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ABSTRACT 

Exotic assemblies with unique photophysical features can be built based on organic 

dyes at the air-liquid interface. Langmuir monolayers of N,N´-

dioctadecylthiapentacarbocyanine (OTCC) at air-water and air-solid interfaces have 

been studied. A single type of domain and presumably of one single aggregate type has 

been found by Brewster Angle Microscopy. Peanut-shapped domains with internal 

anisotropy have been observed. However, this structure leads to a complex absorption 

spectrum which shows 4 bands, two red-shifted (822 nm and 757 nm), and two blue-

shifted (600 nm and 530nm) with respect to the monomer band (665 nm). Our results 

confirm that all the absorption components are polarized in approximately the same 

direction. The absence of emission spectrum indicates that this interfacial aggregate 

cannot be classified as simple J-aggregates. Moreover, these bands cannot relate to 

Davydov splitting, given that all of them have the same polarization direction. We 

propose possible explanations based on a strong exciton-phonon interaction, and/or the 

formation of aggregates with different coherent lengths within the domain. The basic 

exciton model cannot explain this behavior. The coherent aggregate described in this 

study is proposed as a unique dye supramolecular structure obtained by assembly at the 

air-liquid interface.  
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1. INTRODUCTION 

On elucidating how the structural details determine the optical properties, one 

can envision tuning the properties of materials by altering the molecular packing within 

the nanoscale structure of the assembly.
[1]

 Since the 1930s, it has been known that by 

increasing the concentration of some cyanine dyes in an aqueous solution results in the 

observation of a new narrow, intense, and red-shifted absorption and emission band due 

to the formation of J-aggregates.
[2]

 The spectral properties of dye aggregates could be 

related to the molecular packing of the chromophores.
[3]

 Dye aggregates with a narrow 

absorption band that is shifted to a longer wavelength with respect to the monomer 

absorption band and a nearly resonant fluorescence, i.e., quite small Stokes shift, with a 

narrow band are generally termed J-aggregates. On the other hand, aggregates with 

absorption bands shifted to shorter wavelength with respect to the monomer band, are 

called H-aggregates and exhibit low or no fluorescence. The great significance of J-

aggregates was recognized due to its optical and photophysical properties. Excellent 

monographs and reviews about J-aggregation are available in the literature.
[4]

 

 The controlled arrangement of organic dyes at the supramolecular level is most 

interesting when designing functional architectures in tailored materials for different 

applications. The emergence of chirality from non-chiral building blocks provides a 

direct route for obtaining chiral materials, with additional interest concerning the 

emergence of life on prebiotic conditions.
[5]

 Second harmonic generation technique has 

been recently exploited in studying such monolayers containing organic dyes, revealing 

interesting physicochemical features.
[6]

 Indeed, the self-assembly of organic dyes is 

interesting for building novel supramolecular structures,
[7]

 as well as for the 

understanding of intermolecular interactions with biomolecules.
[8]
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Cyanines can be aggregated in different ways depending on their structure and 

the medium (bulk solution or interface), resulting in aggregate modes that do not 

necessarily respond to simple J or H models. So, sometimes the monomer absorption 

band is splitted and two bands appear simultaneously shifted to higher and lower 

wavelengths than the monomer.
[9]

 This behavior has been explained based on the 

formation of Davydov aggregates,
[10]

 i.e., aggregates in which the molecules adopt 

nonequivalent positions in the structure formed. According to Davidov’s exciton theory, 

a given molecular energy level may be split into as many components as there are 

inequivalent molecules per unit cell. These aggregates are easily characterized because 

the different bands show different polarization properties.
[11]

  

However, under certain experimental conditions, aggregates not fully adapting to 

the described models have been found. Thus, certain cyanine derivatives form a double 

layer tubular strandin solution,
[12]

, being possible to observe as the absorption spectrum 

shows four bands in the visible region, three of them with the same polarization 

direction, while the fourth band shows a polarization perpendicular to the other.
[12c]

 The 

interpretation of this behavior is complex, and the experimental results indicate that two 

of these bands are due to Davydov splitting, the third band has vibronic nature, while 

the fourth one is due to tubular segments of smaller delocalization length.
[12c]

 An 

alternative explanation has been proposed where the tubular supramolecular model 

system is composed of two separate excitonic subsystems that are weakly coupled 

electronically.
[1]

 

In this paper the behavior of Langmuir monolayers of N'-dioctadecyl-

thiapentacarbocyanine (OTCC) has been described. Under certain experimental 

conditions, OTCC patterns a single type of domain and presumably of one single 

aggregate type, forming structures of the size of the order of micrometer. However, 
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these structures lead to a complex absorption which shows four bands, as in the case of 

the tubular aggregates. Different studies show that all the bands are polarized in the 

same direction. The basic exciton model cannot explain this behavior. Some possible 

explanations based on a strong exciton-phonon interaction, and/or the formations of 

aggregates with different coherent lengths within the domain are proposed.   
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2. RESULTS AND DISCUSSION 

2.1. Surface pressure - Area isotherm 

 Figure 1 (solid line) shows the π - A isotherm of the OTCC monolayer on a pure 

water subphase. The take-off of the isotherm occurs at ~2.15 nm
2
/molecule, with a 

phase transition at ~ 5mN/m. The monolayer collapse takes place at a surface pressure 

of ∼40mN/m, and an area per molecule of ca. 0.8 nm
2
.The beginning of the phase 

transition takes place with an overshoot, see Figure 1. The overshoot takes place for all 

values of compression rate monolayers tested, even the slowest allowed by our 

experimental device, namely 0.04 nm
2
minute

-1
molecule

-1
. In this case, the overshoot 

coordinates are ca. 4.8 mN/m and 1.9 nm
2
 per molecule. The overshoot is a function of 

the monolayer compression rate. As is shown in Figure 1 (inset) when the compression 

rate is increasing, the overshoot is shifted to a higher surface pressure and a lower 

surface area.  

 Vollhardt and Retter defined the critical surface pressure, πcrit, as the minimum 

surface pressure required for the formation of nuclei.
[13]

 One reason for the appearance 

of the overshoot is because the nucleation process is, in any case, slower than the 

monolayer compression rate. To check this, some experiments were performed in which 

the monolayers were compressed at a slow compression rate until a surface pressure 

constant was reached at a previous point before the overshoot (see Inset Figure 1). In 

these experiments, the application of a surface pressure πconstant<4mN/m does not lead to 

the monolayer condensation (data not shown). On the other hand, when πconstant 

≥4mN/m, the monolayer begins to contract due to the feedback control system. In these 

cases the area relaxation is due to the nucleation and growth process at the monolayer. 
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The Inset in Figure 1 shows the π-A recording when πconstant=4mN/m. Therefore, πcrit ≈ 

4mN/m. 

 

  

Figure 1: Surface pressure-area (π-A) isotherms of OTCC monolayer. Solid line: Pure 

water subphase. Dashed line: 0.1 M NaCl subphase. Dotted line: 0.05 M phosphate 

buffer subphase. Inset: π-A isotherms for different compression rates as specified within 

the graph and evolution of the monolayer at 4 mN/m. Top left, Molecular structure of 

OTCC. 

   

  

 OTCC is a positively charged molecule; therefore the formation of the 

monolayer requires the presence of the counter ion. π-A isotherms were performed in 

the presence of different counter ions in the subphase to analyze the possible influence 
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of this effect. Figure 1 also shows the π-A isotherms for the OTCC monolayer using 0.1 

M NaCl (dashed line) and 0.05 M phosphate buffer (dotted line) as subphases. 

Additionally, no influence of a 10
-4

 M CBS as subphase was observed in the surface 

pressure-molecular area isotherm of OTCC. The π-A isotherm obtained in presence of 

NaCl resembles that one obtained at the aqueous subphase. The main differences are 

that the phase transition occurs at about 12-13mN/m and that the overshoot is not 

observed. However, in the presence of phosphate buffer, the isotherm is quite different 

from the above. Thereby, the take-off of the isotherm occurs at ~2.5 nm
2
/molecule, two 

phase transitions can be observed at ~ 5mN/m and ~38mN/m and finally, the collapse 

pressure slightly increases with respect to the previous cases.  

 For all tested subphases, the area per molecule near the collapse surface pressure 

was about 0.8 nm
2 

per molecule. The length of the OTCC polar group 

(thiapentacarbocyanine, see Figure 1 for structure) is ∼1.94 nm. This distance was 

calculated by optimizing the OTCC geometry using the semi-empirical PM3 method. 

Assuming a separation between polar groups of ∼0.4 nm at high surface pressure, the 

area occupied at the interface per polar group should have a minimum value of ∼0.78 

nm
2
, which is close to the area found per OTCC molecule, i.e.,∼0.8nm

2
. This 

coincidence suggests that neither the counter-ion, nor the alkyl chain, contribute to the 

net area occupied by the molecule at the interface, at least for high values of surface 

pressure. The aggregation of the OTCC polar group is the main phenomenon controlling 

the structural properties of the monolayer. However, the counter ion appears to greatly 

influence the aggregation process. By modifying the self-assembly of the OTCC groups, 

the growth of large domains can be either promoted or hindered, as discussed below. 

The partial hydrophobic character of the CBS anion when compared to chloride or 

phosphate anions may be related to this phenomenon. 
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2.2. Brewster Angle Microscopy (BAM)
 

 Simultaneous to the isotherm recording, the morphology of the mixed 

monolayers was directly observed at the air-water interface by BAM. Figure 2 shows 

images corresponding to aqueous subphase, or with 10
-4

 M CBS in the suphase. Before 

the isotherm take off, honeycomb-like domains were observed (Figure 2a-b). Once the 

isotherm take off was reached the monolayer became homogeneous. The homogeneity 

persists until the overshoot was reached (Figure 2c). 

 After crossing the overshoot (Figure 2d), we could observe the appearance of 

elongated domains which evolved toward peanut or dog bone shapes. These peanut-like 

domains display inner anisotropy, such that its vertical regions were dark, while its 

horizontal ones were clear. The texture of the domains arises from the relative 

orientation of the dipoles with respect to the p-polarized laser incident. This 

phenomenon will be discussed in detail below. The domains grow as the surface 

pressure (Figure 2e) is increased until they completely cover the interface (Figure 2f). 

The domains do not coalesce when high surface pressures were applied. 

 The average size of the domains depends on the monolayer compression rate. 

For high compression rates, many small domains appear. Figure 2g shows an image 

obtained at a high surface pressure when the compression rate was 0.8 nm
2
 min

-1
 

molecule
-1

. By contrast, the domain number decreases but reaching larger sizes, as the 

compression rate is diminished (Figure 2f).  Larger domains are obtained by applying a 

constant pressure of 4 mN/m allowing the monolayer to evolve with time, as described 

above (Inset of Figure 1).  The domains thus obtained are shown in Figure 2h. In the 

experiment corresponding to Figure 2h, after leaving the domains to grow, a constant 

compression rate was re-applied upto high surface pressure. In this way we could 

appreciate the emergence of new domains of smaller sizes. In this selected figure 2h, we 
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can observe three large domains, two vertically positioned with respect to the incident 

laser (A domains) and one positioned horizontally (B domain). 

 

 

 

Figure 2: BAM images of the OTCC monolayer: a)-f) Images obtained along the 

compression process (compression rate 0.04 nm
2
 min

-1
 molecule

-1
); g) Image obtained 

at high surface pressure when the compression rate was 0.8 nm
2
 min

-1
 molecule

-1
; h) 

Image obtained applying a constant pressure of 4 mN/m and leaving the monolayer to 

evolve with time, after a constant compression rate was re-applied up to high surface 

pressure.  
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 In all the images shown in Figure 2, the laser polarizer and analyzer were placed 

parallel (both in p position, 0º). In Figure 3a, an image in which the analyzer is rotated 

90° with respect to the polarizer can be observed. Note that these domains show a 

striking texture that will be analyzed later. The decompression of the Langmuir 

monolayer leads to the complete disappearance of the domains, so in a second 

compression cycle a π - A isotherm without appreciable hysteresis with respect to the 

first cycle (data not shown) is registered. However, a noteworthy phenomenon takes 

place during the early stages of decompression. Before the disappearance of the 

domains, each domain is divided into two breaks in its central region (see Figure 3b). 

Decompression results in the separation, probably because of the repulsion between the 

two broad side regions of the domains, which apparently were not united, but only 

through a narrow central region. This central region is the first to be broken when the 

monolayer is decompressed (see Figure 3b, bottom). 

 The monolayers can be transferred from the air-water interface to solid supports 

without a significant modification on the supramolecular arrangement. Figure 3c shows 

a BAM image of an OTCC monolayer transferred on quartz at the surface pressure of 9 

mN/m by the LS method. We note this usage of BAM provides an exceptional proof for 

assessing the conservation of molecular organization during the transfer process. The 

image clearly shows domains with the same shape as those observed at the air-water 

interface. In this image, the polarizer was disposed at 45º to increase the contrast. 

Therefore, the dark line that crosses domain is rotated 45° from the image vertical, 

which is coincident with the direction of the incident laser.   

 Figure 3d-e shows BAM images of the OTCC monolayers by using 0.1 M NaCl 

as subphase. The monolayer appears homogeneous before the phase transition. When 

the surface pressure is approximately 12 to 13 mN/m, irregularly shaped domains begin 
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to appear, some of which are bright and other dark (Figure 3d). The domains grow with 

branched shape as the surface pressure increases, so that the branches with grow parallel 

to the laser incidence axis are bright, while those grown perpendicularly are dark 

(Figure 3e). 

 

 

 

Figure 3: BAM images of the OTCC monolayer: a) analyzer rotated 90° with respect to 

the polarizer; b) during the monolayer decompression; c) an LS monolayer transferred 

on quartz. The transfer surface pressure was 9 mN/m, and the analyzer was rotated 45°; 

d)- e) 0.1 M NaCl as subphase; f)  0.05 M phosphate buffer as subphase. 
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 Figure 3f shows BAM images of the OTCC monolayers by using 0.05 M 

phosphate buffer as subphase. As for the previous case, the monolayer appears 

homogeneous before the first phase transition. At a surface pressure of ~ 5 mN/m small 

circular domains with internal anisotropy begin to appear. 

 The Polarization Modulated InfraRed Reflection Absorption Spectroscopy (PM-

IRRAS) spectra of the OTCC monolayers at high surface pressure show absence of 

signal in the CH2 region. That means the alkyl chains are in a quite low state of 

ordering. Therefore, the observed domains are exclusively caused by the aggregation of 

polar groups. 
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2.3 UV-Vis Reflection Spectroscopy (UVR) at the air-water interface. 

 The UV-vis reflection spectroscopy at the air/water interface allows obtaining in 

situ quantitative information on the presence and orientation of the chromophores at the 

interface. The UV-vis reflection spectroscopy is exclusively sensitive to the molecules 

existing at the air/water interface, therefore discarding any signal from the subphase. 

For a Langmuir monolayer containing UV-vis absorbing molecules, the reflection of 

light under normal incident at the interface is enhanced by:
[14]

  

3

D,S S S2.303 10n oR R R f Rε∆ = − = × Γ      (1) 

where RS and RD,S are the reflectivity of the interface with and without the presence of 

the Langmuir monolayer, respectively. RS ≈ 0.02, and ε is the molar absorption 

coefficient with mol·L
-1

·cm
-1

 units, Γ is the surface concentration of the monolayer, 

with mol·cm
-2

 units, and f0 is the orientation factor, which accounts for the change in the 

absorption properties of the chromophore due to anisotropy. Given a non-degenerated 

absorption band, that is, with only one component of the transition dipole, the 

orientation factor is:
[14c]

  

( )2

0

3 3
( )

2 2
f sen P= =θ θ        (2) 

where θ is the angle formed by the transition dipole and the normal axis to the air/water 

interface, and brackets indicate average values. P(θ) is also called the order 

parameter.
[14c]

 Thus, a transition dipole orientation parallel with respect to the interface 

implies that f0 = 1.5 or P(θ) = 1, whereas if the orientation is perpendicular, f0 = 0 or 

P(θ) = 0. 

 Figure 4 shows the UV-vis reflection spectra for the OTCC monolayer (water or 

10
-4

 MCBS subphases) at different surface areas. As reference, the UV-vis absorption 

spectrum of the OTCC molecule in solution is also included (dotted line). The solution 

spectrum shows an intense band centered at 665 nm (ε1 = 2.4×10
5
 M

-1
·cm

-1
), due to the 
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0→0 transition and one vibronic sub-band at around 610 nm.
[9b]

 This vibronic structure 

can be attributed to certain essentially harmonic vibrations, largely to C-C valent 

vibrations in the 1300-1400 cm
-1

 range.
[15]

 In fact, the separation between the 665 nm 

and the 610 nm bands is 0.168 eV, which is equivalent to 1355 cm
-1

. 

 Before the domain formation, the reflection spectrum show peaks centered at 

679 and 620 (see Figure 4). In this case, the separation between the bands is 0.174 eV, 

which is equivalent to 1400 cm
-1

.When domains began to appear, the above bands 

disappeared, while simultaneously new bands were observed at 822 nm, 757 nm, 600 

nm and 530nm. The bands at 600 and 530 nm emerge at high surface pressure as a 

single broad band (see Figure 4). 

 

 

Figura 4: UV−vis reflection spectra of the OTCC monolayer (water subphase) at 

different surface areas. The UV−vis spectrum of OTCC in bulk solution (chloroform: 

methanol, ratio 3.1 (v/v)) is included for comparison (black dotted line). 
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 UV-vis reflection spectra are often expressed in normalized units in order to 

discard any additional effect to the variation of the surface concentration of the 

chromophore at the interface. The surface concentration of the dye molecule is 

expressed by Γ = 10
14

/(NA⋅A), where NA is the Avogadro number, and A is the OTCC 

molecular area. The normalized reflection signal is the product of the absolute reflection 

signal by the molecular area of the chromophore: 

17
N 80
n S 0

A

2.303 10
5.41 10n

f
R A R R f

N

ε
ε−×

∆ = ×∆ = = ×   (3) 

 ∆Rn
N 

has nm
2
·molec

-1
 units. The normalized reflection spectra offer information 

on molecular aggregation, as well as in molecular orientation. Figure 5 shows ∆Rn
N
 for 

the OTCC monolayer in presence of different ions in the subphase, at 38 mN/m.   

 Spectra obtained at high surface pressure, both on NaCl and phosphate 

subphases are very similar to those obtained on pure water subphase. Thus, in the 

presence of phosphate, bands at 816 nm, 754 nm and a broad band at 605 nm (Figure 5, 

dotted line) can be seen. Meanwhile, on NaCl subphase, the bands appear at 807 nm, 

746 nm and 600 nm (Figure 5, dashed line), although in this case, a band at 696 nm, is 

also observed, possibly due to non-aggregated OTCC molecules. 

From Figure 5 it can be inferred that the aggregation at the molecular level is 

very similar in the three cases analyzed, although the shape and size of the BAM 

domains are very different, suggesting that the number of coherently coupled molecules 

is much smaller than the aggregate size. The counterion does not seem to be a 

determining factor in the type of coherent aggregate formed, although it seems to take 

an active role in the size and geometry of the resulting domain. 
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Figure 5: Normalized UV−vis reflection spectra of the OTCC monolayer obtained at 38 

mN/m, A = 0.8 nm
2
 Solid line: water subphase. Dashed line: 0.1 M NaCl as subphase. 

Dotted line: 0.05 M phosphate buffer as subphase. 

 

 

 In solution, the intensity of an electronic absorption band is usually represented 

in terms of the so-called oscillator strength defined as:
[16]

  

  
190 0

2

4 2.303
1.44 10e

Band Band
A

m c
f d d

N e

ε
ε ν ε ν−= = ×∫ ∫    (4) 

where ε0 is the permittivity of vacuum, me the electron mass, e the elementary charge, 

and c0 the speed of light in a vacuum. The numerical factor 1.44×10
-19 

has units of 

mol·L
-1

·cm·s. From equations 3 and 4, it is possible to define an apparent oscillator 

strength, fap, determined from the measured reflection spectra as 
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 ( ) 12 N

0 n

3
2.6 10

2
ap

Band
f f f f P R dθ ν−= × == × × = × ∆∫      (5) 

where the numeric factor 2.6 ×10
-12

 is expressed in nm
-2

·s. Note that in the above 

definition, f is the oscillator strength in solution, i.e., isotropic conditions. 

 According the Davydov model corresponding to excited states of weakly 

interacting molecules, oscillator strength is preserved in different aggregation state.
[4a, 10-

11, 16]
 In such a case, the variations of fap provide a direct measurement of the order 

parameter of the chromophores at the air/water interface. In solution we obtain the 

oscillator strength, f ≈ 1.5 (integration from 500 nm to 750 nm), while at the air-water 

interface, fap≈ 2.3 (integration from 450 nm to 950 nm) is calculate, which is 

independent both of the salt used in the aqueous subphase and the surface pressure. 

Therefore, f0≈ 1.5 or P(θ) ≈ 1. Note that these values refer to the set of transitions 

observed in the visible. However, since f0= 1.5 is the maximum allowed value, this 

indicates that all the absorption components should be located parallel to the interface 

plane. 

On pure water subphase and high surface pressures, the monolayer is coated 

with a single type of domain, and presumably one single aggregate type. However, the 

structure of the absorption bands is complex (see Figures 4 and 5). One possible 

explanation for this phenomenon is the existence of inequivalent molecules in the 

aggregate, i.e., the so-called Davidov's aggregate. According to Davidov's exciton 

theory, a given molecular energy level may be split into as many components as there 

are inequivalent molecules per unit cell.
[10-11]

 In addition to the spectral splitting, the 

Davydov bands must exhibit distinct polarization properties. However, the preliminary 

calculation performed above, indicates that all component transition dipoles are in the 

interface plane. The confirmation of this fact must be performed to obtain the 

polarization properties of each one of the absorption bands.  
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2.4 Polarization study of the absorption bands: out-plane anisotropy.  

 An in situ measurement of the orientation of the various absorption dipole 

components can be performed using UV-Visible reflection spectroscopy under variable 

angle incidence at the air-water interface with s- and p- polarized light.
[14c]

 This 

technique has been recently developed, and depending on the incidence angle and the 

orientation of dipole absorption produces positive or negative bands when p-polarized 

radiation is used as absorption-reflection IR spectroscopy techniques. This technique 

has proven to be highly sensitive to resolve bands with different polarization. 

 In Figure 6, some spectra obtained from the OTCC monolayer (pure water 

subphase) at the surface pressure of 38 mN/m are shown. These spectra correspond to 

different incidence angles by using p-and s-radiation, also, for comparison the spectrum 

obtained at normal incidence of unpolarized radiation is shown (n-, Figure 6). The 

relative height of the bands is approximately constant regardless of the angle of 

incidence and type p-or s-radiation used. This behavior is indicative that all the 

absorption components have the same average orientation with respect to the interface 

plane, approximately. 

 By fitting data to the Fresnel model corresponding to an anisotropic uniaxial 

film between two isotropic media (air and water), the P(θ) values for the different 

absorption components (822 nm, 757 nm and 600 nm) were obtained. Details on the 

procedure and fitting data can be found in the Supporting Information. In every case 

P(θ) ≈ 0.9 - 1.0 ± 0.1 were obtained, which means a parallel orientation regarding to the 

interface. 
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Figure 6: Reflection spectra, ∆R, of the OTCC Langmuir monolayer at different 

incidence angles for π = 38 mN/m. The incidence angle and the s-, or p- polarization are 

indicated in the figure. The n line corresponds to the spectrum obtained under 

unpolarized light and normal incidence.  

   

 

  Furthermore, the dichroic ratio measurements of the LS films of the OTCC 

transferred on quartz were done. This dichroic ratio was obtained from the ratio between 

the s-and p-polarized transmission spectra being 45º the incidence angle with respect to 

the air-solid interface. For all measurements the dichroic ratio was kept constant, and 

equal to about 1.5, in the region of the analyzed spectrum (500nm to 840nm). This 

dichroic ratio value is indicative of a parallel orientation with respect to the interface. 

Details are provided in the Supporting Information. 
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 The conclusion both from Figure 6 and the dichroic ration of the LS films has 

been obtained assuming that the films are isotropic in the plane, which is not strictly 

true due to the anisotropic character of the domains observed by BAM. However, when 

reflection or transmission spectrum is performed, the optical section is much larger than 

the domain size, so it can be assumed that there are a lot of domains randomly oriented 

in that section, and therefore the film is isotropic in the plane as an average. 

 Our results confirm that the different absorption components are polarized in the 

plane of the interface. However, the experimental values of P(θ) have an estimated error 

of ± 0.1, so small deviations out of the plane cannot be ruled out. Moreover, as shown 

above, the BAM images show a single domain type, which shows internal anisotropy 

(anisotropy in the plane). Understanding this phenomenon, allows us to check whether 

the different absorption components are polarized or not, in the same direction in the 

interface plane.  
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2.5 The origin of the domain anisotropy observed by BAM: in-plane anisotropy. 

 In standard BAM experiment, p-polarized light reaches the air-water interface 

with an angle of 53.15º (Brewster angle). The different BAM textures are usually 

observed due to changes of the refractive index resulting from differences in thickness, 

density and/or molecular orientation between the different regions of film. However, in 

the case of OTCC Langmuir monolayers, the OTCC aggregates absorb at the 

wavelength of 532 nm laser beam (see Figure 4). As previously established, the 

absorption originates the strong changes in the film refractivity, being this phenomenon 

mainly responsible for the appearance of domain textures. In such a case, the Fresnel 

equations for biaxial anisotropic materials on isotropic substrate should be used to 

calculate the reflection of the film.
[17]

 

 The BAM images, see Figures 2d-h, show a large number of domains with 

random orientation with respect to the vertical axis. The vertical x axis (laboratory 

coordinates) is coincident with the projection of the laser incidence axis on the air-water 

interface. A number of domains, which have been extracted from the BAM images 

shown in Figure 2, are displayed in scheme 1A. These domains were selected to 

illustrate as the change on the texture of the domains simultaneously to the rotation of 

the domain around the incidence axis. Scheme1B shows the polar headgroup of the 

OTCC molecule. In this Scheme 1B, µ (red arrow) is defined as the main 

thiapentacarbocyanine transition dipole which is located parallel to the interface (x-y 

plane). In  scheme 1B, the polar, θ (see equation 2), and azimuthal, φ  angles are 

defined. As previously obtained, P(θ) ≈ 1 and therefore θ ≈ 90º. Thus, we assume that 

the transition dipole rotated exclusively an angle φ with respect to the x axis. 

 The inner textures of the domains can be simulated disregarding the presence of 

the alkyl chains. Thus, the monolayer is considered as a biaxial materials with the 
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complex refractive indices of Nq = nq − ikq (q≡x, y and z), where nq is the real part of the 

refractive index, and kq is the absorption coefficient of the monolayer (see details in the 

Supporting Information).
[17]

 The BAM images shown in Scheme 1C were recorded with 

the camera polarizer (analyzer) at 0º. This polarization angle implies that only the p 

component of the reflected radiation is detected. If, as obtained previously, it is assumed 

θ ≈ 90º, only the kx component plays a role in the acquired BAM pictures. In such a 

case, it may be demonstrated that the reflection near the Brewster angle is 

approximately proportional to cos(φ)
4 

(see Supporting Information). However, reflection 

quantification requires Fresnel equations. Therefore, the different textures of the 

domains are due to the different orientations of the polar group with respect to the 

incident laser.  

 By using this simple model it is possible to determine the transition dipole 

orientation (φ angle) in each domain region based on its reflectivity. On this basis, it is 

assumed that the intensity of each pixel of BAM image (0-255 grayscale) is 

proportional to the reflectivity. However, the pixel intensity is a relative magnitude 

dependent on the exposure time. To establish a quantitative relationship between 

reflectivity and grayscale, BAM pictures not saturated by high or low intensity, i.e. 

images where neither zero nor 255 in gray scale were reached (images shown in Figure 

2e and 2h are saturated by high intensity) are required. An unsaturated image is shown 

in Scheme 1C. In this image, three domains have been selected (marked with red 

circles), as reference domains, for which φ = 0º for the brightest regions (point 1 in 

Scheme 1C) and φ = 90º for the darkest one (points 2 in Scheme 1C) have been set. 

 The quantitative relationship between reflectivity and gray scale can be 

completed with the image shown in Scheme 1D. This image shows the same domains 

which may be observed in Scheme 1C, although now the BAM analyzer was rotated at 
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90° with respect to the polarizer. In this case, the incident radiation is p polarized, but 

only the s component of the reflected radiation is detected. Under these experimental 

conditions, kx and ky components of the absorption coefficients contribute to the 

reflectivity. The reflectivity should be proportional to cos(φ)
4×sin(φ)

4
. This function has 

a maximum for φ = 45°, therefore the brightest regions of the domains in the Scheme 

1D should correspond to this rotation angle of the transition dipole and point 3 in 

Schemes 1C and 1D should be associated with a value φ = 45°. Note that the 

cos(φ)
4×sin(φ)

4
 function has minima for φ = 0º and φ = 90º corresponding to the domain 

darkest regions in Scheme 1D.  

 In Scheme 1E a horizontally oriented domain is shown, i.e., along the y axis. 

The size of this domain is about 60 µm long by 40 µm wide. Inside this domain the 

progressive rotation of the transition dipoles are represented in a schematic way with 

red arrows. In the Scheme 1F, the φ values are shown as contours. These φ values were

calculated for the previous domain and by using a linear relationship between the pixel 

intensity and the function cos(φ)
4
. In the graph, the labels mark regions within which the 

angle φ is less or equal than the value indicated. 
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SCHEME 1: A) Some domains with different rotation degrees with respect to the 

vertical axis. Polarizer and analyzer are aligned at 0º. B) Polar headgroup of the OTCC 

molecule. The red arrow represents the main transition dipole, µ, θ is the polar angle, 

and φ is the azimuthal angle. C) BAM images of the OTCC monolayer obtained at 38 

mN/m. Polarizer and analyzer are aligned at 0º D) This image shows the same domains 

that in C, although now the BAM analyzer was located 90° with respect to the polarizer. 

E) Domain in which the progressive rotation of the transition dipoles are represented in 

a sketchy way with red arrows.  F) The φ values are shown as contours inside a domain.  
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 As deduced from the foregoing the anisotropy observed in the BAM domains is 

due to the different orientations between the molecule transition dipole and the laser 

incidence axis (x axis, see Scheme 1B). However, all BAM images shown in Figure 2 

and 3, and in Scheme 1, have been taken using a 532 nm laser, so that all the previous 

arguments refer exclusively to this absorption component. It has been shown that all 

aggregate absorption components are polarized in the interface plane, approximately, 

although it is possible that these components could have a different orientation inside 

the plane. By using a laser with different wavelength can result in different domain 

textures if indeed absorption modes have different in-plane polarizations. 

 Additionally, BAM images using a 658 nm laser have been recorded. Figure 7A 

shows an image of the monolayer at π = 20 mN/m. As can be seen, the domain textures 

are identical to those obtained at 532 nm. Moreover, BAM images have been obtained 

by using monochromatic light sources at 780 nm and 810 nm from a xenon lamp with a 

monochromator. In these cases the power of the lamp is much lower than the lasers and 

the images are less clear-cut. Besides, in this wave, only a narrow region BAM display 

(frame) has only been able to get in focus. Figures 7B and 7C show images obtained at 

780 and 810 nm, respectively. As can be seen the texture of the domain is the same that 

in the previous case, leading us to conclude that all the absorption components are 

polarized in the same direction inside the interface plane. 
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Figure 7: BAM images of the OTCC monolayer at π =20mN/m under: A) 658 nm laser; 

B) 780 nm monochromatic light; C) 810 nm monochromatic light.  

 

 

 In view of the results shown above, it can be deduced that the OTCC molecules 

exhibit a striking aggregation pattern forming peanut shaped domains. These domains 

can be described with two axes: a) short axis, in the narrowest part of the domain, which 

coincides with the x axis in the domains shown in Schemes 1D and 1F; b) long axis, 

which coincides with the y axis in these schemes. 

 Furthermore, two regions can be distinguished within the domain, in which the 

aggregation of cyanine appears to be different. The first one is the narrow central region 

extended along the short axis of the domain, where the polar group is located parallel to 

such axis, and there is no apparent rotation of a molecule relative to another. The second 

one is the two wide lateral regions in which the cyanine dye is aggregate in a fan shape. 

In this latter case, the cyanine groups rotate slightly as they shift away from the long 

axis, but such rotation is always less than 90° respect to such axis. Such rotation is 

indicative of the chiral aggregate formation, although, and since there are molecules that 
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rotate in both directions in the same domain, the domains must be achiral, as it has been 

verified experimentally. 
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2.6 Energy transfer from an Ir complex to OTCC on quartz. 

The OTCC molecule possesses a high fluorescence quantum field in solution 

(chloroform/methanol) with an intense emission band centered at 710 nm assigned to 

the OTCC monomer. However, no fluorescence signal was detected in the OTCC 

monolayers transferred from the air-water interface to the quartz substrates. Different 

transfer conditions were probed, i.e. a variety of surface pressures and deposition of 

mono or multilayers, always with the same result. The same behavior has been reported 

previously in monolayers of the same cyanine but with n = 0 and n = 1 (see Figure 1), 

which is attributed to the fast non-radiative deactivation pathways occurring in the 

aggregates.
[9a, 18]

 In line with this, in mixed LB films containing the cyanine derivative 

(n = 1) and stearic acid, fluorescence signal was detected which was solely assigned to 

the monomer cyanine due to the disaggregation effect of the stearic acid in the cyanine 

molecules.
[18]

 

However, despite the absence of fluorescence emission of the OTCC layers, the 

molecular photonics properties of the aggregates can be exploited. Thus, to investigate 

potential photophysical reactions in the OTCC layers, monolayers of a cationic iridium 

complex mixed with an anionic phospholipid (1:1) were deposited together with the 

OTCC layers, fabricating different systems by alternative deposition of the monolayers. 

First, a LS monolayer of the iridium (Ir) complex was transferred on top of the quartz 

substrate. Then, a variable number of monolayers of arachidic acid were deposited by 

using the LB method. Finally, a LS monolayer of the OTCC molecule was transferred 

and the complete system can be named as Ir complex/AAx/OTCC, with x representing 

the number of transferred monolayers of the arachidic acid. 

The complete system is irradiated with monochromatic light at 300 nm to 

selectively excite the Ir complex since the OTCC aggregates do not absorb at this 

Page 29 of 44 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



30 

 

wavelength. In case x = 5, or when the OTCC monolayer is not transferred, a strong 

fluorescence signal is registered, which corresponds to the Ir complex emission band 

(red line in Figure 8).
[19]

 Thus, no interaction between the Ir complex and the OTCC 

aggregates takes place at long separation. If x = 1, the emission band drops to about half 

of the previous value, but keeping the same shape (blue line in Figure 8). Finally, if x = 

0, almost no emission is detected (black line in Figure 8). The Förster distance is thus 

estimated as the length of one monolayer of arachidic acid, ca. 2.5 nm.
[20]

 Thus, the 

quenching of the fluorescence emission of the Ir complex is more intense when the 

OTCC monolayer is closer to the Ir complex layer. We believe that this distance-

dependent quenching of the Ir complex emission is caused by a Förster-type energy 

transfer process, which is feasible to the good overlap between the emission spectra of 

the iridium complex and the absorption band of the cyanine aggregates. This energy-

transfer reaction together with the broad and infrared-shifted absorption spectrum of the 

OTCC aggregates prove that these films might be integrated in molecular electronic 

devices, as light emitting diodes or solar cells. 
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Figure 8: Emission spectra of an Ir complex monolayer (red line), Ir 

complex/AA/OTCC multilayer (blue line) and Ir complex/OTCC multilayer (black 

line). λexc = 300 nm.  
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3. RESULTS AND DISCUSSION 

Langmuir monolayers of OTCC have been studied at air-water and air-solid 

interfaces. A significant influence of the counterion in the aqueous subphase has been 

observed, although the aggregation of the OTCC polar group appears anyway as the 

main phenomenon controlling the structural properties of the  OTCC monolayer. Thus, 

in the presence of CBS as counterion, the BAM image shows the formation of a single 

type of domain and presumably of one single aggregate type. These domains are 

peanut–shaped, displaying internal anisotropy, with dark vertical regions, and clear  

horizontal regions. The texture of the domain is the result of its relative orientation with 

respect to the p-polarized laser incident. However, these singles structures lead to a 

complex absorption which shows 4 bands, at 822 nm, 757 nm, 600 nm and 530nm. 

However the bands at 600 and 530 nm appear as a single broad band at high values of 

surface pressure. The counterion  seems to take an active role in the size and geometry 

of the resulting domain. 

 UV-Visible reflection spectroscopy measurements under variable angle 

incidence at the air-water interface with s- and p- polarized light confirm that the 

different absorption components are polarized in the plane of the air-water interface.  

The use of BAM with monochromatic light sources at the wavelengths 

corresponding to the different absorption modes could result in different domain 

textures if indeed absorption modes have different in-plane polarizations. However, the 

use of monochromatic light sources at 660 nm, 780 nm and 810 nm allows us to observe 

BAM domains which have the same texture as described by using 532 nm (see Figure 

2), which lead us to conclude that all the absorption components are polarized in the 

same direction, approximately. Thus, by using pure water or CBS subphase, the OTCC 

molecules form a single type of aggregate at the air-water interface. However, this 
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aggregate leads to 4 absorption bands in the visible region, two red-shifted ones, and 

two blue-shifted ones, with respect to the monomer band. The absence of emission 

spectrum indicates that this aggregate cannot be classified as J-aggregates. Also, these 

bands cannot relate to Davydov splittings, since all them have the same polarization 

direction. 

 There are some analogies between the behavior described and the behavior 

observed for certain cyanine derivatives which form double layer tubular strands in 

solution.
[12]

 
21

Thus, the absorption spectrum shows 4 bands in the visible region, as in 

our case. However, unlike our system, 3 of the bands have the same polarization 

direction, while the fourth one shows a polarization perpendicular to the other.
[12c]

 

21
Another important difference is that these tubular structures are fluorescent. In any 

case, we note that the basic exciton model cannot explain three transitions oriented 

parallel and one perpendicular to the tubular axis, in the same way that this model 

cannot explain four transitions oriented in the same direction. 

 We believe that some of the bands observed for the OTCC monolayers may be 

due to the exciton-phonon interaction. This type of interaction is significantly different 

for J or H aggregates. Thus, for J aggregates, the vibrational structure tends to decrease 

when the number of the coherently coupled molecules increases. On the other hand, for 

H aggregates, the vibrational structure is enhanced, and several bands of this type may 

appear.
[4g, 15, 21]

 Thus, a possibly partial explanation of the complex absorption of the 

OTCC monolayers might be the formation of H-aggregates with a strong exciton-

phonon interaction. Note that opposing this model is the difference of the OTCC 

aggregates with the H-aggregate, given the two red-shifted and two blue-shifted 

absorption bands, with respect to the monomer. The most intense band is the red-shifted 

one. As noted above, the OTCC aggregate cannot be classified as a J-aggregate either, 
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due to the emission absence. However, defining the molecular aggregates structures into 

exclusively two groups of H- and J- aggregates might be misleading. Different 

displacement and rotation degrees between adjacent molecules might occur. The 

formation of aggregates with small displacements between molecules could represent a 

possible explanation of the null fluorescence emission. 

 The definition of the H or J aggregate is performed in function of the blue-shift 

(H), or red-shift (J) absorption band displacement respect to the non-aggregated specie 

band. However, in our case the position of the non-aggregated specie band could not be 

well defined. The OTCC molecule have two benzothiazole groups (aromatic 

heterocyclic), which have flat structures (See Scheme 2A-left). However, these two 

groups are not coplanar with each other due to steric hindrance. We have performed an 

optimization of the geometry of this molecule using the PM3 semi- empirical method, 

obtaining an angle between such planes of∼26° (see Scheme 2A-right). Also, we have 

optimized the geometry of the OTCC dimer and tetramer. CBS molecules have been 

added to these OTCC structures to compensate the charge and prevent electrostatic 

repulsion between OTCC molecules (In scheme 2B, the tetramer structure obtained is 

shown). For these aggregated forms, it has been found that the angle between the 

benzothiazole planes decreases to ca. 15°-20°. This phenomenon has a considerable 

influence on the position of the absorption band in aggregation absence, because when 

the angle between planes decreases, the conjugation with the double bonds of the chain 

increases, and therefore the band shifts to the red. Thus the red-shift may not be due 

exclusively to the J aggregate formation, but due to this other phenomenon, that is, the 

conjugation increase. 

 An alternative interpretation of the experimental results which is compatible 

with the previous discussion might be the formation of aggregates with different 
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coherent lengths within the domain. As commented, two regions can be distinguished 

within the domain, in which the aggregation of cyanine appears to be different. The first 

is the narrow central region, where there is no apparent rotation of the polar group 

relative to another and the second is the two wide lateral regions in which the cyanine 

dye is aggregate in a fan shape, and there is rotation with respect to other cyanine 

groups. However, the same absorption bands can be observed in the presence of NaCl 

or phosphate subphase, although the shape and size of the BAM domains are quite 

different.  
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Scheme 2: A) OTCC optimized geometry using the PM3 semi- empirical method. Front 

and side perspectives are shown. B) OTCC tetramer optimized geometry. 4 CBS
-
 

molecules have been added to compensate the charge. Front, top and side perspectives 

are shown. The four OTCC molecules are represented by different color for a better 

visualization. See Supporting Information for computational details. 

  

 

 The alkyl chains of the OTCC molecule not seem to play any important role at 

the interface organization. As previously indicated, the PM-IRRAS results show no 

signal in the CH2 region, indicating that the alkyl chains are in a quite low state of 

ordering. The simulation performed by semi-empirical methods indicates that the alkyl 

chains are inclined and partially disordered, however; also shows that they are 

interleaved together (see Scheme 2b-center). This latter result is significant because 

such intercalation force to an aggregation type in which thiapentacarbocyanine groups 

should be located slightly shift from each other to avoid confronting alkyl chains of 

adjacent molecules, leading therefore to a J aggregate type, although the shift between 

molecules is small (ca. 0.35 nm, see Scheme 2b) compared to the length 

thiapentacarbocyanine group (ca. 1.94 nm). This result is agreed with the above 

argument about the absence of emission spectrum.  
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CONCLUSIONS 

Langmuir monolayers of OTCC have been studied by a combination of surface 

pressure-molecular area isotherms, BAM, PM-IRRAS and UV-vis spectroscopy; 

Computational modeling has been performed to aid in the interpretation of the 

experimental results. The self-aggregation of the OTCC polar headgroup is the main 

driving force for the formation of the supramolecular structure leading to the striking 

domains observed by BAM. In this regard the counter ion present in the aqueous 

subphase might influence the interactions between OTCC groups and the subsequent 

obtained structures and domains. A significant exciton-phonon interaction is proposed 

to take place in the OTCC monolayers. Therefore, the Langmuir monolayers described 

herein might serve as a model for exotic arrangement of organic dyes at interfaces. 

 

 

 

4. EXPERIMENTAL SECTION 

 Materials: The salt of the dye cationic N,N´-dioctadecylthiapentacarbocyanine 

(OTCC) with anionic 4-chlorobenzenesulfonate (CBS) as counterion was synthesized 

by J. Sondermann at the Max-Planck-Institut für biophysikalische Chemie,
[22]

 and used 

without further purification. The Ir-dye complex [Ir(ppy)2(tmphen)]PF6, being tmphen 

= 3,4,7,8-tetramethyl-1,10-phenanthroline, and ppy = 2-phenylpyridine, was 

synthesized as previously described.
[19]

 Dimyristoyl-phosphatidic acid (DMPA) and 

arachidic acid (AA) were purchased from Sigma Chemical Co. (≥99%, ≥99% GC, 

respectively) and used as received. A mixture of chloroform:methanol, ratio 3:1 (v/v), 

was used for dissolving OTCC, DMPA and AA.  The pure solvents were obtained from 

Aldrich and used without further purification. 
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 Potassium Phosphate, NaCl and sodium 4-chlorobenzenesulfonate salts were 

purchased from Sigma-Aldrich.  Ultrapure water, produced by a Millipore Milli-Q unit, 

pretreated by a Millipore reverse osmosis system (>18.2 MΩ/cm), was used as a 

subphase. The subphase temperature was 21 ºC with pH 5.7. For buffer solutions, the 

pH was adjusted to pH = 7.0 by adding drop-wise a solution of NaOH 1M (purchased 

from Panreac, pure grade and used without further purification). The quartz substrates 

used for LB and LS transfers were cleaned as follows: successive steps with an alkaline 

detergent, isopropanol, and ethanol and then thoroughly rinsed with ultrapure water. 

 Methods: The monolayers of OTCC were obtained by spreading on the aqueous 

subphase a fresh solution 10-4M, and allowed a waiting time before compressing the 

monolayer of ca. 45 min, ensuring a good reproducibility of the results. The velocity of 

compression ranged from 0.04 to 0.8 nm
2
/min×molecule. Along the text, and for each 

particular case, the value used has been specified. The mixed monolayers of Ir-

complex:DMPA 1:1 (10-3 M in CHCl3:CH3OH, v/v) were prepared at the air-water 

interface by cospreading method.
[23]

 Also, it has to be noted that in the case of LS 

transfer process, dry-air was used to remove the water left before a new layer was 

deposited. 

 A NIMA 601 trough (Nima Technology, Coventry, England) equipped with two 

symmetrical barriers to record BAM images was used. Images of the film morphology 

were obtained by Brewster angle microscopy (BAM) with a I-Elli2000 (Accurion 

GmbH, Göttingen, Germany) using a Nd:YAG diode laser with wavelength 532 nm and 

50 mW. Lateral resolution of the BAM microscope is 2 µm. The image processing 

procedure included a geometrical correction of the image: Because of the visual angle, 

the raw images appear compressed in the vertical direction. The illuminated spot has an 

elliptical shape with an axis ratio of 1 to 0.6 because of the angle of incidence. 
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Therefore, all the structures appear compressed in the vertical direction.
[21a]

 The images 

have to be stretched in the incidence direction to compensate this (factor: f = 1/cos(i), i 

= Brewster angle) and, additionally enhanced the contrast.
[24]

 To reduce interference 

fringes and noise the image is smoothed by applying the "adjacent average" filter, with 

no additional treatment. No optical filters were applied during the BAM experiments. 

Polarizer and analyzer were set at 0° (p-configuration), unless it is expressly stated. The 

microscope and the film balance were located on a table with vibration isolation 

(antivibration system MOD-2 S, Accurion GmbH, Göttingen, Germany) in a large class 

100 clean room. Additionally, some BAM images have been obtained by using a 

SIENep3se in the Accurion Labs (Gottingen, Germany), with a xenon plus arc lamp 

with a monochromator as light source which permits to obtain images at different 

wavelengths. 

 UV-visible reflection spectra under normal and variable angle incidence were 

obtained with a Nanofilm Surface Analysis Spectrometers: Ref SPEC2 at normal 

incidence and RefSpec2VA at variable angle incidence (supplied by Accurion GmbH, 

Göttingen, Germany). 

 UV-visible electronic absorption spectra of the films were measured locating the 

substrate directly in the light path on a Cary 100 Bio UV-visible spectrophotometer. 

The steady state fluorescence and excitation spectra were measured using a FS920 

Steady State Fluorimeter (EdinburghInstrument, Livingston, UK). The excitation was at 

274 nm. 

 The monolayers at the solid substrates were transferred at a constant surface 

pressure by the Langmuir–Schaefer (LS) technique, i.e., by horizontal touching of the 

substrate or by the Langmuir–Blodgett (LB) technique, i.e., by vertical dipping with a 

lifting speed of 5 mm×min
-1

.  For fluorescence measurenments, the multilayers were 
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assembled by the following sequence of monolayers:  (1) one Ir complex/DMPA (1:1) 

monolayer transferred at 35 mN/m by the LS method; (2) 0, 1, 3 or 5 AA monolayers 

transferred at 25 mN/m by the LB method; and (3) one OTCC monolayer at 35 mN/m 

transferred by the LS method. The ratio of the transfer processes onto solid substrates 

was close to unity in all cases.  
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