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Reversible Trilayer Formation at the Air -Water Interface from a Mixed Monolayer
Containing a Cationic Lipid and an Anionic Porphyrin
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Luis Camacho*,†

Departamento de Quı´mica Fı́sica y Termodina´mica Aplicada, UniVersidad de Co´rdoba, Campus UniVersitario
de Rabanales, Ed. Marie Curie, E-14071 Co´rdoba, Spain, Departamento de Ciencias Ambientales,
UniVersidad Pablo de OlaVide, Crta. Utrera km 1, E-41013 SeVilla, Spain, and Max-Planck-Institut fu¨r
biophysikalische Chemie (Abt. Nanobiophotonik), D-37077 Go¨ttingen, Germany

ReceiVed: October 30, 2003; In Final Form: February 10, 2004

The molecular organization of a cationic matrix (DOMA) as influenced by the presence of an anionic water-
soluble porphyrin (TSPP), in the mixed monolayer, molar ratio TSPP/DOMA) 1:4, has been studied by
π-A isotherms, the reflection spectra, BAM images, and imaging ellipsometry at the air-water interface. A
reversible collapse of the mixed film at high surface pressures is observed. The formation of an aggregate of
the porphyrin molecules under compression is inferred from the reflection spectra. BAM images show the
spontaneous formation of domains at 35 mN/m that become bigger during the spontaneous dense process at
constant surface pressure. The reversible character of that process was also observed by BAM. The evaluation
of the reflection spectra as well as the area fraction of the domains and the surrounding dark regions have led
us to consider a trilayer structure for the TSPP/DOMA domains emerging during the collapse process. By
using imaging ellipsometry on selected regions of interest (few microns), the thicknesses of domains (ddom )
5.045 nm) and surrounding areas (ddark ) 1.764 nm) were estimated. These thickness values are in good
agreement with the trilayer architecture where the DOMA molecules have retained the TSPP molecules by
electrostatic interactions.

Introduction

The development of novel functionalized materials and the
use of new principles of device functioning have led the study
of organic ultrathin films. The biomimetic approach may provide
new insight into the design, development, assembly, and
functionalization of new materials and systems at the molecular
level. The physical principles which drive the interactions
leading to the formation of self-assembled and self-organized
molecular and nanoscopic systems have been widely investi-
gated over the last years to establish a relationship between
chemical composition, structure, and organization of these
materials and systems with the desired physical properties and
functions.1

The environment and orientation of functional molecules may
be controlled by incorporation in molecular assemblies. As-
sembling and handling organized ultrathin films containing
different molecules with various functions and well-defined
architecture (composition, structure, and thickness) is a promis-
ing method for constructing molecular devices.2 In this sense,
a large research effort has been directed to the design of arranged
surfaces that are able to control the orientation at the molecular
level in a reproducible way, e.g. in devices designed for high
resolution. The air-water interface is an ideal model surface
for this purpose because it is easy to prepare in a pure state and
because the surface coverage can be smoothly adjusted by using

the Langmuir trough technique. A monolayer or multilayer at
this interface can be used as a well-defined model to study
interactions within layers.

Although there have been major advances in our understand-
ing of phase transitions in Langmuir monolayers during the past
decade,1 the process of collapse, the transition of a monolayer
to a three-dimensional phase, by which floating material is
forced out of the monolayer at high compression to form
multilayer or bulk structures, needs further investigation. In
particular, the collapse of monolayers of liquid-crystalline phases
is of special interest due to the intrinsic long-range orientational
order that these systems possess. In some cases, the collapse
process has been viewed as the folding up and sliding of
molecular layers on top of one another.3,4 For example, Xue et
al.5 studied the collapse of a monolayer of a thermotropic liquid
crystal that was consistent with a model in which the monolayer
“collapses” through a transition to a homogeneous trilayer film
composed of a monolayer plus an interdigitated bilayer. This
collapse can form monolayers and multilayers at the air-water
interface with a high degree of order compared to other
monolayer systems as demonstrated by de Mul and Mann.6 Also,
the plateau observed in theπ-A isotherms of aromatic
carboxylic acids7 revealed a similar behavior to that observed
for mesogenic substances.3-5 Recently, Gourier et al.8 have
obtained evidence for the folding and displacement of one
portion of the pentacosadiyonic acid monolayer with respect to
another (sliding mechanism for collapse). By the collapse phase
detected during the surface pressure-area isotherm at the air-
water interface, Huo et al.9 demonstrated the formation of a
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bilayer in a new nontraditional supramolecular-like Langmuir
film with a urea derivative.

A great number of experimental approaches have been utilized
to study the mechanism of monolayer collapse. Thus, the
confirmation of the structure along the “collapse” process in
Langmuir monolayers may be given with techniques noninvasive
such as BAM (Brewster angle microscopy)10,11and ellipsometry
of the film on the interface.4,7,12,13 Some of the earliest
investigations of the mechanisms of collapse were performed
by Ries,14 who prepared Langmuir-Blodgett films collapsing
monolayers and imaged them by electron microscopy. More
recently, several groups have carried out similar experiments
in which the topography of collapsed films of fatty acids was
determined by AFM.15-19 Also, GIXD and reflectivity studies
of collapsed films of cholesterol have indicated a model in which
there is a mixture of monolayers, a smooth bilayer, and a
crystalline trilayer covered by a disordered monolayer.20

In the present work, the molecular organization of a mixed
film containing a cationic matrix (DOMA) and a tetraanionic
water-soluble porphyrin (TSPP) at the air-water interface has
been investigated. The results obtained by means of surface
techniques, such as reflection spectroscopy, BAM, and ellip-
sometry, lead to a nontraditional collapse where a novel, stable,
and reversible superstructure of the TSPP/DOMA, ratio 1:4, is
formed at the air-water interface. The organization of the mixed
ultrathin film spontaneously formed at high surface pressure
corresponds to a trilayer film, where a bilayer of DOMA
molecules whose head polar groups retain the dimer porphyrins
stands on top of a mixed monolayer with monomer porphyrins.

Experimental Section

Materials. Dioctadecyldimethylammonium bromide (DOMA)
was purchased from Sigma Chemical Co. and used as received.
Tetrakis(4-sulfonatophenyl)porphyrin (TSPP) was supplied by
Fluka and used without purification. Their molecular structures
are depicted in Scheme 1. A mixture of dichloromethane,
methanol, and water, ratio 15:9:2 (v/v/v), was used as spreading
solvent for solving both components. The pure solvents were
obtained without further purification from Panreac (Spain) and
Baker Chemicals (Germany). The water for the subphase and
for the mixture spreading solvent was prepared with a Millipore
Mill-Q unit, pretreated by a Millipore Reverse Osmosis system
(>18 MΩ‚cm-1).

Preparation of the Mixed Monolayers at the Air-Water
Interface. Mixed monolayers of TSPP/DOMA, in a molar ratio
of 1:4, were prepared by cospreading (the mixed solution of
the two components)21-24 onto a pure water subphase at 21°C
on a Nima Langmuir trough provided with a Wilhelmy-type

dynamometric system using a plate of filter paper for good
wettability. This device was used for all measurements done
on the mixed film, i.e., surface pressure-area (π-A) isotherms,
characterization of the stability of the monolayers, reflection
spectroscopy at normal incidence, visualization by Brewster
angle microscopy (BAM), and ellipsometry. After cospreading
of the mixed solution on the water surface, 15 min were left
for evaporation of the solvent and the monolayers were
compressed at a speed of∼0.1 nm2 min-1 molecule-1.

Reflection Spectroscopy.The difference in reflectivity,∆R,
of the monolayer-covered water surface and the bare water
surface is determined. Details of the reflection spectrometer have
been described elsewhere.25

Ellipsometric Measurements.Ellipsometric measurements
were performed with a PCSA null imaging ellipsometer
(I-Elli2000 supplied by NFT, Nanofilm Technologie, Go¨ttingen,
Germany) using a solid-state laser (wavelength 532 nm, 50
mW). The accuracy of the device is 0.02° in ∆ and Ψ. For
measurements of the films at the air-water interface we used
an angle of incidence (φ) of 50°. The ellipsometric angles,∆
and Ψ, were measured on different regions of interest (ROI,
minimum size of about 20µm) avoiding any lateral structure
or defect within the spot size of the beam and resulting in
valuable results and keeping spatial information. The average
from 20 experimental measurements has been used. The
calculations were performed according to ellipsometric equations
(see the Appendix).26 The ∆ and Ψ values are related to the
ratio of the Fresnel reflection coefficients byRp/Rs ) tan(Ψ)
exp(i∆), whereRp andRs are the parallel and normal compo-
nents, respectively, with respect to the plane of incidence of
electric vectorE.

The I-Elli2000 is also equipped with an imaging device by
which images of the film at the Brewster angle (Brewster angle
microscopy, BAM) can be recorded with a lateral resolution of
2 µm. The image processing procedure included a geometrical
correction of the image, as well as a filtering operation to reduce
interference fringes and noise. Furthermore, the brightness of
each image was scaled to improve contrast. The microscope
and the film balance were located on a table with vibration
isolation (anti-vibration system MOD-2 S, Halcyonics, Go¨ttin-
gen, Germany) in a large class 100 clean room.

Results

Surface Pressure-Area Isotherms. Monolayers of TSPP/
DOMA, in a molar ratio of 1:4, were formed at the air-water
interface. This mixing ratio corresponds to the stoichiometry
forming neutral monolayers and thus we expect that all
molecules of porphyrin remain bound to the lipid matrix by
electrostatic interactions, although it must be tested experimen-
tally.

Figure 1 (top) shows theπ-A isotherms of DOMA (dashed
line) and TSPP/DOMA) 1:4 (solid line). Both isotherms are
expressed per DOMA molecule, therefore any expansion with
respect to the pure lipid isotherm is a clear evidence for the
presence of the porphyrin molecules at the interface. Effectively,
an expansion from low surface pressure up to 35 mN/m is
observed.

The most noticeable phenomena observed along the isotherm
of the mixed monolayer (solid line) are the surface pressure
drop as the mixed film is compressed atA < 0.75 nm2 and the
subsequent decrease of the DOMA area from approximately
0.75 nm2 to 0.28 nm2 (at π ) 38 mN/m) in contrast with the
constant molecular area of DOMA atπ ≈ 38 mN/m,A ≈ 0.50
nm2, measured for the isotherm of the pure lipid in the absence

SCHEME 1. Molecular Structures of DOMA and TSPP
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of porphyrin. Both phenomena should be taken as indicating
collapse, i.e., expulsion of molecules from the film to form a
new phase.27 However, this collapse is not strictly speaking a
“traditional collapse” since as described below the new phase
forms a well-defined and stable multilayer film.

The isotherm of the TSPP/DOMA) 1:4 system obtained
here differs meaningfully from that measured by Zhang et al.
spreading DOMA on the aqueous subphase containing TSPP.28

Those authors detected the adsorption of the TSPP molecules
from the subphase to the lipid matrix without observing the
collapse registered for our mixed monolayer prepared by the
cospreading method.

To study the stability of the mixed monolayer at the air-
water interface, as well as the nature of the observed collapse
at high surface pressures, successive cycles of compression (up
to 40 mN‚m-1) and expansion of the film were recorded, and
no hysteresis was detected (data not shown).

The stability of the mixed film was also studied at constant
surface pressure. The film was compressed to a fixed surface
pressure,πconstant (Figure 1, middle), and the spontaneous
evolution of the monolayer at thatπconstantwas registered as
t-A curves (Figure 1, bottom). The area relaxation was
dependent on the surface pressure,πconstant, chosen. Thus, at
πconstant< 33.5 mN/m the loss of area was negligible after 1 h.
However, atπconstantg 33.5 mN/m a spontaneous condensation
process of the mixed monolayer was registered. Further, at

πconstantslightly higher than 33.5 mN/m the relaxation process
is very slow, while atπconstant> 38 mN/m the process occurs
in a few seconds. Figure 1 (middle and bottom) shows the
measurement atπconstant) 35 mN/m. At that point, the area
diminished to a constant value of 0.32 nm2 per DOMA molecule
(∼12 min), where the monolayer was stable for a long period
of time. The area reached depends slightly on the selected
πconstantvalue.

Once the equilibrium state was reached, the film was
expanded at different surface pressures and then the evolution
of area atπconstantwas recorded (at 25 mN/m in Figure 1, middle
and bottom). A spontaneous expansion stabilizing atA ) 0.83
nm2 (value previously reached under compression at 25 mN/
m) was observed. The rate of this process also depends on the
πconstant chosen. At this point of the experiment, theπ-A
isotherm to low surface pressure was registered under decom-
pression and no hysteresis was observed.

This type of measurement demonstrated not only the stability
of the mixed monolayer, but also that the pressure drop atπ >
38 mN/m was due to a kinetic effect that originated from the
compression rate of the film. Under equilibrium conditions, the
pressure drop does not occur. Further, although the area decrease
of the mixed monolayer with respect to that of the lipid film
points out collapse, such a collapse seems to lead the film to a
well-defined and stable multilayer film.

BAM Images. Simultaneous to the measurement described
in Figure 1 (bottom), the morphology of the mixed TSPP/
DOMA ) 1:4 monolayer at the air-water interface was directly
observed by BAM (Figure 2). Initially, the mixed monolayer
appears homogeneous (images not shown). However, when an
area ofA ≈ 0.75 nm2/DOMA (at 35 mN/m) molecule is reached
upon compression some small bright domains form on a slightly
darker surrounding area (Figure 2, 0 min). Keeping the surface
pressure constant,πconstant) 35 mN/m, those bright domains
grow spontaneously filling almost the whole field of view in a
few minutes (sequence of images in Figure 2). During this
phenomenon, the film area decreases fromA ≈ 0.75 (t ) 0
min) to 0.32 nm2 (t ≈ 12 min) as shown in Figure 1 (bottom).
For A ) 0.32 nm2/DOMA, the bright domains fill about 79%
of the surface area while an area fraction of 0.21 is occupied
by the dark regions.

Imaging Ellipsometry. Ellipsometry was established long
ago as a sensitive method for obtaining data about surfaces and
thin films.29,30 Reliable estimations of thicknesses of polymer

Figure 1. Top: Surface pressure-area isotherms of DOMA (dashed
line) and TSPP/DOMA) 1:4 (solid line) at the air-water interface.
Middle: Cyclic isotherm of the mixed monolayer as follows, under
compression from 0 to 35 mN/m, evolution atπconstant) 35 mN/m,
decompression to 25 mN/m, evolution atπconstant ) 25 mN/m, and
decompression from 25 to 0 mN/m. Bottom: Time-area curves
obtained atπconstant) 35 mN/m (solid line) andπconstant) 25 mN/m
(dashed line).

Figure 2. Growing of the bright domains observed by BAM of the
mixed TSPP/DOMA monolayer under constant surface pressure of 35
mN/m. Image size: 430µm width.

Reversible Trilayer Formation J. Phys. Chem. B, Vol. 108, No. 14, 20044459



films can be obtained from ellipsometric data (∆, Ψ). However,
the ellipsometric information may be incomplete, and a careful
analysis is needed to obtain the structural information of the
films.31

Figure 3 shows the change of the ellipsometric anglesδ∆
(δ∆ ) ∆ - ∆0, where∆ is obtained in the presence of a film
and∆0 in the absence of a film, i.e., water surface) andΨ versus
area (δ∆-A and Ψ-A isotherms) during the compression of
the TSPP/DOMA) 1:4 monolayer. Theδ∆ and Ψ values
plotted in this figure correspond to the average on a large region
of the film (430µm × 530µm, spot of laser). Theπ-A isotherm
of the mixed monolayer is also shown as a reference.

Conventional approaches of ellipsometry involve averaging
the signal over the entire diameter of the light beam (usually a
laser). As a consequence, all spatial information of the film,
being homogeneous or not, and including defects such as
scratches, dust, etc., is reduced into a single number for each
of the ellipsometric quantities∆ andΨ, leaving the real structure
up to anyone’s guess. The imaging ellipsometry technique
employed here has allowed us for the first time to measure the
ellipsometric angles in selected, homogeneous regions (ROI,
region of interest) with a size of just a few microns (∼20 µm
× 20 µm) at the air-water interface. Therefore various values
of the ellipsometric angles,∆ andΨ, for the different regions
observed at that interface, i.e., domains and surrounding areas,
can be obtained.

Upon compression up to 35 mN/m and during the spontane-
ous condensed process of the mixed film decreasing its area to
0.32 nm2 (Figure 1, middle), different values ofδ∆ andΨ as
a function of the ROI location were obtained. When the ROI is
located upon the dark regions (see Figure 2),δ∆dark ) 7.5 (
0.1° andΨdark ) 5.22( 0.05°. Theseδ∆ andΨ experimental
values are constant during the whole relaxation process and they
are coincident with those obtained forA ) 0.75 nm2 (see Figure
3). It must be pointed out that this coincidence is only possible
where the structure and composition of the films is identical.
Therefore, the area per DOMA molecule in the dark regions
must beAdark ≈ 0.75 nm2.

The ellipsometric angles,∆ andΨ, also were measured on
the bright domains (see Figure 2). Different regions of the image
were studied by using ROI of different sizes and the averages
obtained wereδ∆dom ) 18.3( 0.1° andΨdom ) 5.93( 0.05°.
Theseδ∆ andΨ experimental values are practically constant
through the whole relaxation process.

The fact that the optical properties (δ∆ andΨ) of domains
and dark regions remain constant throughout the condensation
(relaxation) process is evidence of a phase transition between
two organized phases.

Reflection Measurements.To detect directly the presence
of the porphyrin molecules in the mixed monolayer with
DOMA, a series of reflection spectra at different surface
pressures were measured during the compression and decom-
pression processes. This technique gives us valuable information
on the organization, density, and orientation of the chomophore
molecules located at the air-water interface.

In Figure 4, the normalized reflection spectra (∆Rn ) ∆R ×
A) obtained for TSPP/DOMA, molar ratio 1:4, at different
surface pressures during the compression (top) and expansion
(bottom) processes at the air-water interface are shown. These
spectra consist of an intense Soret band and small Q-bands,
typical for a porphyrin. Two remarkable phenomena are
observed in these spectra: first, the decreasing of the Soret band
with maximum at 420 nm, close to that measured in organic
solution (λmax ) 416 nm), and the appearance of a new band at
408 nm as the surface density of porphyrin increases (∆λ )
-12 nm); and second, the recovery of the system during the
expansion process as recorded in the reflection spectra. The
coincidence of those spectra during the compression and
expansion processes recorded at low surface pressure (0 mN/
m) is experimental evidence that there is no appreciable loss of
porphyrin molecules into the aqueous subphase.

Discussion

The experimental data obtained by reflection spectroscopy,
a shift to shorter wavelengths by∼10 nm, with respect to the
maximum wavelength at low surface pressure, have been
observed for similar mixed systems of M-TMPyP/DMPA
(cationic porphyrins, Ni(II)-tetrakis(4-methylpyridyl)porphyrin,
and H2-tetrakis(4-methylpyridyl)porphine, M-TMPyP, M) H2,

Figure 3. Elli-isotherms of the mixed TSPP/DOMA film at the air-
water interface: δ∆ versusA (full circles) andΨ versusA (open
circles).π-A (solid line) is shown as a reference. The values ofδ∆
andΨ were measured overall spot light (430µm × 530 µm).

Figure 4. Reflection spectra normalized at the same surface density
of DOMA, ∆Rn, under compression (top: 0 (A ) 1.38 nm2), 10 (A )
1.14 nm2), 20 (A ) 0.95 nm2), 30 (A ) 0.80 nm2), and 40 mN/m (A )
0.26 nm2)) and decompression (bottom: 25 (A ) 0.26 nm2), 20 (A )
0.94 nm2), 15 (A ) 1.04 nm2), and 0 mN/m (A ) 1.36 nm2)). The
inset shows the expansion of those spectra during the compression
process in the wavelength range of 520-540 nm. Solid lines are for
those spectra with onlyλmax ) 420 nm, and dashed lines are for those
with a new band at 408 nm.
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Ni(II), and a lipid with negatively charged headgroups,
L-R-dimyristoylphosphatidic acid, DMPA), where a dimer-
monomer equilibrium was described.21,22In such cases, the blue
shift was assigned to a stacked dimer formation (H aggregate)
with the porphyrin rings lying parallel and twisted by 45° with
respect to each other underneath the phospholipid matrix (all
porphyrin molecules have access to phospholipid headgroups).

Assuming that configuration for the TSPP/DOMA system,
and applying the extended dipole model32 with a thickness of
TSPPr ) 3.5 Å, a dielectric constant ofD ) 2.67, and an
oscillator strengthf ) 2.08 (calculated in organic solution), the
values calculated for the dipole length and charge arel ) 8.70
Å and q ) 0.208e, respectively, for∆λ ) - 12 nm. These
values are in very good agreement with respect to those obtained
for similar systems.22 Thus,λmax ) 420 nm is assigned to the
monomer porphyrin, whileλmax ) 408 nm is assigned to the
stacked dimer of TSPP molecules (see Scheme 2).

For low values of absorption, the reflection∆R, is given in
a reasonable approximation by25

whereΓ is the surface concentration in mol cm-2, Rs ) 0.0233

is the reflectivity of the interface air-water at normal incidence,
ε is the extinction coefficient given as L mol-1 cm-1, andforient

is a numerical factor that takes into account the different average
orientation of the porphyrin chromophore in solution as
compared to the monolayer at the air-water interface. For a
general case, the orientation factor is given by

with θ being the angle between the plane of the transition
moments and the normal to the air-water interface (angle
brackets denote average values).34 In this mixed system, at low
surface pressures∆Rn(0 mN m-1)compression ≈ ∆Rn(0 mN
m-1)expansion≈ 0.92 (see Figure 4). This value is in very good
agreement with that obtained from eq 1 (∆Rn ≈ 0.90) and
assumingε ) εsolution at λmax (εsolution,420) 4.5 × 105 L mol-1

cm-1), flat orientation (forient ) 1.5), and no loss of TSPP
molecules. However, during the whole compression process a
further analysis has to be done as follows.

From the measured reflection spectra an apparent oscillator
strength is defined as35,36

wheref is the oscillator strength in solution,A is the area per
molecule,υ is the frequency, and the numeric factor 2.6× 10-12

is expressed in nm-2 s. Thus,fapp is obtained by the integration
of the reflection band in the range between 370 and 475 nm.
The values offapp evaluated from three series of reflection
spectra of the mixed monolayer at the air-water interface are
plotted against the area per DOMA molecule in Figure 5.

Two effects are clearly visible in this figure: (1) the value
of fapp is almost constant at any surface density and (2) there is
a good coincidence between thefappvalues during compression
(full circles) and subsequent decompression (empty circles)
processes. Moreover, the ratio between this apparent oscillator
strength,fapp ) 3.13, and the oscillator strength obtained from
the solution spectrum,f ) 2.08, gives by eq 3forient ) 1.5 for
any surface pressure. This is the maximum value that can be
obtained only if there is no loss of the porphyrin molecules
into the aqueous subphase and if those molecules lie parallel to
the interface (θ ) 90° by eq 2). This is unambiguous evidence
both for a flat orientation of the porphyrin rings at any surface
pressure and for the presence of all molecules of porphyrin
cospread at the interface.

The dimer formation at the air-water interface and the flat
orientation of the porphyrin molecules at any surface area allow
us to consider a dimer-monomer equilibrium for TSPP similar
to that proposed in previous works for other water-soluble
porphyrins (M-TMPyP) where all porphyrin molecules have
access to the charges of the phospholipid matrix.

To prove that molecular model, the monomer (sfmon) and
dimer (1- sfmon) surface fractions at different surface pressures
have been determined from the reflection spectra considering
that for intermediate surface pressures, the normalized reflection
spectra can be evaluated by the equation

SCHEME 2. Stacked Dimer of the TSPP Molecules

Figure 5. Plot of the apparent oscillator strengthfapp determined
according to eq 3 and with the reflection spectra obtained during the
compression (full circles) and decompression (empty circles) processes,
against area per DOMA molecule.

∆Rn ) sfmon∆Rmon
n + (1 - sfmon)∆Rdim

n (4)

∆R ) (2.303× 103)ΓforientεxRs (1)

forient )
3/4[1 + 〈sin θ〉2] (2)

fapp) f × forient ) (2.6× 10-12)∫band
A∆Rdυ )

(2.6× 10-12)∫band
∆Rn dυ (3)

Reversible Trilayer Formation J. Phys. Chem. B, Vol. 108, No. 14, 20044461



where∆Rmon
n is known and corresponds to that registered at 0

mN/m (see Figure 4, top). Thesfmon values have been obtained
by numerical adjustment to eq 4 under the condition that the
normalized reflection spectrum of the dimer,∆Rdim

n , should be
the same for each analyzed spectrum (good agreement between
those spectra has been obtained during the adjustment process).
In Figure 6, thesfmon values are plotted versus area per DOMA
molecule in the mixed monolayer. The monomer fraction starts
to decrease forA ≈ 1.15 nm2/DOMA, beingsfmon ≈ 0.4 for A
≈ 0.8 nm2/DOMA. Supposing the dimer-monomer equilibrium,
the surface density (σ ) A-1) of the DOMA will be

whereσmon and σdim correspond to the molecular density per
DOMA molecule in the different regions in which the TSPP
molecules are monomer and dimer, respectively.

The plot of sfmon versusσ (inset Figure 6) allows us to
determineAmon ) σmon

-1 ) 1.14 nm2/DOMA andAdim ) σdim
-1

) 0.67 nm2/DOMA, which correspond to the DOMA area for
TSPPmonomer-DOMA and TSPPdimer-DOMA complexes, re-
spectively.

Inasmuch as the molar ratio of TSPP/DOMA is 1:4, the area
per TSPPmonomer-DOMA (TSPP+ 4 DOMA) will be 4 × Amon

) 4.56 nm2. This value is slightly higher than that of the flat
TSPP molecule (∼3.20 nm2).24 This increase may be due to
the organization of DOMA molecules compensating for the
negative charges of the TSPP molecules which are spread
partially on the TSPP area because of the headgroup size
(ammonium group) and the orientation of the alkyl chains (they
are not totally vertical with respect to the air-water interface).
Therefore, the DOMA molecules contribute to the total area
(4.56 nm2) of the TSPPmonomer-DOMA complex (see Scheme
3).

On the other hand, the area per flat TSPP dimer should be
similar to that of the monomer,∼3.20 nm2 (see Scheme 2).21

Now, 8 DOMA molecules must stay on top of the dimer
compensating the 8 negative charges of the porphyrins. Thus,
the area of the TSPPdimer-DOMA complex will be 8× Adim )
5.36 nm2. The TSPPdimer-DOMA interaction requires all
headgroups of DOMA molecules have access to the negative
charges of the porphyrins, thus the DOMA molecules may stay
at a different depth with respect to the interface as a function
of the TSPP molecule that has to be compensated (see Scheme
3). Therefore, the lipid molecules have more contribution to
the area complex for the TSPPmonomer-DOMA complex.

As commented before, the dimer-monomer equilibrium
described for the TSPP/DOMA system from the reflection
spectra is similar to that proposed for the M-TMPyP/DMPA,21,22

at least regarding the porphyrin structure. However, analyzing
the BAM images a noticeable difference can be appreciated. A
substantial dimer fraction atπ ) 30 mN/m (see Figure 4) is
detected by reflection measurements before the domains may
be observed by BAM at 35 mN/m (see Figure 2 and comments),
while the domains observed for the M-TMPyP/DMPA systems
were demonstrated to be the dimer formation phase of the
cationic porphyrin.37

For the M-TMPyP/DMPA systems, the areas of M-TMPyP
monomer-4 DMPA and M-TMPyP dimer-8 DMPA agree to 3.2
nm2 (value corresponding to the flat porphyrin area),21 i.e., the
phospholipid does not occupy additional area at the interface.
However, the molecular structure of DOMA seems not to
facilitate the coincidence of the two area complexes with that
of the flat porphyrin. In turn, this fact could be related to the
absence of domains from the TSPPdimer-DOMA complex
contrary to that observed for the M-TMPyP/DMPA system.22,37

As depicted in Scheme 3, the TSPP dimers are laterally
surrounded by the positive headgroups of DOMA molecules
producing some electrostatic repulsions, and thus a random
distribution of those complexes instead of an ordered one is
produced. In such a case, the film stability decreases as the dimer
complex densities increase (A < 0.75 nm2), and consequently
the collapse is generated and the domains can be visualized.

On the other hand, the small changes between the reflection
spectra recorded before and after the collapse process (see Figure
4, at 30 mN/m before collapse, and 40 mN/m after collapse)
seem to us a surprising feature of the collapse described. In
fact, it was determined that the flat orientation of TSPP
molecules with respect to the interface is conserved and the
monomer fraction decreases slightly after the collapse process
(sfmon ≈ 0.4 to 0.3, before to after collapse, respectively, see
Figure 6).

The evaluation of the area fraction of the bright domains and
the surrounding dark regions at high surface pressure from the
BAM images may provide another approach to the architecture
of this mixed system. Thus, forA ) 0.32 nm2/DOMA (Figure
2, t ) 12 min), the bright domains fill about 79% of the surface
area while an area fraction of 0.21 is occupied by the dark
regions. If we assume different areas per DOMA molecule for
the bright domains and the surrounding dark regions, and using
A ) 0.75 nm2/DOMA for the area of the DOMA molecule at
the dark regions, the area of DOMA for the bright domains,
Adom, can be determined from the following relationship of
surface densities:

and an area per DOMA molecule in the domain ofAdom ) 0.28
nm2/DOMA is obtained. SinceAdom ) 0.28 nm2/DOMA is
approximately equal to1/3 × 0.75 nm2/DOMA, the area per
DOMA molecule in the bright domains is practically three times
smaller than that measured in the dark surrounding regions, and
therefore a trilayer structure for the TSPP/DOMA domains may
be considered.

We propose that the mixed monolayer organizes at high
surface pressure into a novel ordered trilayer film at the air-
water interface (Scheme 4) where a bilayer of DOMA molecules
whose head polar groups retain the dimer porphyrins stands on
top of a mixed monolayer with monomer porphyrins. These
trilayers correspond to the domains observed by BAM during

Figure 6. Variation of monomer fraction versus area per DOMA
molecule. Inset: Plot of monomer fraction vs density.

1
0.32

) 0.79
1

Adom
+ 0.21

1
0.75

(6)

σ ) sfmonσmon + (1 - sfmon)σdim (5)

4462 J. Phys. Chem. B, Vol. 108, No. 14, 2004 Pérez-Morales et al.



the collapse phenomenon. The experimental results obtained
from theπ-A isotherm, the reflection spectroscopy, and BAM
seem to confirm the proposed organization. In fact, according
to that model the minimum fraction of monomer will be1/3,
which almost agrees with that determined at high surface
pressures where the whole surface is covered by domains.

To confirm the trilayer structure, a detailed analysis of the
ellipsometric data has been done. The increase on theδ∆ value
for the bright domains (δ∆dom ) 18.3°) with respect to that
obtained from the dark regions (δ∆dark ) 7.5°) must be mainly
related to the increase of the film thickness. In the absence of
absorption and considering a refractive index constant,δ∆ must
be proportional to the film thickness for thin films. The ratio
δ∆dom/δ∆dark ) 2.44 points out the strong increase of the film
thickness, but it cannot be used to determine such an increase.26

When ellipsometric measurements are done at the air-water
interface, laser beams where the monolayer does not absorb are
frequently used. In those cases, only one experimental parameter,
δ∆, is meaningful sinceΨfilm ) Ψwater. However, two unknown
quantities,n and d, real parts of the refractive index and
thickness, respectively, have to be determined, so the solution
requires a previous knowledge of one of those unknown
quantities. The presence of absorption (for our system, TSPP
absorbs at 532 nm laser beam, see Figure 4) may seem an
additional difficulty. However, it only involves a mathematical
drawback. Now, the two experimental parameters,δ∆ andΨ,
are meaningful and three quantities,n, d, andk (imaginary part
of the refractive index), are unknown. Ask may be estimated
by a different method, the solution forn and d should be
achieved.

A simultaneous calculation of the optical constants (n andk)
and the thickness (d) from the ∆ and Ψ values measured at

only one wavelength and according to the ellipsometric equa-
tions26 is not possible. However, the values ofδ∆ andΨ contain
valuable optical and structural information that can be extracted
by means of transforming into then, k, andd space. Such optical
and structural information is given in Figure 7. The ellipsometric
equations (see the Appendix) ford andk have been solved with
the experimentalδ∆ and Ψ values and differentn values. In
such a way, if the experimental error of the measurements of
δ∆ andΨ is excluded, exact solutions ford andk can be found
by using a numerical method with fixed values ofn, δ∆, and
Ψ values. Figure 7 showsk andd as a function of the refractive
indexn with δ∆dark ) 7.5° andΨdark ) 5.22° (dotted line), and
δ∆dom ) 18.3° and Ψdom ) 5.93° (solid line) for the mixed
film.

The plotsd-n for dark and domain regions of the mixed
TSPP/DOMA film (dotted and solid lines, respectively) can be
overlapped by means of a factor of 2.86, i.e.,ddom ≈ 2.86ddark

(circles in Figure 7) with a deviation less than 1%. Therefore,
if n is almost constant, the thickness of the film at the bright
domain must be approximately three times that for the dark
regions (2.86). This result being independent of any proposed
structural model of the film seems to confirm the previous
hypothesis about the domain formation based on a trilayer
structure.

On the other hand, the complex part of the refractive index,
k, can be evaluated from the reflection spectroscopic data. The
reflection can be related to the absorption and, in turn, to the
imaginary part of the refractive index,k. In fact, the value ofk
is proportional to the absorbance, Abs, according to:

SCHEME 3. Model of the Possible Organization of the TSPP Molecules under the DOMA Matrix at the Air-Water
Interface and under Compression below 33.5 mN/m

SCHEME 4. Model of the Trilayer Structure Formed during the Collapse Process at High Surface Pressures (π > 33.5
mN/m)

k ) 2.303‚λ‚Abs
4π‚d

(7)
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whered is the sample path length andλ is the wavelength of
the laser (532 nm). On the other hand, eq 1 can be written25 as
∆R ≈ 2.303‚Abs‚(Rs)1/2. Combining this relation with eq 7
results in

According to the normalized reflection spectra a constant
value of∆Rn is obtained at any surface density forλ ) 532 nm
(inset Figure 4). Therefore, and taking into accountd‚A ≈
constant for bright and dark regions, thenkdom ≈ kdark. This
condition is only satisfied forn ) 1.634 (see Figure 7, top),
being in this casek ) 0.0317,ddark ) 1.764 nm, andddom )
5.045 nm (see Figure 7). The thickness values thus obtained
are in good agreement with those estimated by molecular
modeling. This fact shows that the estimation of the optical
parameters,n and d, in the presence of absorption can be
facilitated by using complementary techniques such as reflection
spectroscopy.

Conclusions

The experimental results obtained from theπ-A isotherm,
the reflection spectroscopy, BAM, and the ellipsometric analysis
for the TSPP/DMPA) 1:4 film confirm that the observed
collapse at high surface pressures (π > 33.5 mN/m) corresponds
to a phase transition between a monolayer and a trilayer with
well-defined structure. For this high surface pressure the TSPP/
DMPA ) 1:4 film organizes into an ordered trilayer film at the
air-water interface where a bilayer of DOMA molecules whose
head polar groups retain the dimer porphyrins stands on top of
the mixed monolayer where TSPP molecules are as a monomer
(see Scheme 4).

By comparison with other similar systems such as anionic
lipid/cationic water-soluble porphyrin,21,22it is noteworthy that
although two ordered and reversible structures are obtained, the
different molecular structure of the lipid matrix leads to a
distinctive 3D array. The DMPA chains achieve a vertical
orientation at high surface pressure,Achain) 0.20 nm2, acceding
to all positive charges of the porphyrin molecules and conse-
quently allowing the dimer formation underneath the monolayer
matrix without such a matrix occupies additional area to that
of the dimer. However, this is not possible for the TSPP/DOMA
system due to the structure of DOMA molecule, short head-
group, and alkyl chains oriented slightly tilted. In this case, the
lipid always contributes to the total area of the complex at the
air-water interface. Thus, the dimer is surrounded laterally by
DOMA molecules (see Scheme 3). We propose that when the
density of those TSPPdimer-DOMA complex increases, repul-
sions emerge, and the stability of the film decreases, so the
collapse to a new 3D structure where the dimer is stable inside
the lipidic bilayer (see Scheme 4) is facilitated.

Zhang et al.28 did not detect the trilayer formation when the
TSPP molecules were absorbed from the aqueous subphase to
the DOMA monolayer formed at the air-water interface. Thus,
they obtained complexes in which two DOMA molecules
attached one TSPP molecule with an orientation tilted with
respect to the interface andJ aggregates were observed. This
type of organization facilitates the formation of chiral ag-
gregates.28 Alternatively, the mixed TSPP/DOMA film described
in this work was prepared at the air-water interface by
cospreading and H aggregates were obtained. The mixed
solution with a mixing ratio corresponding to the stoichiometry
forms neutral monolayers pushing the complex formation of 1
TSPP molecule-4 DOMA molecules. This fact is crucial to
explain the evolution of the collapse to a trilayer with a well-
defined structure.

We have found a new system with a behavior not only similar
to that observed for some thermotropic liquid crystals at the
air-water interface,4-6 but also reversible. This mixed film
organizes by itself as a monolayer at low surface pressure and
under compression avoiding a disarrangement structure leads
to a highly ordered ultrathin films. This type of system could
allow us under appropriate structural conditions to control and
fabricate multilayers with a precise degree of arrangement at
the air-water interface. The control of the structural parameters
may open a new method to obtain a novel type of film at that
interface.
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Appendix

For isotropic film sandwiched between two isotropic media,
the following coefficients are applied26

whererijx are the reflection coefficients at ambient-film (i ) 0,
j ) 1) or film-substrate (i ) 1, j ) 2) for x ) p or s polarization,
respectively.

Figure 7. Plots of the theoreticald andk values versusn for the bright
domains (solid line) and the dark region (dashed line) of the mixed
monolayer. Dots on the solid line correspond to 2.86ddark,0.8 for any n
constant value.

Rx )
r01x + r12xe

-i2â

1 + r01xr12xe
-i2â

∆Rn ) ∆R‚A )
k‚d‚A‚4π ‚xRs

λ
(8)
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wheren0, n1, andn2 are the refractive indexes of the ambient,
film, and subphase, respectively.æ0 and æ2 are the angle of
incidence and refraction on and from the subphase, respectively.
They are related by the Snell law:

and

whered1 is the film thickness andλ is the wavelength of light.
The ellipsometric ratio is

References and Notes

(1) Kaganer, V. M.; Mo¨hwald, H.; Dutta, P.ReV. Mod. Phys.1999,
71, 779.

(2) Kuhn, H.Pure Appl. Chem.1965, 11, 345.
(3) Ries, H. E., Jr.; Swift, H.Langmuir1987, 3, 853.
(4) Friedenberg, M. C.; Fuller, G. G.; Frank, C. W.; Robertson, C. R.

Langmuir1994, 10, 1251.
(5) Xue, J.; Jung, C. S.; Kim, M. W.Phys. ReV. Lett. 1992, 69, 474.

(6) de Mul, M. N. G.; Mann, J. A., Jr.Langmuir1994, 10, 2311.
(7) Ferreira, M.; Dynarowicz-Latka, P.; Min˜ones, J., Jr.; Caetano, W.;

Kita, K.; Schalke, M.; Lo¨sche, M.; Oliveira, O. N., Jr.J. Phys. Chem. B
2002, 106, 10395.

(8) Gourier, C.; Knobler, C. M.; Daillant, J.; Chatenay, D.Langmuir
2002, 18, 9434.

(9) Huo, Q.; Russev, S. C.; Hasegawa, T.; Nishijo, J.; Umemura, J.;
Puccetti, G.; Russell, K. C.; Leblanc, R. M.J. Am. Chem. Soc.2000, 122,
7890.
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