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Abstract 
 
Atomic force microscopy (AFM) was used for the morphological characterization and precise height meas-
urements of two-dimensional molecular layers of carbocyanine dye 3,3’-di(-sulfopropyl)-4,4’,5,5’-dib- 
enzo-9-ethylthiacarbocyanine betaine pyridinium salt. The AFM measurements reveal three morphological 
types of molecular aggregates: leaves, stripes and spots. The leaves are stripes have same monolayer height 
~1.4 nm and different crystal shapes: the leaves are monoloyers with the lens shape and the stripes are bilay-
ers with the shape of extended rectangles. The monolayer height ~1.4 nm was interpreted as indicating the 
symmetrical packing arrangement of dye molecules. In the symmetrical monolayer, the sulfopropyl groups 
of all-trans monomer units are located on both monolayer sides whereas the adjacent stacked dye molecules 
have a lateral slippage providing the J-aggregate optical properties. The lower height of spots ~1 nm was 
explained by the model of an asymmetric monolayer with sulfopropyl groups of all-trans monomers occupy-
ing the same position with respect to the monolayer plane. The packing arrangement of all-trans monomers 
in the asymmetric monolayer corresponds to H-aggregate. The alternative models of the packing arrange-
ment in monolayers with mono-cis1 monomer configuration are discussed. 
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1. Introduction 
 
Cyanine dyes have a large conjugated π-system and eas-
ily self-assemble into different kinds of supramolecular 
structures (aggregates). The aggregates are classified into 
two general classes referred to as J- and H-aggregates, 
characterized respectively by red or blue shifts of their 
intense absorption spectra with respect to that of mono-
mers [1]. Their unusual optical properties result from the 
formation of delocalized Frenkel-type exciton states [2] 
in the stacked adjacent interacting chromophores. The 
molecular transition dipoles in aggregates are parallel to 
each other and shifted in adjacent molecular rows by a 
slip angle α (the angle between the centers of mass of 
two adjacent dye molecules in adjacent rows and the 
long axes of these molecules) [2]. The slip angle deter-
mines the sign of the spectral absorption shift: the large 
molecular slippage (e.g. α < 32°) results in a red shift (in 
J-aggregates), while the small slippage (α > 32°) results 

in a blue shift (in H-aggregates). Generally the dye sam-
ples demonstrate complex morphological and structural 
variability so that different structures can be found in 
different solutions and at different dye concentrations. 
For thiacyanine (TC) and some carbocyanine dyes the 
transmission electron microscopy (TEM) and atomic 
force microscopy (AFM) demonstrate several morpho-
logical groups of J-aggregates: extended two-dimen-
sional rods and stripes [3], quasi one-dimensional stripes, 
twisted ribbons and tubules [4,5]. The structural and 
morphological complexity was found for 3,3’-disulfo- 
propyl-5,5’-dichloro-9-methyl thiacarbocyanine (TCC). 
It was shown that J-aggregates and H-aggregates could 
be found independently or coexist in dependence on the 
dye concentration or the counteraction type in water so-
lutions [6,7]. 

It was shown that J-aggregates nanocrystalline parti-
cles can be used as dopants to electroactive polymers for 
the construction of nanoscale materials with useful opto-
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electronic properties such as efficient tunable photolu-
minescence and electroluminescence, ultrafast optical 
switching, electron-hole conductivity [8,9]. Typically, a 
building unit of the dye molecular aggregates is a 
monolayer (or bilayer) formed by stacked dye molecules 
with molecular planes oriented normally to the mono- 
layer plane. The measurements of the monolayer(s) thi- 
ckness thus give important structural information on a 
type of molecular packing. The bilayer thickness of some 
carbocyanine dyes was determined by TEM from the 
visualization of tubular walls or the stripe patterns of 
twisted ribbon stacks taken in “edge-on” orientation [4]. 
The obtained results indicated the bilayer structure in 
which two asymmetric monolayers partially interpene-
trate. The advantage of AFM in comparison with TEM is 
the capability for direct measurements of heights of 
mono- or multilayers with potentially much higher preci-
sion of the order of tenth of angstrom. High-resolution 
AFM measurements were conducted for J-aggregates of 
two dyes [10] and the AFM heights of their monolayers 
were precisely determined from the mono- and multilay-
ers height distributions. In contrast to AFM results for 
the TC dye reported in [3], the smaller monolayer height 
~1.0 - 1.1 nm was found, indicating the asymmetric 
monolayer structure with sulfopropyl groups on one side 
of the monolayer. The AFM heights derived in [10] for the 
narrow stripes of the C8S3 carbocyanin dye character-
ized by TEM in [4] were strictly quantized with a step ~3 
nm. This height step corresponds to the bilayer with par-
tially interpenetrated long aliphatic chains belonging to 
individual monolayers. 

In the present work, a carbocyanine dye with larger 
heterocyclic system was chosen with the aim of AFM 
morphological characterization and the precise height 
measurements of the constituent molecular layers. 

 
2. Experimental Details 

 
The chemical structure of the carbocyanine dye used 
(refereed below as D-1) 3,3’-di(-sulfopropyl)-4,4’,5,5’- 
dibenzo-9-ethylthiacarbocyanine betaine pyridinium salt 
is represented in Figure 1. In comparison with the cya 
 

 

Figure 1. The chemical structure of the dye D-1. 

nine dyes mentioned above it has larger π-π conjugated 
system. Molecular aggregates were deposited on a freshly 
cleaved mica surface at room temperature for a time 3 min 
from water solutions with concentration of ~0.5 mg/ml. 
After the deposition the solution excess was blown out 
by the air stream. 

AFM measurements were conducted using Solver-Bio 
(NT-MDT, Zelenograd, Russia) operating at ambient con-
ditions. The standard silicon cantilevers (Olympus, Japan) 
with the spring constant ~40 N/m and curvature radius ~10 
nm were used. The attraction regime of probe-surface in-
teractions with small amplitudes of probe oscillations 
(typically ~10 nm) was used. It provided non-contact 
“soft” scanning without surface deformation by an AFM 
probe in contrast to the repulsion regime in which the 
probe directly touches the sample and can irreversibly 
damage it [11]. The routine off-line AFM image analysis 
was performed with the use of the software Femtoscan 
(http://spm.genebee.msu.ru/products/ fmsprog.html). 

 
3. Results and Discussion 

 
Figure 2(a) represents the AFM topography image of 
two- dimensional sheets of D-1 molecular aggregates. 
Three morphologically different structures are observed 
with characteristic difference in a shape and a height, cor-
respondingly the leaves (A), the stripes (B) and the spots 
(C). The elongated leaves have curved shapes in contrast 
with the extended stripes with parallel long sides, whereas 
the spots have round irregular shape. The height sections 
s1-s3 (Figure 2(b)) pass through the structures of these 
three types. It is seen that the height of the stripes ~2.6 - 
2.8 nm is twice that of the leaves (~1.3 nm), whereas the 
spots have lowest height ~0.9 nm. The overlapping of 
two leaves in the upper left part of Figure 2(a) indicates 
unambiguously that they have been originally formed in 
the solution bulk and overlapped while the adsorption. 
The leaves formation due to a surface-induced mechanism 
[10] can thus be excluded. The profile b1 indicates that the 
height of an overlapped area is exactly twice the leaves 
height. The overlapping was observed for the stripes as well 
(data not represented). Contrary to the leaves and the stripes, 
the overlapping of the spots was not observed indicating 
probably the surface growth mechanism of spots formation. 

It is worth comparing the structures shown in Figure 2(a) 
with those already reported in literature for some other dyes. 
One can see very close morphological similarity revealed by 
AFM for the stripes in Figure 2(a) and for bilayer rod-like 
TC J-aggregates in [3]. The steps (marked by the double 
asterisk in Figure 2(a)) formed by two mono- layers are 
observed upon open ends of some stripes similar to those of 
reported for TC rods in [3]. It is notable that the opposite 
end of the stripes in Figure 2(a) is rectangular (marked  
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Figure 2. (a) The AFM height image of molecular aggregates of the dye D-1: A—monolayer leaves, B—bilayer stripes, 
C—monolayer spots. The asterisk and double asterisk show respectively the straight rectangular and the ragged open ends of 
the stripe B2, the arrow shows the salient point of the stripe B2. Scan size 2500 nm. (b) The height profiles through the white 
dashed lines correspondingly s1 to s3 in Figure 2(a). 
 
by an asterisk). The AFM height of the stripes (~2.6 - 2.8 
nm) is close to that of observed for TC rods (~3 nm) as 
reported in [3]. The bilayer rod morphology was inter-
preted in [3] as corresponding to tubular morphology in a 
solution phase squeezed by interaction with a substrate at 
adsorption. Our results bring this interpretation into 
challenge. Particularly, the narrow stripe B2 in Figure 
2(a) has a convex point (shown by the arrow) with no 
visible rapture that could appear at surface adsorption, 
which is difficult to explain in terms of the tubular model. 
Moreover, physically conceivable tubular models with 
walls comprised of a single monolayer must very proba-
bly imply a constant tubular diameter (and thus the width 
of stripes). The diameter constancy is dictated by a set of 
relevant physical parameters influencing the tube curva-
ture, in particular by mono- layer flexibility. This expec-
tation contradicts the experiment, i.e. the width of stripes 
in Figure 2(a) such as B1 and B2 is not fixed and varies 
in a wide range (see also the narrowest short stripes in 
the bottom of Figure 2(a)). 

Another dye (MTC) with very similar structure (CH3 
group instead of C2H5 group in the spacer) formed 
H-aggregates with a linear fibrillar morphology in inter-
facial assemblies with gemini amphiphiles. [12] Inter-
estingly, the H- to J-transition was observed in such as-

semblies upon exposure to HCl gas, and the thus-formed 
J-aggregates could be reversibly changed into H-agg- 
regates under a hot water vapor. The coexistence of both 
J- and H-aggregates and their transformation with time 
was also registered for D-1 in binary water-ethanol mix-
tures [13]. The absorption spectrum of the dye contains 
optical bands of the mono-cis and trans forms, as well as 
the aggregated states (dimer, H-aggregate, and J-agg- 
regate). A cis-trans isomer equilibrium was found to shift 
toward the cis-isomer at room temperature. The rate of 
formation of J-aggregates correlates with the rate of de-
cay of dimers or monomers and is dependent on the type 
of metal ion and temperature [14]. The absorption spec-
tra of binary random molecular mixtures of D-1 with 
very similar thiacarbocyanine dye have been studied with 
the aim of modeling the optical absorption of two-di- 
mensional mixed molecular aggregates [15]. The optical 
spectroscopy and wide angle X-ray scattering were used 
in characterization of D-1 aggregates incorporated into a 
Na-polystyrene-sulfonate matrix [16]. These results re-
vealed the formation of J-aggregates, however direct 
microscopic visualization was not provided. 

Thus one may conclude that the morphological picture 
is very mosaic for this dye. It depends on many factors, 
such as counter ions and dye concentration. It is evident 
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that structural correspondence for the morphologies ob-
served in Figure 2(a) can’t be done unambiguously on 
the basis of only AFM data and below we consider sev-
eral alternative ways of structural interpretation. Heights 
of the leaves and stripes observed by AFM (Figure 2(b)) 
agree well with the model of a symmetric monolayer 
made of monomers in all-trans conformation (Figure 
3(b)). In this model, the long axes of dye molecules are 
oriented parallel to each other and to mica plain whereas 
the molecular planes are oriented perpendicular to mica 
(“edge-on” orientation). To satisfy the AFM height data, 
the model implies that adjacent stacked molecules have 
anti-parallel orientation in the up-down direction so that 
aliphatic chains occupy both sides of the monolayer. The 
anti-parallel up-down arrangement follows from the fact 
that monolayer height observed by AFM substantially 
exceeds the upper border for a vertical molecular dimen-
sion which is estimated to be ~1.05 nm (Figure 3(a)). 
For the anti-parallel up-down orientation the requirement 
of the efficient overlapping of π-electron chromophore 
systems is achieved at the lateral translation (slippage) of 
two adjacent stacked molecules by ~1.3 nm (see Figure 
3(b)). This translation produces the small slip angle (α) 
corresponding to the J-aggregate dimer: α = atan(0.4 
nm/1.3 nm) ~17 deg. At the estimation of the slip angle, 
the plane-to-plane intermolecular distance was assumed 
to be equal ~0.4 nm [15,17]. The represented in Figure 
3(b) symmetric monolayer height ~1.4 nm is the upper 
boundary corresponding to the monomer configuration 
with fully extended aliphatic chains. For tilted chains, the 
height is smaller. The leaves are assumed to be single 
symmetric monolayers whereas the stripes consist of two 
such monolayers. The above consideration implies a 
small slip angle, thus both the leaves and the stripes are 
assumed to have the J-aggregates optical properties. The 
observed rectangular shapes of stripes could be explained 
by the J-aggregate growth of the ladder type (such as 
represented in Figure 3(b)) having intrinsically rectan-
gular geometry in contrast with the alternative inclined 
staircase packing arrangement in J-aggregates. 

It is noteworthy to say that the molecular modeling for 
this dye conducted in [16] reveals that the alternative 
configuration of the monomer unit, i.e. the mono-cis1 
(instead of all-trans configuration implied in the models 
in Figure 3) proved to be energetically advantageous. It 
was shown that the mono-cis configuration provides 
three new types of the packing arrangement in J-agg- 
regates, i.e. one linear planar and two helical packing 
arrangements. The helical packing arrangements with a 
diameter within 1.2 - 2.0 nm seem to be excluded from 
our consideration because they generate intrinsically 
linear fibrillar structures. However, at present it is not 
clear whether the remained model of the linear mono- 

cis1 packing arrangement in [16] can be applied for the 
description of the structures and their heights observed in 
Figure 2(a). 

The dramatic morphological difference between the 
leaf morphology (with a height of a symmetric mon- 
olayer) and the stripe morphology (with a double mon- 
olayer height) should be noted and needs a special con-
sideration. Its explanation can be performed in two basi-
cally different ways. First, it may be supposed that both 
morphologies correspond to the same J-aggregate crystal 
structure with the same monomer configuration and the 
same slip angle (supposedly in accordance with the 
model in Figure 3(b)). However for the leaf-like mono- 
layer and the stripe-like bilayer, the growth of the crystal 
sheets proceeds along different crystallographic direc-
tions. The difference in crystallographic growth direc-
tions generates the difference in the geometrical shapes 
and observed peculiarities at a macroscopic scale (such 
as straight linear or curved crystal faces). The difference 
in geometrical shapes is in this case due to peculiarities 
of crystal growth for the same crystal structure. Second, 
it may be supposed that the leaves and stripes have dif-
ferent crystal structures, i.e. the elementary cells and/or 
monomer conformations. 

For the spots, the monolayer height ~0.9 nm is no-
ticeably lesser than that of ~1.4 nm for the leaves. The 
lower monolayer height can be explained by two differ-
ent ways. First, it is explained by the model in Figure 
3(c) with all-trans monomer configuration and parallel 
orientation of adjacent stacked molecules. To satisfy the 
AFM results, the entire sulfopropyl group must occupy 
the same position with respect to the monolayer plane. 
Thus Figure 3(c) represents a model of the asymmetric 
monolayer. Evidently, the best overlapping of π-electrons at 
chromophores stacking is achieved in this case for the slip 
angle = 90 deg, resulting in the H-aggregate optical spectra. 
An alternative explanation can be probably provided in ac-
cordance with the model in [16], i.e. by the stacking of 
monomers arranged in mono-cis1 configuration. Both the 
mono-cis1 molecular configurations in [16] and the all-trans 
configuration considered above in Figure 3(c) have close 
vertical geometrical dimensions ~1 nm. The particular de-
tails of probable mono-cis1 monomers stacking in the 
monolayer with a height ~1 nm in accordance with the al-
ternative model developed in [16] remain however unclear 
and need to be modeled more accurately. 

The results considered above demonstrate the mor- 
phological and structural complexity of the dye molecular 
aggregates at a meso-scale. Complementary information 
on the anisotropy of molecular sheets could be indispen-
sable for making unambiguous conclusions on the struc-
ture of leaves, stripes and spots. The polarized opti-  
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Figure 3. (a) The schematic representation of D-1 molecule 
with lateral dimensions of 2.0 * 1.05 nm. (b,c) The models of 
two expected energetically favorable dispositions of adja-
cent stacked dye molecules in all-trans configuration in the 
aggregate monolayer: (b) J-aggregate of a ladder type with 
a monolayer height ~1.4 nm, (c) H-aggregate with a height 
~1.05 nm. 

 
cal microscopy (POM) measurements have a limited 
spatial resolution so that the distinguishing of observed 
by AFM structures such as in Figure 2(a) is problematic 
for POM. More certain results could be obtained by 
scanning near-filed optical microscopy (SNOM) meas-
urements similar to those of conducted for TC in [3]. In 
comparison with optical microscopy, the SNOM tech-
nique has intrinsically larger lateral resolution, thus pro-
viding information on both the aggregates shapes in the 
submicron range and their optical properties (i.e. fluo-
rescence, linear dichroism etc.). These measurements are 
planned in the future. 

 
4. Conclusions 

 
AFM indicates variability in both a morphology (leaves, 
stripes, spots) and a height of D-1 molecular layers (~1.3 
- 1.4 nm and ~0.9 nm). Interestingly, the leaves and 
stripes have essentially different crystallographic shapes 
but their monolayer height is same ~1.3 - 1.4 nm. The 
spots height is ~0.9 nm. The heights 1.4 nm and 1.0 nm 
are explained well by the models of correspondingly sy- 
mmetrical and asymmetrical monolayers with all-trans 

configuration of dye monomers. In the symmetrical (asy- 
mmetrical) monolayer the sulfopropyl groups of all-trans 
monomer units are located on both (single) monolayer 
side(s). The symmetric monolayers (leaves and stripes) 
are very probably J-aggregates, whereas the asymmetric 
monolayers (spots) are H-aggregates. 
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