
A

A
b
a

1

2

3

B1

a
4

b
5

6

a7

8

A9

R10

R

1

11

12

A13

14

K15

S16

D17

M18

I19

a20

FQ121

1

T22

i23

a24

a25

m26

f27

0
d

C
TE

D
 P

R
O

O
F

ARTICLE IN PRESSCA 229222 1–9

a n a l y t i c a c h i m i c a a c t a x x x ( 2 0 0 8 ) xxx–xxx

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /aca

method for characterization of sea surface microlayer
ased on monolayer properties in presence and
bsence of phospholipids
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a b s t r a c t

Electrochemical impedance spectroscopy, ac voltammetry and fractal analysis were used

to characterize model compounds, compound mixtures and extracted samples of sea sur-

face microlayer (ssm) und underlying water (ulw). The reasons for carrying out this work

were to use the scientific basis of these characterizations in future on-line analytical proce-

dures of ssm. The mercury (Hg) drop electrode uncoated and coated with a monolayer of

dioleoyl phosphatidylcholine (DOPC) was used as an experimental basis for investigation

of the major sea surface film forming material. Firstly, the interaction of the uncoated and

DOPC coated Hg electrode with model water insoluble compounds of increasing polarity

was investigated. The compounds studied in order of increasing polarity were: nonadecane,

stearic acid, cholesterol and cardiolipin. Subsequently the electrochemical response of the

system to different ssm extracts was compared to signals observed with model compounds

to demonstrate method selectivity. From the electrochemical results, it is observed that

both the molecular structure and polarity of the investigated compounds have a role in

their interaction with the uncoated and DOPC coated electrode. In the fractal analysis the
Eincrease above 2 of fractal dimension D imparted to the DOPC layer is related to the degree

of apolarity of the additive model compound. Consistent with this, the more apolar hexane

extracted ssm 2 imparts a fractal dimension D value of 2.45 when incorporated in DOPC

layers. The electrochemical response to the ssm and ulw follows that characteristic of sterol

compounds.
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. Introduction

he sea surface microlayer (ssm) is an interface which is crit-
cal to the exchange of matter and energy between the ocean
nd atmosphere [1]. The importance of this phase bound-
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ry in global processes is reinforced by the fact that the ssm
akes up ∼70% of the total earth surface area. The sea sur-

ace layer is generally enriched in organic substances. Organic
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substances accumulate at the air/sea interface due to their
surface-active properties. Highly apolar compounds in gen-
eral represent the most important film forming material. The
accumulation of hydrophilic substances in the ssm is enabled
ACA 229222 1–9
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the monomolecular layer [2]. Adsorbed organic substances 33

change the physical and optical properties of the ssm. This 34

depends on the nature of the constituent organic compounds
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which include the characteristics of the polar groups and
architecture of the hydrophobic chain and seawater properties
of ionic strength, pH and temperature.

Although the sea surface microlayers have been stud-
ied extensively, there is still a lack of knowledge about
the physical chemical characteristics governing their for-
mation and properties as well as of simple, especially in
situ, methods for this characterization. The sea surface film
forming material is represented by a wide spectrum of dif-
ferent compounds which are not soluble in water and are
extractable by organic solvents. Such extracts may contain
as many as 16 different subclasses of compounds of both
biogenic and anthropogenic origin: aliphatic hydrocarbons,
polycyclic aromatic hydrocarbons, wax esters, sterol esters,
short-chain esters, acylated glyceryl ethers, triglycerides, free
fatty acids, phthalate esters, free aliphatic alcohols, sterols,
diglycerides, monoglycerides, glycolipids, pigments, phospho-
lipids, arranged in an approximate order of increasing polarity
[3].

Several electrochemical methods are conveniently used
to characterize organic substances in sea water and the sea
surface microlayer, as for example out-of-phase [4] and in-
phase [5–7] ac voltammetry, differential pulse anodic striping
voltammetry [8], differential pulse cathodic striping voltam-
metry [9], and electrochemical impedance spectroscopy [10].
Up to now the fractal geometry analysis technique has not
been used to characterize seawater derived organic mate-
rial. The fractal geometry analysis has proved to be a useful
tool in dealing with the physical and chemical problems
that involve non-trivial geometries [11]. Such geometries
are in fact more common in the physical world than the
classical Euclidean geometries, especially if we consider sur-
faces and porous structures such as aggregates or fractured
objects. The fractal analysis approach is based on the pos-
sibility of describing quantitatively complex objects that are
statistically scale-invariant. This property is manifested in
a power-law dependence of the density–density correlation
function g(r) ∼ rD−d, where D and d denote fractal and spa-
tial dimensions, respectively. This work therefore uses both
an electrochemical impedance measurement approach com-
bined with a fractal geometry analysis to characterize the
physical chemical properties of the sea surface organic mate-
rial.

The purpose of this work is to explore the possibilities
of using an uncoated and a dioleoyl phosphatidylcholine
(DOPC) monolayer coated mercury (Hg) drop electrode for
the physicochemical characterization of sea surface form-
ing material. The strategy is to incorporate the findings of
this study into future simple electrochemical methods that
may serve for the direct in situ analysis of sea surface micro-
layers. The DOPC monolayer was chosen as the monolayer
system that can be easily prepared in a reproducible manner.
In addition the fluid nature of DOPC is perfectly compati-
ble with the smooth Hg surface giving a unique defect free
self-sealing monolayer. Due to the different polarities of the
screened compounds the interaction of each compound with
U
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DOPC is expected to vary. To demonstrate the qualitative
and quantitative selectivity of the DOPC coated electrode the
results from the impedance, ac voltammetry and fractal anal-
ysis for chosen model substances are compared with those
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observed for the sea surface microlayer extracts. This work
is a continuation of preliminary studies [10] that showed
that apolar hexane (Hex) extracts introduce defects and a
greater surface roughness when incorporated into the DOPC
monolayer due to the lower compatibility with DOPC than
the polar dichloromethane (DCM) extracts. Another objec-
tive of this work was to look for a physical meaning to the
fractal dimension, D. Although this value had been defined
mathematically it seemed appropriate to measure the fractal
dimension D of insoluble monolayers which have already been
well characterized electrochemically [12]. This paper reports
experimental results for the first time where the electrochem-
ical fractal analysis has been carried out on insoluble lipid
layers.

2. Experimental

2.1. Apparatus and materials

An Autolab system, FRA and PGSTAT 30 interface (Eco-
chemie, Utrecht, The Netherlands), controlled with Autolab
software, was used both for the electrochemical impedance
spectroscopy and for the ac voltammetry. The impedance
measurements were performed over a broad frequency spec-
trum from 65,000 to 0.1 Hz, 0.005 V rms at potentials of −0.4 V
and −1.1 V. The impedance data were transformed to the com-
plex capacitance plane, where the complex capacitance axes
were expressed as Re Yω−1 and Im Yω−1. This plot gives a
single semicircle when the capacitor has no frequency disper-
sion. Impedance data served to estimate the fractal dimension
D from the zero frequency capacitance (ZFC). The ZFC was
obtained by the extrapolation of the semicircle of the complex
capacitance plane to the Im Yω−1 axis [12]. In the ac voltamme-
try measurements the frequency of the ac voltage was 75 Hz
and the amplitude 0.005 V rms. All experiments were per-
formed using a three-electrode system. The working electrode
was a hanging Hg drop (Metrohm, Switzerland) uncoated and
coated with an adsorbed monolayer of DOPC [13], the refer-
ence electrode was Ag/AgCl|3.5 mol L−1 KCl and all potentials
in this paper are quoted versus this. The auxiliary electrode
was a platinum rod. All measurements were carried out in
the potential range from −0.4 V to −1.15 V. The values of
differential capacitance were calculated from the measured
current at 90◦ phase angle (out-of-phase). The experiments
were performed in 0.1 M KCl solution at 25 ± 0.5 ◦C. Elec-
trolyte KCl (Fisher Scientific Chemicals, Ltd.) was calcined
at 600 ◦C. All solutions were prepared using 18.2 M� MilliQ
water.

The monolayers were prepared by spreading 15 �L of a
2 mg cm−3 working solution of ssm extract, individual model
compound, compound mixture, DOPC (Lipid Products, UK),
DOPC + ssm and DOPC + ulm extract, DOPC + individual model
compound and DOPC + compound mixture on deaerated elec-
trolyte solution and then by transferring it to the Hg electrode
by vertically dipping the electrode through the film [13]. The
ACA 229222 1–9
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mixtures of DOPC with ssm extracts, individual model com- 146

pounds and compound mixtures were prepared as weight 147

fractions in the working solution since the molecular com- 148

position of the compounds in ssm extracts is unknown. 149
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.2. Model compounds

he platform for the ssm characterization is based on an
ncoated and a DOPC monolayer coated Hg drop elec-
rode. DOPC is a water insoluble molecule composed of
olar and apolar parts giving rise to electrostatic as well
s hydrophobic reactions, respectively (Fig. 1a). For this
ork four model substances as representative of com-
ounds found in sea waters were chosen [3]. Hydrocarbon:
onadecane Mw = 268.52 g mol−1 (Aldrich), free fatty acid:
tearic acid, 284.48 g/mol (Alfa Aesar), sterol: cholesterol,

w = 386.65 g mol−1 (MP Biomedicals) and phospholipid:
ardiolipin, Mw ∼1500 g mol−1 (Sigma) were used with-
ut further purification. Structural formulae are given in
ig. 1b–e. These model compounds were also chosen for
heir widely different polarity which is in order of increasing
olarity of the compounds where nonodecane is the most
polar:nonodecane > stearic acid > cholesterol > cardiolipin.
odel compound mixtures were prepared by mixing choles-

erol and cardiolipin, and cholesterol, cardiolipin and stearic
cid in the weight fractions of 1:1, and 1:1:1, respectively. The
olar ratios of these mixtures were 3.9:1 and 3.9:1:5.2, respec-

ively. The materials were transferred to the Hg electrode and
U
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haracterized by ac voltammetry, ac impedance and fractal
nalysis in the following order: (a) individual model com-
ounds and compound mixtures, (b) DOPC + individual model
ompounds and DOPC + compound mixtures in specified

ig. 1 – Molecular structures of dioleoyl phosphatidylcholine (DO
ardiolipin (e).
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weight fractions of: 0%, 17%, 33%, 50% and 66% of individual
compound and compound mixture, respectively.

2.3. Sea surface microlayer samples collection and
preparation

The sea-surface microlayer (ssm) was collected from a small
eutrophic salt Lake Rogoznica connected to the mid Adriatic
on August 29, 2005. Ssm 1 and ulw 1 were collected early after-
noon and ssm 2 in the early evening. Sampling of the ssm was
performed with a Garrett type screen made of stainless steel
[14]. The thickness of the sampled microlayer was approxi-
mately 100–150 �m. Ulw 1 was collected by immersing 1 L glass
bottle at 10 cm depth below sample ssm 1. Natural organic
material from 3 L of surface microlayer sample was extracted
by two different solvents, hexane (HPLC grade, Merck) and
dichloromethane (HPLC grade, Merck). These two solvents are
of different polarities; hex is almost non-polar (0.08D) while
DCM is more polar (1.14D). After three repeated extractions
with solvent, the extract was evaporated to dryness in a rotary
evaporator. The extracts were stored deep frozen. Prior to the
analysis extracts were dissolved in the pentane and prepared
to the concentration of 7.2 mg mL−1. The names of samples
 P
R
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are designated for example as Hex ssm 1, where Hex is the 197

solvent used for the extraction and 1 is the number of sam- 198

ple. The ulm sample was similarly extracted with DCM. The 199

extracts were transferred to the Hg electrode and character- 200

PC) (a), nonadecane (b) stearic acid (c), cholesterol (d) and
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Fig. 3 – Capacitance–potential plots of (a) nonadecane (thick
black line), stearic acid (thin black line), cholesterol (thick
gray line) and cardiolipin (black dotted line); and (b)
cholesterol + cardiolipin (1:1) (thick black line),
cholesterol + cardiolipin + stearic acid (1:1:1) (thick gray line)
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ized by ac voltammetry, ac impedance and fractal analysis in
the following order: (a) ssm 1, ssm 2 and ulw 1 extracts, (b)
DOPC + ssm 1, DOPC + ssm 2 and DOPC + ulw 1 extracts with
specified weight fractions of extract in DOPC of 0%, 17%, 33%,
50% and 66%.

2.4. Fractal analysis using impedance spectroscopy
data

The adsorbed layers may exhibit fractal properties. Fractal
ordering of adsorbed layers can be investigated by differ-
ent techniques including electrochemical methods [15–18],
atomic force microscopy [19] and transmission electron
microscopy [20]. Here fractal analysis was employed with the
aim of following the sensitivity of the DOPC to the ssm, ulw
and model compound incorporation by changes in geometry
that possesses fractal characteristics.

The fractal dimension, D, is determined from the slope
of the log–log plot of the zero frequency capacitance (ZFC)
(obtained by the extrapolation of the semicircle of the com-
plex capacitance plane to the Im Yω−1 axis at low frequency
[12]) versus the radius r of the Hg drop. These results are
therefore obtained from the size scaling of the hanging mer-
cury drop electrode [15] (Fig. 2) (Ic ∼ rD). The measurement
was performed each time with a freshly prepared new drop
of a selected size (the drop surface area varied from 0.0088
to 0.03815 cm2) that was not changed during the measure-
ment. The reliability of the impedance data was confirmed
by repetition of measurements in duplicate to check for the
reproducibility and the accuracy of measurements (Fig. 2).

3. Results

Fig. 3 displays capacitance–potential (C–E) plots of the individ-
ual model compounds, model compound mixtures and DOPC
U
N

C
O

R
R

E
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transferred to the Hg electrode. The plots exhibit a flat capac-
ity minimum at potentials close to the PZC of Hg (∼−0.4 V) [21],
followed by capacitance increases representing phase transi-
tions leading to desorption at more negative potentials. In the

Fig. 2 – Dependence of the zero frequency capacitance on
the electrode radius (r) for DOPC (�) and DOPC–50% Hex
ssm 2 (©) with the corresponding linear fit. D and R are the
fractal dimension and the regression coefficient,
respectively.
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and DOPC (thin black line).

case of the DOPC coated electrode there are two well defined
capacitance peaks on the C–E plot corresponding to two suc-
cessive phase transitions, respectively, of the phospholipids
monolayer [21]. The capacitance increases of the C–E plots of
the coated electrode take place at more negative potentials as
the polarity of the model compounds increases (Fig. 3a). The
C–E plots of the mixed compound coated electrode are most
similar to those of the most polar compound, cardiolipin, even
though cardiolipin was present at 25% or less mole fraction in
the mixture. The presence of cholesterol in the layer tends
to depress and shift the capacitance peaks to more negative
potentials (Fig. 3b).

In Fig. 4 are presented C–E curves for the DOPC + individual
model compound and DOPC + compound mixture coated elec-
trodes. The plots show that the incorporation of cholesterol
has the most marked effect on the C–E curves of the DOPC
monolayer coated electrode suppressing both capacitance
peaks (Fig. 4c). For other mixtures transferred to the elec-
trode the general form of the C–E plots is similar to that of
the pure DOPC coated electrode with a capacitance minimum
and two capacitance peaks. The incorporation of the neutral
hydrocarbon nonadecane in the DOPC layer shifts the DOPC
ACA 229222 1–9
cterization of sea surface microlayer based on monolayer properties
.1016/j.aca.2008.05.043

capacitance peaks to less negative potentials (Fig. 4a), while 257

the incorporation of the highly polar cardiolipin shifts the 258

two DOPC capacitance peaks toward more negative poten- 259

tials (Fig. 4d). In Fig. 4b it is seen that the stearic acid added 260
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Fig. 4 – Capacitance–potential plots of DOPC (thin black line) in mixture with 17% of model substances (thick black line) and
D ine).
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OPC coated electrode. Substantial suppression of the DOPC
ayer capacitance peaks is observed with the mixture of DOPC
nd cholesterol and cardiolipin (Fig. 4e), and DOPC and choles-
erol, cardiolipin and stearic acid (Fig. 4f). Fig. 5 shows changes

ig. 5 – Zero frequency capacitance (ZFC) as a function of %
eight fraction of model substance(s) in DOPC; nonadecane

thick black line, black open square), stearic acid (thick gray
ine, gray open circle), cholesterol (thin gray line, gray full
riangle), cardiolipin (thin black line, black open inverse
riangle), mixture of cholesterol and cardiolipin (1:1) (gray
otted line, gray full rhombus) and mixture of stearic acid,
holesterol and cardiolipin (1:1:1) (black dotted line, black
pen star). Where no error bars are observed, they are
ithin the symbol size.
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of zero frequency capacitance (ZFC) obtained for increasing
incorporation of DOPC monolayers with the additive model
compound. Only with mixtures of cholesterol and DOPC there
is a significant decrease in capacitance to a minimum of
∼1 �F cm−2 compared to the capacitance of the pure monolay-
ers. The ZFC plots of the DOPC and other additive compounds
layers show a gradation albeit non-linear between the ZFC
values of the pure compound monolayers.

Fig. 6 displays C–E plots obtained from layers of Hex and
DCM ssm extracts (Fig. 5a and b) and of 50% mixtures of
DOPC with Hex and DCM ssm extracts (Fig. 5c and d) trans-
ferred to the Hg electrode. C–E plots of the Hex and DCM
ssm coated electrode exhibit a capacitance minimum from
−0.4 V to potentials of −0.95 V at which point the capacitance
increases. The C–E curves of the DCM ssm coated electrode
(Fig. 6b) exhibit capacitance increases at more negative poten-
tials than the C–E curves of the Hex ssm coated electrode
(Fig. 6a). Further the C–E plot of the ssm 1 coated electrode
exhibits a capacitance increase at more negative potentials
than the potential characterizing the capacitance increase on
the C–E curve of the ssm 2 coated electrode. The C–E curves
of the mixtures of ssm extracts and DOPC (Fig. 6b and c) are
different from those of the pure extracts. Indeed, the shape of
the plots is a modification of the DOPC C–E plots with a capac-
itance minimum and two peaks and a decrease and potential
shift of the two capacitance peaks which correspond to the
two DOPC layer phase transitions, respectively. Notably the
ACA 229222 1–9
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incorporation of the hexane extract of ssm 2 into the DOPC 293

layer depressed the capacitance peaks on the C–E plot more 294

than the incorporation of the hexane extract of ssm 1 (Fig. 6c). 295

Conversely the DCM extract of ssm 1 depressed the capaci- 296
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Fig. 6 – Capacitance–potential plots of (a) Hex ssm 1 (thick black line), and Hex ssm 2 (thick gray line), (b) DCM ssm 1 (thick
black line), and DCM ssm 2 (thick gray line), (c) DOPC (thin black line) and DOPC in mixture with 50% of Hex ssm 1 (thick
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black line) and Hex ssm 2 (thick gray line) and (d) DOPC (thin
black line) and DCM ssm 2 (thick gray line).

tance peaks on the C–E plot more than the DCM extract of
ssm 2. Fig. 7 shows changes of the ZFC obtained for increas-
ing incorporation into DOPC of the ssm extracts. Increasing
amounts of ssm into the monolayer results in a decrease of
the ZFC compared to that of the DOPC monolayer coated elec-
trode. The DOPC + Hex ssm 2 layers showed a lower ZFC than
the DOPC + Hex ssm 1 layers whereas the DOPC + DCM ssm 1
layers showed a lower ZFC than the DOPC + Hex ssm 1 layers.
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Note also that the DCM extract of the underlying water below
ssm 1 (ulw 1) when added to the DOPC depresses the ZFC even
further.

Fig. 7 – Zero frequency capacitance (ZFC) as a function of %
weight fraction of Hex ssm 1 (thick black line, black open
square), Hex ssm 2 (thick gray line, gray full circle), DCM
ssm 1 (thin black line, black open inverse triangle), DCM
ssm 2 (thin gray line, gray full rhombus) and DCM ulw 1
(black dotted line, black closed triangle) in DOPC.
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Fig. 8 shows changes of fractal dimension D for increas-
ing weight fraction of individual model compounds (Fig. 8a),
model compound mixtures (Fig. 8b) and the ssm extracts
(Fig. 8c), respectively, in the DOPC monolayer. Interaction of
different compounds with DOPC is manifested as a significant
change of the adsorbed layer fractal dimension D. It is noted
that the DOPC monolayer at −0.4 V has no fractal ordering
and its dimension D is ∼2 similar to the uncoated Hg surface.
On the other hand, the fractal dimension D of the mono-
layer mixture with model substances of different polarity
increases with decreasing polarity of model lipid. For the case
of compound mixtures, the changes of D show more complex
behaviour (Fig. 8b) with D generally being above 2 although in
one case lower than 2 for the more polar mixture. The mix-
tures of the ssm extracts with the DOPC monolayer produce
layers which in certain situations exhibits fractal ordering. For
the two ssm samples each extracted by two solvents, non-
polar Hex and the more polar DCM, the fractal dimension of
monolayer is in the main lower than 2. The exception is the
DOPC + Hex ssm 2 layer which exhibited a fractal dimension D
of 2.45.

4. Discussion

The increased stability of the more polar compounds and
extracts on the Hg with respect to potential domain is intu-
itively to be expected. Clearly at more polar negative potentials
the less polar compounds and material will have a lower sta-
bility on the electrode.
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The interaction between DOPC and the model compounds 334

characterized by the C–E plots is dominated by the struc- 335

tural features and polarity of the compounds. Out of all the 336

compounds investigated, cholesterol has the strongest influ- 337
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Fig. 8 – Fractal dimension (D) determined for increasing
weight fraction of model or sample in DOPC monolayer for
(a) nonadecane (thick black line, black closed square),
stearic acid (thin gray line, gray open circle), cholesterol
(thin black line, black closed triangle), cardiolipin (thick
gray line, gray open inverse triangle); (b)
cholesterol + cardiolipin (1:1) (thin black line, black open
rhombus), cholesterol + cardiolipin + stearic acid (1:1:1) (thin
gray line, gray full star); and (c) Hex ssm 1 (thick black line,
black open square), Hex ssm 2 (thick gray line, gray full
circle), DCM ssm 1 (thin black line, black open inverse
triangle), DCM ssm 2 (thin gray line, gray closed rhombus)
a
a

e338

i339

t340

m341

p342

p343

s344

a345

l346

A347

d348

o349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405
U
N

C
O

Rnd DCM ulw 1 (7). Where no error bars are observed, they
re within the symbol size.

nce on the DOPC phase transformations both on its own and
n the mixture with other compounds. The effect of choles-
erol is to moderate the fluidity of the DOPC monolayer that

anifest as a broadening and suppression of the capacitance
eaks. The influence of the addition of cholesterol on the
roperties of DOPC monolayers and bilayers has been well
tudied [22]. The cholesterol intercalates between the DOPC
lkyl chains and causes the layer to thicken shown by the
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a capacitance of ∼4 �F cm−2 and a fractal dimension D of 2.3.
This accords with the different properties of pure cholesterol
compared to DOPC + cholesterol monolayers. Pure cholesterol
monolayers when deposited on self-assembled monolayers
of 2-naphthalenethiol (2-NT) and thiophenol (TP) have been
shown to be tilted at 26◦ from the normal. Capacitance values
of these layers were similar to those observed in this study
and AFM and STM studies showed that the cholesterol layers
were structured with striped domains [23].

One of the aims of this work was to look for a rela-
tion between the fractal dimension D and the value of ˇ

extracted from the impedance versus frequency data using
the impedance model developed in the paper by Whitehouse
et al. [24] and applied to numerous experimental situations
(e.g. [10]). ˇ has been proposed to be an indicator of depar-
tures from ideality at the interface between the monolayer
surface and the bulk electrolyte which relate to a surface
roughness. When ˇ = 1 the monolayer surface is smooth and
when ˇ is <1, the monolayer develops a roughness. Normally
a DOPC layer on mercury gives a ˇ value of 0.998 but following
the adsorption of peptides [24] and the binding of proteins
[25] this value is decreased to 0.990–0.980. Analysis of the
impedance versus frequency plots in this study showed that
DOPC + cholesterol layers always exhibited a ˇ value of 0.998.
On the other hand the pure cholesterol layer on Hg showed
a lower ˇ value of 0.990. Experimental errors for ˇ determi-
nation vary from sample to sample and were less than 0.001.
This therefore accords with the very different properties of the
pure cholesterol monolayer for which fractal analysis evidence
shows them to be structured.

Cardiolipin monolayers show similar properties to those of
DOPC in terms of the C–E curve although as pure monolayers
they exhibit a fractal dimension value D of 2.15. Cardiolipin
carries two negative charges and incorporates charged groups
to the monolayer surface. The charged groups might impart
some structure to the pure cardiolipin monolayers. Cardi-
olipin has already been shown to strongly influence the
thermodynamic properties of monolayers and bilayers of egg
phosphatidylcholine (egg PC) [26]. Cardiolipin also stabilises
membranes of egg PC [27]. In this study the effect of cardi-
olipin is to alter the energetics of the DOPC phase transitions
which are shifted to more negative potentials. Stearic acid
(pKa = 10.15 [28]) is neutral at the pH used in this study and the
interaction with the polar head groups is through the –COOH
group. Indeed stearic acid has been reported as forming a 2:1
molar ratio complex with PC which occupies more area than
the three individual moles [29]. If this complex forms on the
Hg, this study shows that it has little effect on the capacita-
tive properties of the layer. In all cases where either mixtures
of model compounds or ssm extracts with DOPC are stud-
ied, the desorption potentials at C–E curves indicate that the
compounds/extracts are associated with the DOPC and not
adsorbed on the Hg.

Comparing the extracts of the ssm 1 and ssm 2 it may be
concluded that the ssm 1 extract was characterized by the
presence of more polar compounds than the ssm 2 extract. Evi-
dence to support this came from the following: (a) Desorption
ACA 229222 1–9
cterization of sea surface microlayer based on monolayer properties
.1016/j.aca.2008.05.043

peaks on C–E curve of ssm 1 extract on Hg are shifted toward 407

more negative potentials than desorption peaks of C–E curve 408

of the extract of ssm 2 on Hg. (b) The DCM extract from ssm 409
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1 when incorporated in the DOPC monolayer depressed the
capacitance peaks of the C–E curve (of the mixed monolayer)
to a greater extent than the hexane extract incorporation. The
decrease in ZFC of the DOPC monolayer and the depression of
the capacitance peaks on the C–E plots with the DCM extract of
ssm 1 and in particular of DCM extract of ulw 1 indicate a sig-
nificant contribution of sterol material that is associated with
phytoplankton living organisms. Sterols share with phospho-
lipids a structural function in membranes acting as specific
internal regulators of membrane fluidity and influencing vari-
ous membrane functions [30]. It has to be expected that there
are higher contribution of sterols in underlying water sam-
ples as compared to microlayer samples for afternoon sample
1. This is due to the escape of phytoplankton from strong
sun irradiation at the microlayer during sampling period. This
shows that firstly the technique used distinguishes between
the ssm and the ulw and secondly that the ulw contained more
sterol type material than the overlying ssm.

Fractal analysis is a powerful characterization tool since the
fractal dimension is sensitive to subtle structural change(s)
of the adsorbed layer including layer saturation, isotropic
to nematic transition, and orientational change of adsorbed
molecules [16]. Conceptually a value of D above or below
2 means the capacitance does not increase as a linear
function of electrode area. If D is greater than 2 (C ∼ r2−3)
there is a part volume element to the capacitance value
and if D is less than 2 (C ∼ r1−2) there is a part one-
dimensional element to the capacitance value. The physical
meaning attributed to this [31] is that this effect is intro-
duced from a structured inhomogeneity of the monolayer
leading to an uneven distribution of dielectric, dielectric
thickness and distribution of charges on the monolayer sur-
face.

The tendency for D to be >2 in the case of more apolar
compounds being incorporated in the DOPC monolayer (see
Fig. 8(a)) may be related to phase separation between the polar
DOPC and the apolar compound additive leading to some
structural inhomogeneity. Cholesterol is well known to sep-
arate into two domains in mixtures with phospholipids [32]
and this phase separation is detected by a D value of 2.05.
This would accord also with D > 2 when the compound mix-
tures are incorporated into the DOPC monolayer (see Fig. 8(b)).
In the case of such complex mixed monolayers some phase
separation is inevitable. A value of D < 2 is also observed for
these mixtures. We conclude that for homogeneous mixed
monolayers, the fractal dimension D tends to the value of 2.
Where phase separation occurs as when apolar compounds
or more complex compound mixtures are incorporated into
DOPC monolayers, the fractal dimension D generally goes
above 2. In cases where the fractal dimension D goes below
2 this relates also to phase separation since it is generally
observed in complex lipid mixtures and in mixtures of the
more polar ssm with DOPC (see Fig. 8(c)).

The layer derived from the extract Hex ssm 2 when incorpo-
rated into a DOPC layer exhibited a very high value of fractal
dimension, D = 2.45. This value would be expected from the
U
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results of the mixed model compound–DOPC layers where
it has been concluded that incorporating apolar compounds
into a DOPC monolayer effected some phase separation. We
cannot at this stage comment on the precise physical signifi-
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cance of the D value being >2 or <2 but we can conclude that
the value of D is a sensitive indicator of the homogeneity of
the monolayer which correlates with a phase separation of
domains.

5. Conclusions

This paper has developed a scientific basis for applying capac-
itative electrochemical methods to the analysis of the sea
surface microlayer. Work in development in our laboratories
to be published later will use more robust electrode supports
configured on an on-line platform. The results obtained in
this study will enable results from these on-line devices to be
interpreted and related to the composition of the sea surface
microlayer. The findings of this study of direct relevance to this
future analytical technology can therefore be summarised in
the following:

(i) The adsorption of a series of insoluble compounds (non-
adecane, stearic acid, cholesterol, cardiolipin) on Hg
showed that the polarity of the compounds determined
their stability on the electrode with respect to applied
potential. The most polar compounds were stable over the
widest potential domain.

ii) The capacitative properties of mixed monolayers of insol-
uble compounds with DOPC were governed by those of
DOPC. Cholesterol decreases the fluidity of the mono-
layer suppressing the phase transitions and increasing
the monolayer thickness whereas cardiolipin affected the
energetics of the phase transitions by shifting them to
more negative potentials. The other compounds had only
small effects.

ii) Studies of the fractal dimension of mixtures of insoluble
compounds and DOPC carried out for the first time showed
that the extent of the fractal dimension D imparted to
the DOPC by the compound depended on its non-polarity.
The more apolar compounds (stearic acid, nonadecane)
imparted the higher value of fractal dimension D. Pure
cholesterol monolayers were distinct in showing a fractal
dimension D > 2 whereas mixed cholesterol–DOPC layers
showed a fractal dimension D of 2. More complex mixtures
with DOPC and mixtures of polar ssm with DOPC showed
fractal dimension D values of < 2.

iv) The ssm 2 sample was dominated by non-polar material
and the ssm 1 sample by polar material. The effects of the
sample extracts on the DOPC monolayer capacitive prop-
erties resembled those of cholesterol or sterols in general.

(v) In mixed monolayers the origin of the fractal dimension
D values of above and below 2 could be related to phase
segregation of the additive compounds from the DOPC.

The findings show that the approach can be used to iden-
tify major lipid classes in the sea surface microlayer. It has
the potential of being a very powerful preliminary screening
ACA 229222 1–9
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analytical method when used in an on-line configuration. The 519

methodology allows us to conclude on the dominant physical 520

characteristics of compounds, whether polar or apolar interact 521

within a monolayer on the electrode surface. 522
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[4] B. Ćosović, V. Vojvodić, Limnol. Oceanogr. 27 (1982) 361–369.
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