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A series of submonolayer deposition studies of oleic acid on both hydrophobic and hydrophilic

surfaces has shown that oleic acid self-associates into islands rather than uniformly covering the

surfaces. The studies were performed by vapor deposition on 1.6 mm diameter polystyrene aerosol

particles as well as on polystyrene and silica surfaces. The surfaces were investigated by scanning

electron microscopy (SEM), atomic force microscopy (AFM), ellipsometry and contact-angle

goniometry. After timescales of minutes to hours of vapor deposition at 70 1C, the oleic acid

arranged itself in the form of islands with diameters of about 100 nm. Many of the islands are

25–30 Å high, suggesting that the oleic acid sits vertically on the surface. The surface structure of

oleic acid on particles is expected to impact on several atmospherically relevant properties such as

the reactivity of the oleic acid and the hygroscopicity of the particles.

Introduction

Recent field measurements have shown that internally mixed

aerosol particles containing organic species comprise a large

fraction of aerosol particles in the atmosphere.1–5 Mixed

organic–inorganic particles may form when low-volatility

gaseous organic compounds condense onto pre-existing liquid

or solid particles.6–8 These organic coatings can dramatically

alter the properties of the coated particles including their

toxicity, their ability to act as cloud condensation nuclei and

their reactivity.9,10

When an organic film covers the particle, it may serve as

either an inert or a reactive barrier to diffusion of gases.

Studies have shown that monolayer coverages of organic acids

on aqueous sea-salt aerosol particles inhibit the uptake of

N2O5 by a factor of 3–4.11,12 The impact of an organic coating

on a particle’s properties is dependent on the structure of the

coating. For example, the hygroscopicity of aqueous sulfuric

acid particles was shown to be inhibited more strongly by a

surface coating of linear, closely packed organic acids than by

non-linear organic acids.13

The surface composition and structure of the core particle

can influence the arrangement of the organic film on the

particle surface. Considerable attention has been placed on

the organizational effects of aqueous–organic systems. Ellison

et al.14 hypothesized that an organic acid layer on an aqueous

particle forms an inverted micelle with the hydrophilic acid

group facing the water core and the hydrophobic part facing

outward. This effectively changes the surface of the particle

from hydrophilic to hydrophobic, resulting in a decrease in its

ability to act as a cloud-condensation nucleus (CCN). The

presence of other organic species on the particle can also

impact the stability and evaporation rate of surface organics.15

The reactivity of organic molecules in particles can be

influenced by particle morphology, as has been demonstrated

in several studies of the reaction of oleic acid particles with

ozone. Ozonolysis of oleic acid in pure particles occurs much

more quickly than is observed in ambient particles.16,17 Ana-

lysis of internally mixed oleic acid particles with other organic

species indicates that the rate is affected by both the composi-

tion and the morphology of the particle.18 A related finding by

Nash et al.19 found that the oxidation rate by ozone of aerosol

particles consisting of 10% myristic acid in oleic acid dropped

significantly relative to pure oleic acid because the 2% solid

phase arranged itself to form a monolayer of myristic acid

around the liquid droplet, thereby reducing the diffusion rate

of ozone into the particle.

The deposition of oleic acid onto substrates from solution

has been the subject of a significant amount of research.

Blyholder et al.20 obtained infrared spectra for oleic acid

adsorbed onto silica gel from a solution of oleic acid and

hexane. They report three different adsorption structures:

singly and doubly hydrogen-bonded chemisorption and phy-

sically adsorbed dimeric oleic acid. Another study using the

same coating method noted that the –OH infrared signal of

silica nanoparticles first decreased linearly as a function of the

percent composition of oleic acid in solution and then leveled

off at higher oleic acid percentage compositions.21 Liu et al.22

found that a basic solution was necessary in order for chemi-

sorption to occur for oleic acid deposited on g-alumina

powder. Since the nature of the substrate–surface interaction

can be influenced by the solution composition, studies employ-

ing solution deposition may not provide good models for

understanding organic coatings on aerosol particles. Deposi-

tion in the atmosphere involves direct, solvent-free condensa-

tion of organic species onto substrates and so vapor deposition

is a better technique for replicating atmospheric conditions.

Although organic acids make up a significant fraction of the

total organic matter in aerosol particles, few studies have

examined their adsorption via vapor deposition onto solid
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inorganic particles. Katrib et al.23,24 coated polystyrene latex

spheres with oleic acid, monitored the change in aerodynamic

diameter and density of the particles as they reacted with

ozone, and detected the products of the reaction. The uptake

of organic acids on soot particles has also been investigated.25

The kinetics of ozonolysis of oleic acid particles has been the

subject of significant work in our lab, and we have recently

extended our studies to oleic acid coated on core inorganic

substrates. Our initial experiments on these coated particles

suggested that the aerodynamic diameter did not increase with

small coverages of oleic acid. Also, the rate of ozonolysis of

the oleic acid on the particles remained constant over a range

of submonolayer coverages. These studies motivated us to

characterize the morphology of the oleic acid vapor-deposited

on both polar (silica) and nonpolar (polystyrene) substrates.

We imaged both silica and polystyrene particles coated with

oleic acid using scanning electron microscopy (SEM). We

further investigated the structure of oleic acid vapor-deposited

on flat surfaces of silica and polystyrene with a combination of

analytical tools including atomic force microscopy (AFM),

ellipsometry and contact-angle goniometry. Our studies in-

vestigate submonolayer coverages of oleic acid on substrates,

which is notably different from the studies of Katrib et al.23,24

that examined many monolayers of oleic acid on polystyrene

latex (PSL) particles. Additionally, the particles examined by

Katrib et al. were significantly smaller (100 nm) than those

used in our study.

We show that oleic acid forms ‘‘islands’’ on both polar silica

substrates and nonpolar polystyrene substrates. For our sub-

monolayer coverages, we define island formation as the con-

gregation of oleic acid molecules on the surface, as opposed to

even dispersion. Such terminology is consistent with that used

in the literature.26

Experimental

Sample preparation

The core particles used in this study consisted of nonporous

silica particles and polystyrene latex spheres (PSLs) of 1.6

micron diameter (Duke Scientific, United States). The parti-

cles were suspended in a 50 : 50 water–methanol solution and

atomized with a commercial atomizer (Model 3076, TSI,

United States). The atomized stream passed through a heated

tube and a diffusion dryer to remove the solvent. For coating

experiments, particles were sent through an oven containing

oleic acid heated to 70 1C. Aerodynamic size was obtained

with an Aerodynamic Particle Sizer (Model 3321, TSI, United

States).

Flat silica substrates were prepared by treating a sili-

con(100) wafer with UV–O3 in a commercial instrument

followed by washing with de-ionized water. Ellipsometry

measurements indicate that the native SiO2 coating on the

silicon wafer was B10–15 Å thick after this cleaning proce-

dure. A flat polystyrene surface was prepared by spin-coating

polystyrene dissolved in toluene on a silica substrate followed

by annealing for 12–24 h at 130 1C.27

Oleic acid was deposited on the silica and polystyrene

surfaces via vapor deposition in an oven at 70 1C. The oleic

acid was pre-heated for several minutes and then the substrate

was placed upside-down on top of a beaker containing a

reservoir of liquid oleic acid. A second, larger, inverted beaker

covered the setup in order to contain the oleic acid vapor.

Surface characterization

SEM. Particles were collected on a stub, and images were

taken with a Hitachi S-4700 SEM (Japan). For the images

presented here, particles were sputter-coated with 2 nm of an

Au/Pd alloy (60 : 40) prior to analysis. Au/Pd coatings are

commonly used for SEM analysis of nonconducting samples

since a thin layer of the alloy provides a smooth coating. In

order to assess whether the Au/Pd coating altered the surface

features, images were also taken without sputter-coating. A

similar surface structure was observed for both the sputter-

coated and the non-sputter-coated samples. However, char-

ging effects decreased the quality of the non-sputter-coated

images, and so we show only the sputter-coated images in this

work.

AFM. Measurements were taken with an Autoprobe M5

AFM (Thermomicroscopes, United States). All images were

taken using the non-contact mode and tips had a force

constant of 5 N m�1 and a reported radius of curvature of

40 nm. We typically used a gain of 0.2, a drive of 80% and a

set point of �0.02 mm. Image backgrounds were flattened with

AutoProbe Image software, which is supplied with the AFM

instrument. A computer program was written to determine the

number of islands and peak heights at a variety of deposition

times. This program selected for islands that were a minimum

of 10 Å above the background signal.

Ellipsometry. Data were taken with an Auto EL null

ellipsometer (Rudolph Research, United States). Ellipsometry

provides a measurement of the average thickness of a film

based on the change in polarization of reflected light, assuming

the index of refraction of the coating is known. An index of

refraction of 1.46 was used for all measurements. Conveni-

ently, this is the index of refraction for both silica and for oleic

acid. The index of refraction for bulk polystyrene is 1.58, and

is a sharp function of orientation of the polymer chains and of

film thickness.28 Since we were only concerned with the

approximate thickness of the polystyrene layer, no effort was

made to correct for its index of refraction.

Contact-angle goniometry. A droplet of water was pipetted

onto a bare or coated silica surface. A picture of the water

droplet on the surface was taken and the angle between the

surface and the droplet was measured with image analysis

software.

Computational approach.ADFT calculation was carried out

using the Gaussian 2003 system of programs.29 The optimized

geometry of the oleic acid molecule was obtained using the

B3LYP function and the 6-311++g(d,p) basis set.

This journal is �c the Owner Societies 2008 Phys. Chem. Chem. Phys., 2008, 10, 3156–3161 | 3157

D
ow

nl
oa

de
d 

by
 N

or
th

 C
ar

ol
in

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

 N
ov

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

4 
A

pr
il 

20
08

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
80

13
F

View Online

http://dx.doi.org/10.1039/b718013f


Results and discussion

Oleic acid coatings on particles

SEM images of 1.6 micron PSL particles both uncoated and

coated with oleic acid are shown in Fig. 1. The coated particles

show more structure than the uncoated particles, suggesting

that the surface coating may be uneven. The image contrast is

a result of the dependence of the number of secondary

electrons and backscattered electrons on the topology of the

surface. We also took SEM images of uncoated and coated

silica particles, but the rough surface of the uncoated particles

made it more difficult to distinguish differences in morphology

between the coated and uncoated silica particles.

The SEM results motivated us to investigate further the

morphology of oleic acid coatings on polar (silica) and non-

polar (polystyrene) surfaces. In order to take advantage of a

variety of analytical techniques, and to better quantitate the

results, we performed the remainder of the experiments using

flat substrates with a surface layer of SiO2 or polystyrene (see

Experimental). A flat substrate is a good approximation for

the micron-sized particles used in this study since the particles’

radius of curvature is large compared to the size of an oleic

acid molecule. The similarity in our AFM results on flat

surfaces (see below) and our SEM results on particles further

support this assumption. Additionally, we found that SEM

images of oleic acid on the flat substrates were similar to those

of the coated particles.

Oleic acid coatings on silica surfaces

Ellipsometry was used to measure the average thickness of the

oleic acid coating as a function of deposition time on silica

substrates, and the results are shown in Fig. 2. Although the

dynamics of the coating process are complex, we perform a

simplified analysis in order to predict the coating time neces-

sary for monolayer formation. The distance between the oleic

acid reservoir and the substrate surface was approximately

2 cm. Based on the Chapman–Enskog equation, the diffusion

coefficient of oleic acid in air at 70 1C is 0.043 cm2 s�1 and so

the time for a molecule to diffuse from the surface of the oleic

acid reservoir to the substrate is 46 s. The oleic acid vapor

pressure at 70 1C is 3–4 � 10�5 Torr,30,31 corresponding to 1 �
1012 molecules cm�3. The surface area occupied by each oleic

acid molecule if the molecules are stacked vertically is 21 Å2.32

If we assume that every time an oleic acid molecule deposits on

the surface of the substrate another oleic acid molecule is

released from the reservoir, then it would require approxi-

mately 2.5 h for a monolayer to travel from the surface of the

oleic acid reservoir to the surface of the substrate.

We note that the thickness of the oleic acid layer increases

rapidly at first and then more slowly at longer times. Thus, the

experimentally observed time for monolayer formation is

significantly longer than our calculated value of 2.5 h. The

similarity of the coating on both silica and polystyrene (see

below) surfaces suggests that preferential chemisorption at

defect sites is not responsible for the dynamics. The rate of

deposition slows before a significant fraction of the surface is

covered by oleic acid and so the dynamics cannot be explained

by a model in which oleic acid that is already on the surface is

blocking other molecules from adsorbing (as would be ex-

pected for chemisorption). Therefore, re-evaporation of the

oleic acid from the substrate surface most likely accounts for

the non-linear shape of the curve in Fig. 2. At short times, the

rate of coverage is nearly linear with time since much more

oleic acid is adsorbing to rather than desorbing from the

surface; however, at longer times, a significant fraction of

the adsorbed oleic acid is desorbing from the surface and so

the growth is no longer linear. This is consistent with a growth

model reported by Kubono et al.33 for films involving cluster

formation.

Also plotted in Fig. 2 is the contact angle of a water drop on

the surface, as obtained with contact-angle goniometry. The

contact-angle measurements scale with the amount of coating,

indicating that the surface is becoming more hydrophobic.

Fig. 1 SEM images of polystyrene latex spheres uncoated (left) and coated with oleic acid (right).

Fig. 2 Deposition of oleic acid on silica measured with ellipsometry

(solid circles) and contact-angle goniometry (open squares). All error

bars represent one standard deviation of the measurements.
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AFM images of the silica substrates exposed to different

amount of oleic acid are shown in Fig. 3. Both images show

that oleic acid forms islands on the silica surface rather than

coating the surface evenly. The diameter of these islands is

approximately 100 nm, a value that is an upper limit because

the resolution may be limited by the tip radius of curvature.

We further examined the dynamics of island formation by

comparing the number of islands and peak heights at a variety

of deposition times. A histogram of the results for a 17.5 h

deposition are shown in Fig. 4 and a summary of the statistics

for three different deposition times is presented in Table 1. We

note that although the number of islands increases with

deposition time, the mean diameter of these islands remains

around 100 nm.

For all deposition times, the mean height of the islands is

approximately 28 Å. Iwahashi et al.32 have measured the

length of oleic acid molecules in the liquid state to be

23.8 Å. We performed a density functional theory (DFT)

geometry optimization that resulted in a calculated length of

21.2 Å. The island heights observed using AFM of approxi-

mately 28 Å are consistent with the measured and calculated

lengths of the oleic acid molecule, and the roughness of the

silica surface may account for the small difference in values.

Therefore, it is likely that the observed islands consist of a

single monolayer of oleic acid molecules oriented such that

their long axis is perpendicular to the substrate surface.

The AFM results cannot distinguish whether islands are

forming directly on the silica or if they exist on top of an

already-coated surface formed by a smooth layer of oleic acid

molecules. The thicknesses determined by ellipsometry indi-

cate that if there is an underlying layer, it must be very thin, on

the order of a few Å. However, if there were a layer of oleic

acid, we would expect the contact angle of water to be large,

even at low coverages. We find that the contact angle of water

scales approximately as the thickness of the coating, as

measured with ellipsometry. This result is thus consistent with

a model in which the islands form on the bare silica substrate

with the surface increasing in hydrophobicity as more of the

silica sites are covered.

Oleic acid coatings on polystyrene surfaces

AFM images of the bare polystyrene surface (coated on silica)

and of oleic acid vapor-deposited on the polystyrene surface

are shown in Fig. 5. As with the silica substrate, the AFM

images show that the oleic acid is forming islands on the

surface. Thus, we conclude that oleic acid forms islands when

vapor-deposited onto both polar (silica) and nonpolar

(polystyrene) surfaces.

Ellipsometry measurements of oleic acid deposition on the

polystyrene showed that oleic acid thickness increases with

deposition time, similar to the results obtained on silica. The

contact angle of water on the bare polystyrene surface is

approximately 451, which is similar to the contact angle for

the highest oleic acid coating on the silica surface. As the

coating of oleic acid increases on the polystyrene surface, we

observe no change in the contact angle. This result demon-

strates that the hydrophobicities of the bare polystyrene sur-

face and of the oleic acid islands on polystyrene surface are

similar.

Because the contact-angle measurements do not change as a

function of coating on the polystyrene surface, it is difficult to

establish whether there is a monolayer of oleic acid lying flat

on the surface under the islands. It is possible that formation

of an oleic acid monolayer would be more favorable on the

polystyrene surface compared to the silica surface because the

long nonpolar hydrocarbon tail of the oleic acid would have

favorable interactions with the nonpolar polystyrene surface.

Conclusions

We have investigated the vapor deposition of oleic acid onto

silica and polystyrene surfaces, and we find that the rate of

deposition slows with increasing deposition time on both

surfaces at low coverages of oleic acid. This suggests that the

oleic acid molecules are physisorbed on these surfaces and that

re-evaporation is contributing to the non-linearity of the plot

of adsorbate thickness as a function of time.

We further find that oleic acid forms islands on both silica

and polystyrene surfaces. Oleic acid is known to exist as a

dimer in the lengthwise direction in solution (Fig. 6).32 Our

observation that the average height of the oleic acid islands is

approximately the length of one oleic acid molecule suggests

that individual oleic acid molecules are oriented vertically on

the surface. The contact-angle measurements show that the

surface is hydrophobic at high coverages of oleic acid, suggest-

ing that the hydrocarbon chain on the oleic acid molecule is

facing away from the surface, as depicted in Fig. 6. The

formation of strong hydrogen bonds between adjacent oleic

acid groups, as well as dispersion forces along the alkane chain

are the likely the energetic driving forces for island formation.

The rate of formation and geometry of the islands are similar

Fig. 3 AFM images of oleic acid on a silica surface at a short

deposition time (left) and a longer deposition time (right). The number

of islands increases with deposition time, but their peak heights are

similar in both images.

Fig. 4 Histogram of island heights on a 25 mm2 region of a sample

after a 17.5 h oleic acid deposition. Bin size is 2 Å.
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on both the silica and polystyrene surfaces. This suggests that

there are no fundamental differences in oleic acid surface

mobility, which may be influenced by the orientation of the

carboxylic acid group of oleic acid. An intriguing issue, for

which we have no ready explanation, is that deposition

proceeds by the formation of new islands and that ‘‘mature

islands’’ stop growing beyond a diameter of about 100 nm.

Island size can be predicted with Young’s equation by balan-

cing intermolecular forces and substrate-molecule forces, and

so it is interesting that island size of oleic acid is similar on

surfaces of very different polarities.

‘‘Islanding’’ of organic coatings on substrates has been

reported by other authors.26 For example, Benitez, Salmeron

et al.26 found that solutions of octadecylamine in chloroform

deposited onto mica formed islands with a height correspond-

ing to molecules tilted at 491. They found that the nature of the

islands was highly dependent on factors such as the time of

interaction, ripening time, humidity and amount of rinsing

with the solvent. Our vapor-deposition method of preparation

eliminates many of these variables that may affect the details

of the island formation.

As mentioned in the Introduction, the studies presented here

were originally motivated by unexpected preliminary observa-

tions of the aerodynamic diameter and the ozonolysis rate of

particles coated with oleic acid. Based on the surface studies

described here, we can now examine how the structure of oleic

acid on aerosol particle surfaces may affect aerodynamic

diameter and kinetics. First, we note that the aerodynamic

diameter (da) is related to the volume-equivalent diameter (d)

by the formula da = d(ra/rw)
1/2, where ra is the density of the

particle, r is unit density and w is the shape factor, defined as

the ratio of resistance drag of the particle to that of a sphere

having the same volume.34 w is 1 for a spherical particle, and is

greater than one for a nonspherical particle (such as with

island formation on a spherical core). Thus, for a constant

coverage, a larger w would result in a lower da.
23 Second, we

consider the effect of surface structure on kinetics. If there is a

thermodynamically preferred island size, then an increase in

coverage should not result in a change in kinetics, for a

pseudo-first order reaction with ozone in excess. Our results

show that on flat substrates, as the amount of coverage

increases, the average sizes (height and diameter) of the

individual islands do not change. Therefore, we would expect

the rate of ozonolysis to remain constant with increasing

coverage.

Atmospheric relevance

Our results are relevant to conditions that exist in the atmo-

sphere. The process of oleic acid condensing onto dry inor-

ganic substrates (such as dust or soot) in the boundary layer is

well-mimicked by our vapor-deposition techniques. Oleic acid

is released into the atmosphere from meat cooking, which

occurs at elevated temperatures. As the temperature of the

oleic acid decreases, its volatility decreases until it either

homogeneously nucleates or is adsorbed onto a particle. Solid

particles such as soot and dust represent a large fraction of the

available surface area in the boundary layer on which low

volatility organic species may condense. Thus, it is likely that

oleic acid in the atmosphere condenses onto mineral dust or

soot and the oleic acid may arrange itself in islands on these

surfaces. Island formation may depend on both particle size

and on the amount of coating (monolayer or multilayer). It is

also possible that the surface structure of the oleic acid would

be different when it is part of the large mixture of compounds

present under typical atmospheric conditions.

While several studies have investigated the hygroscopicity of

particles containing organic coatings,35,36 few have addressed

Table 1 Statistics of oleic acid island formation on silica and polystyrene as a function of deposition time. The data indicate that as the deposition
time increases, the number of islands increases, but their average height remains constant

Silica surface Polystyrene surface

10 min 40 min 17.5 h 6 min 22 min 98 min

Total number of islands in 25 mm2 73 136 185 10 146 165
Mean � standard deviation of island height/Å 29 � 8 24 � 8 31 � 7 28 � 8 27 � 11 28 � 15

Fig. 5 Polystyrene spin-coated on silica (left) and oleic acid deposited

on spin-coated polystyrene (right).

Fig. 6 Dimeric structure of oleic acid (left). Possible orientation of

oleic acid on silica and polystyrene surfaces (right).
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the role of surface morphology. When islands form, both the

organic compound and the inorganic core particle are exposed

to water vapor in the atmosphere. Mochida et al. have shown

that CCN ability is directly related to the hygroscopicity of

particles.37 Thus, the CCN ability of the particle may be quite

different when island formation occurs compared to when a

particle is evenly coated. Oleic acid is one of many mono-

carboxylic and dicarboxylic acids detected in aerosols. We

anticipate that deposition of other organic acids onto

inorganic substrates may also result in island formation.
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