfaces, known to be less
ordered than OTS and DTS. This observation is also consistent
with the notion that higher ordering leads to lower water
adsorption.

Figure 3 shows the mass of water adsorbed on the OTS as a
function of time, measured by the QCM, for several concentra-
tions of water vapor. It can be clearly seen that the kinetics of
water adsorption on OTS is different for MOCSER and QCM
measurements. The differences become more apparent when
Figure 2A is compared to Figure 4A, where the kinetics of water
adsorption on QCM is fitted to the Langmuir model. A nonlinear
dependence between water vapor concentration and the amount
of adsorbed water is apparent. Forcing a Langmuir model fit
(with a large standard error) yields aK ) 0.2 L/mmol. This
equates to 10% water coverage of available adsorption sites at
50% relative humidity. However, the QCM signal is directly
proportional to water vapor concentration (Figure 4B). Com-
parison between the MOCSER and QCM results and their
interpretation are summarized in the Table 2.

The MOCSER and QCM measurements provide comple-
mentary pictures to the adsorption of water onto hydrophobic

Figure 2. (A) The ratio between the water vapor concentration to the
normalized current through the MOCSER at saturation, as a function
of the water vapor concentration. The dotted line is a linear fit to the
experimental results. (B)Inorm at saturation, as a function of the water
vapor concentration. The dashed line is a linear fit to the experimental
results.

TABLE 1: Water Contact Angles and Langmuir
Equilibrium Constants (K) for the Surfaces Examined

film
advancing
CA (deg)

receeding
CA (deg)

hysteresis
(deg)

K
(L/mmol)

θ at
50% RH

C18(OTS) 116 111 5( 2 3.4( 1.6 0.6
C12(DTS) 115 108 7( 2 3.0( 1.6 0.6
C8(OcTS) 114 103 9( 2 6.1( 3.4 0.8
C8

)(OcEnTs) 97 89 8( 2 5.2( 2.3 0.7
C18/C12(OTS/DTS) 116 111 5( 2 2.3( 1.6 0.5

Figure 3. The thickness of the layer of water adsorbed on OTS
measured by QCM thickness monitor. The measurements were done
simultaneously with measuring of the current through the MOCSER
covered with OTS. The numbers near the curves correspond to relative
humidity of the moist nitrogen.

Figure 4. (A) The ratio between the water vapor concentration to the
thickness of the adsorbed water layer measured by QCM, at saturation,
as a function of the water vapor concentration. The dashed line is a
linear fit to the experimental results. (B) Thickness of the adsorbed
water layer measured by QCM, at saturation, as a function of the water
vapor concentration. The dashed line is a linear fit to the experimental
results.
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surfaces. The results suggest that water initially adsorbs at
imperfections on the monolayer that are situated at a relatively
large distance one from another, and therefore the adsorption
of water molecules on one site is independent of other sites.
Since the MOCSER does not sense the adsorption of additional
water layers on top of the first one, the measured coverage is
always less than a monolayer. This explains the nearly Langmuir
kinetics of the adsorption process, as measured by the MOCSER.
Of course, water adsorption on hydrophobic surfaces is not
inherently expected to follow the Langmuir mechanism. This
is clearly demonstrated by the QCM measurements that show
water adsorption beyond the first adsorption layer. Because of
the hydrophobicity of OTS and the strong water-water interac-
tions, we propose that the adsorbed water will form small
surface-bound microdroplets. These droplets do not cover the
whole surface area, as is evident from the coadsorption of O2

and water experiments. Hence, the kinetics of the adsorption
of the first water “layer” directly on the OTS surface is screened
by the kinetics of water-on-water adsorption. The QCM
measurements also show that the amount of adsorbed water is
proportional to the water vapor concentration which is the case
when water adsorption is not limited by the number of surface
adsorption sites. This observation supports the model that water
molecules adsorb on previously adsorbed water molecules, hence
the adsorption of each additional molecule does not affect the
number of available adsorption sites.

III. Molecular Dynamics Simulations

a. System and Potential Energy Functions.The system
modeled includes 100 hydrocarbon molecules covalently at-
tached on one end to the Si atoms of the silica surface. We
assume an underlying square symmetric lattice with a distance
of 4.3 Å between the neighboring Si atoms. This results in a
43 Å × 43 Å surface. Two systems are constructed: system A,
which is made of 100 C18H38 molecules, and system B, which
is made of 50 C18H38 molecules and 50 C22H46 molecules. In
system B, the molecules of the two types are bonded to the
surface in a random order, which is consistent with the fact
that experimentally no self-aggregation of the two different types
of the molecules occurs.

Each hydrocarbon molecule is modeled as a chain of CH2

groups treated as united atoms of mass 14 terminated by a CH3

group which is modeled as a united atom of mass 15 (i.e., no
explicit hydrogen atoms are used). Each one of these united
atoms is interacting with united atoms from different chains
via a Lennard-Jones potential:

wherer is the distance between atomsi andj. In this expression,
the Lennard-Jones parametersσij andεij are computed from the
standard parameters of the CH2 and CH3 groups, using the
relations27

whereεi andσi are the Lennard-Jones parameters of the united
atom of the typei. We takeσCH2 ) σCH3 ) 3.905 Å andεCH2 )
0.118 kcal/mol,εCH3 ) 0.175 kcal/mol. The intermolecular
interactions are switched smoothly to zero28 when r is in the
range between 19.5 and 21.5 Å. Each of the hydrocarbon
molecules is fully flexible. The intramolecular potential includes
harmonic stretching and bending terms, a standard three-term
Fourier series for the torsional energy29 (defined between every
four consecutive carbon atoms) and nonbonded interactions
between two atomic centers separated by three or more bonds.
The harmonic force constants, the torsional parameters, and the
equilibrium bond length and bond angles are taken from the
Amber force field30 and Jorgensen’s TIPS parameters.31 The
intramolecular nonbonded interactions are modeled using the
Lennard-Jones potential with parametersσ ) 4.0 Å andε )
0.1 kcal/mol. The interaction is scaled down by a factor of 2
for the 1,4 carbon atoms in each chain.29

The water potential energy function is based on the SPC
model,32 including the spectroscopic intramolecular potential
of Kuchitsu and Morino.33 This flexible model of water has
been shown to give a reasonable representation of bulk and
interfacial water properties.6 The water-hydrocarbon chain
interactions are also modeled using the Lennard-Jones potential
and the mixing rule (eq 4).

b. Procedure and Results.Following the construction of the
two systems, a 1 nsmolecular dynamics trajectory is run in
order to obtain the equilibrium structure of the chains on the
surface. We expect that the system made of only C18 chains
will give rise to a smooth surface, and the system made of 50%
C18/C22 mixtures will give rise to a very rough surface.

The top panel of Figure 5 shows the orientational probability
density distribution functionP(θ) of the angleθ between the
end-to-end carbon atoms and the normal to the surface. The
distribution is normalized such that∫0

πP(θ) sin θ dθ ) 1. The
solid line, which corresponds to the smooth homogeneous
surface, shows that for this system the chains are mostly
perpendicular to the surface. The dashed line, which corresponds
to the mixed system, shows that the chains are tilted on average
by an angle of 13° to the normal. These results are in agreement
with experiments.

The middle panel of Figure 5 gives the probability distribution
of the torsional angleφ defined by the top four carbon atoms
of each chain. The fact that the distribution peaks at 180° shows

TABLE 2: Adsorption of Water and Oxygen on OTS Surface Measured by MOCSER and QCM Techniques

MOCSER QCM conclusions

Langmuir kinetics
(θ ) KC/1 + KC)

excellent fit poor fit MOCSER: independent molecular adsorption on hydrophilic sites.

K ) kA/kD 3.4( 1.7
L/mmol

0.2( 0.1
L/mmol

QCM: water equivalent to a few molecular layers reside on the surface.

θ at 50% RH (60 ( 12) % (9( 4) %

“linear” kinetics does not fit fits well MOCSER: adsorption is limited by the number of surface sites.
Does not measure the second layer formation.

QCM: adsorption is not limited by the number of surface sites.
Adsorption on adsorbed water.

coadsorption of
water and oxygen

Independent of
}water adsorption

QCM does not sense
the O2 adsorption

MOCSER: O2 and water adsorb to different sites. Water does not
cover the entire surface.
QCM: the total mass of adsorbed water is significantly larger than the
total mass of adsorbed O2. Therefore, lack of sensitivity for O2 uptake.

uij(r) ) 4εij[(σij

r )12

- (σij

r )6] (3)

εij ) xεiεj, σij ) (σi + σj)/2 (4)
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that most of the chains are in the trans conformation. The small
difference between the two surfaces (solid line, the smooth all-
C18 surface; dashed line, the mixed rough surface) is consistent
with more gauche defects in the mixed system, as expected.

The bottom panel of Figure 5 shows the carbon atom density
profile as a function of the distance from the silica surface. The
marked regular oscillations are consistent with the high-density
solid-like packing of the chain near the solid surface in both
systems. However, near the top of the chains the mixed system
shows considerable irregular oscillations, which are more
consistent with a liquid-like density profile. Here again, the
mixed layer (dashed line) is more irregular than the all C18

surface (solid line).
Additional information about the structure of the surface that

is particularly relevant to the wetting studies can be obtained
by computing the binding energy of a single water molecule
on the surface. This is given as a contour plot in Figure 6, which
shows a 10 Å× 10 Å section of the surface of each system.
The top panel corresponds to the mixed C18/C22 system and the
bottom panel to the homogeneous C18 system. The contour lines
represent energies that are separated by 0.5 kcal/mol. It is clear
that the surface of the mixed system is highly disordered
compared with the much more ordered surface of the homo-
geneous system. The rough surface is also characterized by
larger binding energies. For example, in the surfaces given in

Figure 6, the lowest minimum on the rough surface is at-2.40
kcal/mol compared with only-1.23 kcal/mol on the smooth
surface. The sites of lowest binding energy correspond to
locations where a single C18 chain is surrounded mainly by C22

molecules, so that a water molecule is interacting with a large
number of carbon atoms from the sides as well as from below.
Note also that the rough surface has a larger fraction of regions
where the water binding energy is not so negative. These
correspond to locations of C22 chains that are not densely packed
(due to a number of shorter C18 molecules nearby). These facts
will manifest themselves in the wetting properties of these
surfaces, as will be shown below.

Another way to demonstrate the different structure of the two
surfaces as seen by water molecules is to examine the density
profile of several water layers in contact with the surface. This
is shown in Figure 7, whereZ corresponds to the distance from
the underlying silica surface. There are 970 water molecules in
this simulation, which corresponds to approximately five layers.
The water density next to the smooth surface is very similar to
the one expected from water next to a flat solid wall, whereas
the water next to the rough surface shows a tail closer to the
surface than the first main peak. This represents water molecules
that interact with the shorter C18 chains and thus “penetrate”
the surface. Because of the high density of the surface, there
are no water molecules closer to the surface than the top carbon
atom of the short chains. The water molecules far from the
organic surface were allowed to establish equilibrium with the
vapor phase, which is consistent with the experimental setup.
This can be seen from the tail of the density profile nearZ )
45 Å.

We finally discuss the wetting properties of the two surfaces
considered above, which we will refer to as the rough (the C18/
C22 mixture) and the smooth (pure C18 chains) surface. We start
with a monolayer of water (196 molecules) adsorbed on each
of the two surfaces, and we follow the system for 1 ns. The
interaction energy of water with the surface is given in Figure
8 as a function of time. The two systems start from nearly the
same value of this interaction energy (about-70 to-80 kcal/
mol). However, after 1 ns the interaction energy of the water
monolayer adsorbed on the smooth surface (panel a) is only
-30 kcal /mol, whereas the water monolayer on the rough
surface still interacts strongly with the surface (average interac-
tion energy of-50 kcal/mol). An examination of the structure
of the system reveals that the water monolayer on the smooth
surface forms a drop (a de-wetting transition) whose interaction
with the surface is much less than that of the monolayer. There
is a corresponding increase in the water-water hydrogen
bonding energy: the average nonbonded water energy changes
from -7.5 to-10.7 kcal/mol (the value that is almost identical
to that of bulk water). In contrast, the water on the rough surface
remains largely in contact with most of the surface. There are
regions where the water forms small drops (a few tens of
molecules), and so the average water-water nonbonded energy

Figure 5. The equilibrium structure of the (dashed line) C18/C22 and
the (solid line) C18 hydrocarbon chain systems. (a) The probability
density for the angle between the end-to-end carbon atoms and the
normal to the interface. (b) The probability distribution of the end-
chain torsional angle. (c) The carbon atom density profile as a function
of the Z distance from the silica surface.

Figure 6. Potential energy contour plots for the binding energy of a
single water molecule on the (top) rough (C18/C22) and (bottom) smooth
(C18) surfaces. The contour lines correspond to a separation of 0.5 kcal/
mol.

Figure 7. The water density profile as a function of the distance from
the surface atT ) 300 K. Ordered C18 surface, solid line; rough surface,
dotted line.
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also goes down from-7.5 to-8.8 kcal/mol, but in this system
the water is clearly wetting the surface. A picture of the
simulation for rough and smooth surfaces demonstrating the
wetting of the two surfaces is shown in Figure 9. A side view
of the water-surface interaction is shown in Figure 10. Figure
10 clearly shows the effect of water penetration into the surface
and how it affects water structure near hydrophobic surfaces.

In conclusion, the molecular dynamics simulations underscore
the relationship between the wetting properties and the micro-
scopic structure and potential energy of the organic surfaces,
in agreement with the experiments.

IV. Summary of Results

Both the simulations and measurements show that the
corrugation of the hydrophobic surface has an important effect
on how water arranges near a hydrophobic surface. In the case
of a smooth hydrophobic surface, water minimizes its interaction
with the surface and forms a droplet, keeping minimal contact
with the surface. In the case of a rough surface, water penetrates
through structural irregularities on the surface. This configuration
allows the water molecules to interact more with the surface
and the surrounding chains, and therefore stay on it. This initial
stage is followed by formation of bonds with more water
molecules. This causes wetting of the surface and formation of
small micro droplets on the surface. These results are depicted
in Figures 9 and 10. They are completely consistent with the
conclusions drawn based on the experiments.

The present measurements and simulations suggest that water
adsorption is intimately related to surface corrugation. Water
molecules have a larger probability of binding to structural

Figure 8. The water-surface interaction energy as a function of time,
starting from monolayer coverage of water on the (top part) smooth
and (bottom part) rough surfaces.

Figure 9. Time dependent molecular dynamics simulation of water in the proximity of a hydrophobic surface. It can be seen that while in a smooth
surface (left part) water molecules (red and white) form a droplet on the surface (yellow), they clearly wet the rough surface (right part).

Wetting of Hydrophobic Organic Surfaces J. Phys. Chem. A, Vol. 104, No. 22, 20005243



irregularities on the hydrophobic organic surfaces, even when
the surface is considered very smooth. The initial surface-bound
water molecules enable further accumulation of water until small
clusters or microdroplets form on the surface. The adsorption
is reversible, in equilibrium with the ambient humidity. The
morphology of hydrophobic surfaces determines the amount of
water that can bind to the surface. This conceptual model of
water binding resembles the phenomenon observed for some
other inorganic systems. For example, adsorption of water on
the surface of salts is greatly enhanced by surface defects and
atomic steps,34-38 while corrosion by sulfuric acid also proceeds
via formation of surface defects.39 Surface morphology also
plays a role in determining the structure of ice forming on
hydrophobic surfaces40 and in water adsorption on mica.41

Finally, adsorption of water on activated carbon also follows a
similar mechanism: Water sticks to sites on edges of the
graphene layers. As the water vapor pressure is increased, the
adsorption increases by the formation of clusters of water
molecules located around the primary adsorption sites. The
distance between the primary sites is large compared with the
water clusters. This mechanism was confirmed both experi-
mental and by molecular dynamics simulations.42,43

V. Implications to Atmospheric Organic Aerosols

Aerosols are prevalent in the atmosphere and are recognized
to play important roles in climate through their interaction with
solar and terrestrial radiation, as well as by affecting cloud
properties and by providing a medium for chemical reactions.
Understanding the interactions between atmospheric aerosol
surfaces and water is necessary for identifying their role in
affecting cloud properties, their optical properties and their
heterogeneous atmospheric processes.44 The chemical composi-
tion is important in determining the aerosol’s optical and
chemical properties.45-48 Organic compounds from biogenic and
anthropogenic sources can form organic aerosols, either through
their direct emissions or by chemical reactions within the
atmosphere. Field measurements have demonstrated that organic
aerosols are common throughout the atmosphere, in both
continental and marine environments.49-51 Although usually
considered insoluble, organic aerosols have been shown to be
large contribution to cloud condensation nuclei (CCN).52

Recently, it has been shown that aerosols coated by both
hydrophobic and hydrophilic organic layer may act as CCN even
at normal atmospheric saturation conditions.53

Organic aerosols are usually divided into primary and
secondary aerosols. Primary organic matter is emitted directly
to the atmosphere as particles by anthropogenic sources such
as combustion and cooking, or by biogenic sources. These
particles are usually composed of low vapor pressure, high
molecular weight hydrophobic substances. The secondary
organic aerosol form by condensation of low vapor pressure
organics produced in the atmosphere by photodegradation of
higher vapor pressure organics. The secondary aerosols contain
more oxygenated compounds and therefore can be more
hydrophilic. In addition to these aerosol types, it was suggested
that fresh sea-salt aerosols contain hydrophobic organic matter
(such as fatty acids and humic substance) that is removed from
the ocean surface by the action of breaking waves. Subsequent
processing by atmospherics oxidants and radicals can transform
the hydrophobic organic aerosols to more hydrophilic ones.54

We regard the organic surfaces used in the present experi-
mental and theoretical study as model systems for understanding
the interaction of water with hydrophobic surfaces in general,
and the properties of atmospheric hydrophobic organic surfaces,
such as fresh primary and organic coated sea-salt aerosols, in
particular. Obviously, in comparison to real hydrophobic
atmospheric surfaces, the studied surfaces are more ordered and
uniform than any natural system. Therefore, the findings of this
study can only be treated as a lower limit to the interactions
expected in the atmosphere. We implement the findings of our
study to the development of a conceptual framework for
understanding the interactions of water with hydrophobic organic
surfaces.

The lower right-hand side part of Figure 9 shows an animation
of how we envision atmospheric hydrophobic organic surfaces.
Since the aerosol surface is rough, water can bind to kinks and
jogs on the surface, providing “nucleation” centers for further
water adsorption. The surface is clearly “wet”, and partially
covered by the surface-bound water. Processes that can occur
within this layer will affect the aerosol properties (mass, optical,
chemical) and therfore its atmospheric lifetime.

Interfacial water, adsorbed on the surface of organic aerosols,
even if the volume fraction of water is small, may play important
roles in the chemistry and physics of the aerosols. Some
atmospheric gases are very soluble in cloudwater.3 This suggests
that soluble gaseous species may be concentrated within the
surface-bound water droplets. The interfacial water droplets may
become a medium for chemical reactions that are either slow
or not possible in the gas phase, such as hydrolysis, ionization,

Figure 10. Side view of the structure of water close to a hydrophobic surface calculated by molecular dynamics simulation, showing the effect of
roughness. The left panel shows that water minimizes contact with a smooth surface, while water molecules penetrate into a rough surface and
enable its wetting.
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and oxidation. Examples may be hydrolysis of species such as
HNO3 and N2O as well as sulfur oxidation. Such processes can
change the properties of the hydrophobic surfaces causing them
to be more hydrophilic. However, treatment of chemical
reactions in these small volumes is not well developed at
present.55

Interfacial water on organic aerosols may also be of impor-
tance to the growth process of secondary aerosols. Several
studies have postulated the existence of a quasi-liquid layer on
the surfaces of organic aerosols.56-58 This layer will have very
distinct uptake properties, different from those of the (liquid-
like) organic component. This may explain the effect of relative
humidity on the growth of secondary organic aerosols. Because
the adsorption is reversible, the amount of surface-bound water
will change with the ambient relative humidity and different
parts of the surface will be covered by water at different times.

Aerosols directly effect climate by absorbing and reflecting
solar and terrestrial radiation and indirectly by modifying clouds
properties. The microdroplets on the surface of organic aerosols
may change their optical properties, their chemical properties
and their atmospheric lifetime, and through this also their
climatic effects.

VI. Conclusions

Because of the weak interactions between water and hydro-
phobic surfaces every small change in the surface morphology,
due to corrugation, can significantly affect the structure of the
adsorbed layer. It was found that, at room temperature, the
adsorption of water occurs mainly on surface defects.

Water adsorption on SAMs at room temperature and at
atmospheric pressure was studied simultaneously by two com-
plementary experimental techniques. The results of these two
types of measurements were compared. Water adsorption was
found to be reversible and dependent on the relative humidity.
Adsorption kinetics measured by MOCSER, which is sensitive
to the first adsorbed water layer, resembles Langmuir behavior.
The other method (QCM), which is sensitive to the total amount
of adsorbed water, shows that the adsorption is non-Langmuir
and the amount of adsorbed water is proportional to the con-
centration of water vapor in the atmosphere. It was also shown
that the surface coverage is not complete. A model that is con-
sistent with both findings suggests that water adsorbs as small
droplets mainly on imperfections or structural defects on the
organic layer. The molecular dynamics simulations underscore
the relationship between the wetting properties and the micro-
scopic structure and potential energy of the organic surfaces.
The simulation results are in excellent agreement with this
model. Finally, we suggest using this model for understanding
the interactions of primary organic aerosols with water vapor.
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