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Atomic force microscopy was used for the study of two-dimensional J-aggregates monolayer structures of two cyanine
dyes with a high-resolution. Two coexisting morphologically different types (i.e. the bilayer rectangular stripes and
monolayer curve shaped leaves) were observed for 3,3 ’-di(y-sulfopropyl)-4,4°,5,5 -dibenzo-9-ethylthiacarbocyanine
betaine pyridinium (dye D-1). The morphological diversity, the crystallographic peculiarities and the monolayer height
~ 1.35 nm are selfconsistently explained by the difference in the molecular packing arrangements, i.e. the ladder
for stripes and the staircase for leaves. A building unit of both J-aggregate types is a symmetric monolayer with the
same height and slip angle ~ 15°, composed of all-trans monomers with anti-parallel up-down orientation. For the
two-dimensional sheets of the second cyanine dye (5,5"-dichloro-3,3'-disulfopropyl thiacyanine sodium salt) Dye-2
the fine substructure formed by close packed parallel narrow threads was resolved. The stripes were inclined at the
angle ~30° to the J-aggregates long side providing for the first time the direct microscopic support for the probable
staircase molecular arrangement. It is speculated that the quazi-one-dimensional staircase-type and ladder-type units
are building blocks of the two-dimensional aggregates of various cyanine dyes.
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AMOMHO CUnoBas MUKPOCKONUS UCRONb308ANACH OISl GU3VATUZAYUU C BLICOKUM PA3PEULeHUeM O8YMEPHBIX MOHOCIOEE
J-aepecamos 06yx yuanuHoswvlx Kpacumeneil. J{ea mopponrocuuecku pasiuuHblx muna (GUciolHble NpsIMOy2oibHble
RONOCHL U MOHOCTOUHBLE TUCIMOBbIE CMPYKMYPbL 6 (POPME TUCbes) HAOM0OANUCh 0TI NePE020 Kpacumens (MupUOUHUesdst
conv 3,3 ’-0u(y-cynvponponun)-4,4°,5,5 -oubenzo-9-smunmuokapooyuanun  6emauna, D-1). Mopgonocuueckuii
ROTUMOPUIM, KpUCMATIOZpaguiecKie 0COOeHHOCMU U MOTUWUHA MOHOCLOSL ~ 1.35 HM 6bLIU 00bACHEHbL 8 PAMKaX
CamMoco2naco8aHHoOl MOOeU, NPeonoiazarujeil MorIeKyIspHyIo ynakosky muna npsmou (ladder) u xocoul (staircase)
JleCmHUY COOMBEMCMBEEHHO O/ NONOC U aucmves. CmpoumenvHou eOunuyell 060ux munog J—azpe2amos AIAemcs
CUMMemPUYHbIL MOHOCIOU u3 all-trans MOHOMepo6 ¢ aHMU-NApaLlenbHOl 6 HANPAGIEHUU HOPMATU K NIOCKOCHU
cnos. opuenmayuetl, 006PA3VIOUUX CMIKUHE U COSUHYMBIX TAMEPATbHO HA Y20l ~15°. B 08ymepHbIX MOHOCIOUHBIX
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Two-Dimensional J-Aggregate Monolayers of Cyanine Dyes

J-acpecamax emopozco kpacumens (35,5'-0uxnopo-3,3'-oucyrvgponponurmuayuanunam nampus, D-2) obnapysicena
MOHKAsL TUHENYAmas nooCmpyKmypda, 00paz068anHas napaiieibHblMu RI0MHO YNAKOBAHHLIMU Y3KUMU JUHUsAMU. JTunuy
HaKaoHeHbl oo yenom ~ 30° Kk npsamotl cmopoue azpe2amos, U ux Haonoo0eHue A6isAemcs nepebiM MUKPOCKORULECKUM
noomeepicoenuemM YnakosKu muna Kocou iecmuuybl J-acpecamos. B 3asepuienuu npusoosmcs apeymMeHmol, 4mo
K6A3UOOHOMEpPHbBIE NpsAMble U KOCble NeCHHUYHbIE CIMPYKMYpPbl AGISIOMCS CHMPOUMETbHOIMU ONOKAMU O8YMEPHbIX

aecpeeamoe pasiudHblX YUAHUHOBbIX Kpacumeﬂeﬁ.

KiaroueBrble ciioBa: J—AFpeI‘aTLI, IUAaHUHOBBIC KPACUTCIIN, caMoc60pKa, MOHOCJIOU, MOJICKYJIAPHOC CTPOCHUE, aTOMHO

CUJI0Basi MUKPOCKOITUA.

Introduction

Cyanine dyes like some other types of organic
molecules with conjugated m-system easily self-assemble
into supramolecular aggregates with unusual optical
properties, i.e. with a narrow intense absorption band shifted
bathrochromically (in J-aggregates) or hypsochromically
(in H-aggregates) with respect to that of monomers.t'?! The
absorption band frequency shift has long ago been explained
in terms of molecular exciton theory, i.e. via the formation of
delocalized Frenkel-type exciton states in stacked adjacent
coherently coupled chromophores.l'*! Due to the unique
optoelectronic properties, J- and H-aggregates of cyanine dyes
have been used long ago as light sensitizers in silver halides
color photography™ and widely studied recently as components
for nonlinear optical and photorefractive devices,”! cavity
QED structures, single-mode optical waveguides,”” light-
emitting dopants to electron-hole conducting polymer layers
in polymer OLEDs,"! light-sensitizing agents in complexes
with quantum-dots®™ and for biosensing applications.!'"
At the nanometer scale, the lateral slippage of transitional
dipoles of adjacent m-stacked molecules takes place in
J-aggregates and a small slip angle a is formed (Figure 1a).
A large molecular slippage (small angle a < 54.7°) results in
a red shift (in J-aggregates), while a small slippage brings
about a blue shift (in H-aggregates).l'*!

At a mesoscale, the J-aggregates manifest a complex
morphological and structural variability, so that various
structures have been observed at different dyes concen-
trations and solution conditions. For thiacyanine,!'-'3!7
pseudoisocyanine!™ and some carbocyanine dyes!'>!7!
the optical microscopy,!"'*!¥  transmission  electron
microscopy (TEM)!'3161 and atomic force microscopy (AFM)
measurements!!1217 I revealed several morphological groups
of J-aggregates such as extended two-dimensional rods,
strings and sheets!""1215171) and giant tubes,!'>!®! fibrils,!'¥
quasi one-dimensional stripes, twisted ribbons and tubules.['>
171 Precise AFM measurements of the height of J-aggregates

extended monolayers and fibrillar structures provide important
estimations structural information defining the vertical
dimension of a J-aggregate elementary cell and imposing
limitations on probable J-aggregate structural models.!'”-!*!
Three basic models of molecular packing arrangements
in J-aggregates with the laterally slipped adjacent dye
molecules were supposed, ie. the staircase, ladder and
brickwork models!'*! represented schematically in Figure
1. The requirement of small slip angles is valid for all
J-aggregates molecular models irrespective of J-aggregate
morphology observed at a mesoscale. Geometrically the
most simple morphology is a two-dimensional flat or curved
monolayer (or bilayer) formed by stacked dye molecules
with molecular planes oriented normally to the monolayer
plane. However even in this simplest case, there are still no
convincing experimental evidences in favor of any particular
model of the molecular arrangement in J-aggregates despite
the numerous long term discussions in literature.[''"13!5171 The
reason is that the microscopic visualization of J-aggregates
monolayers with a molecular resolution, which could
give direct information on the molecular arrangement, has
not been provided whilst indirect data obtained by other
techniques is not unambiguious. The molecular orientation in
J- and H-aggregates can be determined from the anisotropy
of optical properties at polarized optical measurements,>!"12]
however the polarized optical microscopy data provide no
direct information on the molecular arrangement of adjacent
stacked dye molecules. Important information on the angular
parameters of the elementary cell can be supplied by TEM
or AFM nanoscale measurements of crystallographic habits
of J-aggregate two-dimensional structures, i.e. the symmetry
and angles of polygonal shapes. Yet these measurements have
not been performed up to now for J-aggregates. In our recent
work,[™ we have used the high resolution AFM imaging of
crystallographic peculiarities of two dimensional J-aggregate
monolayers of carbocyanine dye 3,3’-di(g-sulfopropyl)-
4,4°,5,5’-dibenzo-9-ethylthiacarbocyanine betaine pyridinium
salt (referred below as D-1) combined with the subangstrom

Figure 1. The staircase (a), ladder (b) and brickwork (c) molecular arrangements of dye molecules in J-aggregates; o — slip angle.

Molecular planes are normal to the figure plane.
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accuracy of monolayer height estimations. It turned out, that
these two sets of AFM data complement each other and provide
the self-consistent explanation of the observed morphological
diversity via the difference in two suggested molecular packing
arrangements, ie. the staircase and ladder types. Moreover,
the ladder and staircase molecular arrangements were shown
to coexist in the dye solution.

Experimental

Samples Preparation

The chemical structure of the carbocyanine dyes used
(refereed below as D-1 and D-2) and probable structures of
their antiparallel dimers are shown in Figure 2a and b. For the
deposition on mica the dyes were dissolved in deionized water with
conductivity 17 MOhm™'-cm™!. For AFM imaging, the molecular
aggregates were deposited upon a freshly cleaved mica surface at
a room temperature for a time 3 min from water solutions with a
concentration of ~ 0.5 mg/ml. After that, the solution excess was
blown off by an air stream.

AFM Imaging

AFM measurements were conducted at ambient air on
SmartSPM (AIST-NT, Zelenograd, Russia). Standard commercial
silicon cantilevers were used for routine measurements and
ultrasharp probes (carbon whiskers grown at the tip of standard
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AFM probes) with a probe curvature radius of several nanometers
were used for high-resolution measurements. The probe spring
constant was within ~10-40 N/m, and the resonance frequency was
within 200-350 kHz. The routine off-line AFM image analysis was
performed by Femtoscan software (http://spm.genebee.msu.ru/
products/fmspog.html).

Particular attention was paid to the choice of the optimal
AFM operational regime. For standard AFM probes, the attraction
non-contact regime of probe-surface interactions with small
amplitudes of probe oscillations (typically ~ 10-20 nm) was used
in accordance with general recommendations.”” For ultrasharp
probes the scanning was conducted both in the attraction and in
the repulsuion regimes of probe-surface interactions and the highest
resolution was achieved in the repulsion regime (see Figure 3c).
The resolution increase in the repulsion regime is caused by better
surface profiling due to the direct probe/surface repulsive contact at
conditions of significantly reduced probe/surface interaction forces.
117211 The details of the AFM methodology are given elsewhere.!'”!

Results and Discussion

The Dye D-1 J-Aggregates with the Stripe and Leaf
Morphologies and their Structural Models

Figure 3a shows the AFM topography image of two
coexisting types of two-dimensional sheets of D-1 molecular
aggregates: (1) the extended stripes with straight parallel
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Figure 2. Probable structures of anti-parallel dimers of dyes D1 (a) and D2 (b) and their dimensions. In the represented dimers front view

the second molecules are selected by grey.
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Figure 3. (a) The AFM height image of J-aggregates of the dye D-1 with the bilayer stripe (I) and the monolayer leaf (II) morphology, (al)
The height profile along the dashed lines a/ in (a). (b,c) The structural models of stripes (b) and leaves (c). Black arrows show the long

direction of J-aggregates.
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long sides (1), (2) the leaves with curved shapes and small
acute angles at the vortexes (frequently ~ 15-17°) (II). The
ends of stripes were found to be different, i.e. the ragged,
rectangular and blunt chisel in a shape. Some leaves and
stripes have overlaps and/or folds indicating the formation in
the solution bulk and subsequent overlapping/folding upon
adsorption to mica. The analysis of fine peculiarities in the
area of overlapping or folding indicates the high lability of
leaves and stripes and their probable reorganization on the
surface after overlapping/folding.l"'”} As it can be deduced
from the height profile in Figure 3al, the leaves have a
monolayer height (~1.3-1.35 nm) whilst the stripes are
bilayers (H ~2.6-2.8 nm), although the monolayer stripes
have also been found.!" The monolayer height of some stripes
and other stripes peculiarities (for example the inflexion
point shown by the white arrow in Figure 3 a) indicate that
stripes can’t be giant tubes!!®! originally formed in a solution
and subsequently squashed at adsorption to mica by surface
forces, as it was argued in ref.l'?l for the morphologically
similar stripes of TC dye. The structural models of stripes
and leaves are represented in Figure 3b,c which explain in
a self-consistent way: 1) the observed monolayer height ~
1.3-1.4 nm, 2) the typical crystallographic habits (the acute
angle ~ 15° for leaves and rectangular shapes of stripes) and
3) some fine peculiarities such as blunt chisel shapes of some
stripes.!"! In Figure 3a,b, both models imply a symmetric
monolayer comprised of monomers in all-trans conformation.
The long axes of dye molecules are oriented parallel to
each other and to mica plain whereas the molecular planes
are oriented normally to mica. The anti-parallel molecular
orientation in the up-down direction with the aliphatic chains
bilaterally disposed on each side of a monolayer follows
form the observed monolayer height ~1.35 nm (whilst the
upper limit for the vertical molecular dimension is ~1.0 nm
as shown in Figure 2a). The requirement of the maximum
overlap of the stacked m-electron chromophores for the anti-
parallel up-down molecular orientation is fulfilled at the
nonzero lateral displacement (slippage) S~1.3 nm of two
adjacent stacked molecules (Figure 2a). This displacement
generates the slip angle o = atan(D/S) ~ 15-17° which is

2400 nm:

observed in the vortexes of leaves (Figure 3a), where D is
the plane-to-plane intermolecular distance which is typically
considered to be ~ 0.35 - 0.4 nm.?>?31 Noteworthy to say,
that for this particular dye the unique anti-parallel up-down
arrangement of adjacent molecules slipped by S ~ 1.3 nm
comes from the essentially not-in-line arrangement of three
joint cycles of m-electron chromophores (Figure 2a). The
observed rectangular ends of stripes could be explained
by two alternative conceivable models with the ladder
(Figure 1b) and brickwork arrangements (Figure 1c) having
different molecular orientation with respect to the aggregates
long axis, i.e. across and along the long axis of stripes.
Importantly, some observed crystallographic habits (i.e. the
blunt chisel in a shape ends of some stripes) make the ladder-
type arrangement more preferable.!™!

The Dye D-2 J-Aggregates with the Threadlike
Substructure

Figure 4 shows the AFM topography images of
J-aggregates of dye D-2. The large scale image in Figure 4a
shows the two-dimensional monolayer sheets with imperfect
polygonal shapes. Some extended aggregates have parallel
long sides similar to the D-1 stripes however the rectangular
shapes are not observed for this dye. Figure 4b shows the
extended J-aggregate with one long side being relatively
straight and other side being curved. Figure 4c shows the
high resolution image of the central area of this aggregate.
Surprisingly, the top surface of the J-aggregate monolayer
which seems smooth on large scale images has a fine
substructure. This substructure is formed by close packed
parallel narrow threads of a variable width inclined at the
angle 30° to the aggregate straight long side. Very probable
interpretation of this substructure is shown schematically in
Figure 4c by the superposed row of white laterally slipped
segments. This row represents the staircase arrangement
with the slip angle of ~ 30° and molecular long axes parallel
to the straight long side of the J-aggregate. The observed
threads width is typically small being in the range of 7-15
nm (see the height profile in Figure 4cl), still it is several

70 140 210 280
dX: 8.736 nm dY: 0.04074 nm 1S

500 nm —>|

Figure 4. The AFM height images of J-aggregates of dye D-2 on mica deposited from a water solution with c=3 mg/ml 4h after the
dye dissolution. (a,b) The large scale images. (c) The small scale image of the area selected by the square in (b). (c1) The height profile
along the dashed line ¢/ in (c). The row of white segments in (c) shows schematically the staircase arrangement of dye D-2 molecules in

narrow t.
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times larger than the width of a single isolated staircase
which is expected to be about ~ 1 nm. We thus suggest that
the threads are lateral aggregates of several “elementary”
staircases. As a resume, the AFM resolve for the first time the
fine substructure of the J-aggregate monolayer. Actually, for
this dye the monolayer is built from quazi-one-dimensional
threads consisting of several staircases. The height profile
in Figure 4cl indicates the height variation up to ~ 1.4 nm.
Similar to the above consideration for the D-1 dye, the D-2
dye monolayer height of ~1.4 nm can be explained by the
arrangement of adjacent dye molecules in an antiparallel way
in the up-down direction such as shown in the dimer model
in Figure 2b. In the model in Figure 2b, the lateral slippage
S of adjacent molecules is ~ 0.95 nm. This value is however
notably smaller than S ~ 0.61 nm implied by the staircase
model with the slip angle ~30° (S= D/tan(30°), where D~0.35
nm is the intermolecular spacing). This discrepancy indicates
that the real molecular arrangement in dye D2 staircases is
different from that of suggested in the model in Figure 2b.
Interestingly, the observed in Figure 4c slip angle is close to
~ 27° expected for the dyes with smaller chromophores.!

Some General Remarks on the Staircase, Ladder and
Brickwork Molecular Arrangements in J-Aggregates

The irregular threadlike substructure of two-
dimensional sheets of dye J2 in Figure 4 resembles the
fine parallel banded substructure observed on electron
microscopy images in ref. ¥ for 3,3’-bis(p-carboxyethy1)-
5,5’-dichloro-9-methylthiacarbocyanine. Contrary to the dye
D-2 forming extended J-aggregates with irregular polygonal
shapes the cyanine dye in ref. ?¥ forms H-aggregates with
morphology of extended stripes with parallel long sides. The
stripes have narrow subbands with a repeat distance integer
multiples of 2.8 nm; the long molecular axes in subbands are
perpendicular to the bands axis.

The packing of various rod-like molecules normally
to the preferable growth direction is a typical case at a
crystallization both in a solution and on the surface.?"! Thus,
the growth of one-dimensional ladders both inclined (in
staircases) or normal (in J- and H-ladders) is expected on
a base of rather general consideration. For flat molecules
such as cyanine dyes the strong n-n stacking interaction of
adjacent heterocycles (assumed in the models in Figures 3b
and c) is expected to result in a faster growth in the direction
normal to molecular planes generating the ladder or staircase
arrangements. In a particular case of cyanine dyes, the
formation of energetically preferable one-dimensional ladder-
like oligomers was demonstrated by the computer modeling
of the aggregation of theamonomethinecyanine dye in water.
[251'The important conclusion, convincingly derived from the
present AFM results for the D-1 dye is that both packing
arrangements (i.e. the staircase and the ladder) can be realized
in different J-aggregates grown in the same solution.

The second point which is worth to note is that the slip
angle in J-aggregates of different cyanine and carbocyanine
dyes is expected to be small (within ~15-30°) irrespectively on
aparticular chemical structure. Consequently, the orientation
of dye molecules with respect to the long dimension of
macroscopic J-aggregates turns out to be different in
J-aggregates with the staircase and the ladder molecular
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arrangements. In a particular case of D-1 dye this statement
is exemplified in Figures 3b and 3¢ where the molecules are
oriented normally to and approximately along the J-aggregate
long axis (shown by black arrow). Experimentally, the
polirazation optical microscopy frequently reveals the two
J-aggregate types with mostly longitudinal and transversal
molecular orientations.!'” Thus, the polarization microscopy
data can be generally explained by invoking the staircase
(with approximately the longitudinal molecular orientation
as in Figure 3c) and the ladder (with the transversal molecular
orientation as in Figure 3b) molecular arrangements.

Up to date there are several publications in which the
staircase, brickwork and herringbone molecular arrange-
ments of some dyes in two-dimensional monolayers formed
on different substrates have been directly resolved micro-
scopically by using STM and SFM techniques.?*?*! The
monolayers growth and their molecular structures were
however essentially promoted by the surface forces
influencing the surface assembly at the molecular level.
Thus the direct comparison of the molecular arrangements
observed in refs.?¢?1 with those of in solution grown J- and
H-aggregates such as considered in the present work seems
to be irrelevant.

Historically, the brickwork longitudinal molecular
arrangement combining both the J-type coupling and tight
two-dimensional molecular packing was suggested as
alternative to the ladder-like arrangement for the explanation
of optical linear dichroism data for pseudoisocyanine chloride
(PIC) J-aggregates oriented in flow.’! However it was later
shown by electron microscopy that the PIC underlying
structure is fibrillar at a nanoscale, not a monolayer. ' One
can see from the above consideration, that the introduction
of the brickwork arrangement is not necessary both for the
explanation of the polarization microscopy data and from
a general crystallographic viewpoint. Neverthelees, we
suggest that the brickwork model can’t be excluded from
a consideration in a general case. The brickwork and the
ladder basic structural difference is that the ladder (as well
as the staircase) is the quazi-one-dimensional structure,
whilst the monolayer with the brickwork arrangement is
actually the two-dimensional crystal. Experimanatlly, at
large solution oversaturation the rapid growth proceeds via
the formation of highly anizometric extended structures
whilst at small oversaturation the slower growth is observed
with the formation of essentially two-dimensional polygonal
crystal shapes. It is expected from this viewpoint that the
one-dimensional ladders and the staircases (or their lateral
aggregates) form quickly in concentrated dye solutions whilst
the two-dimensional brickwork arrangement can also be
grown at smaller concentrations for a longer growth time.

Conclusions

The main results of the present study can be
summarized as follows. First, it is demonstrated that the
morphological diversity of J-aggregates can be explained
by the difference in the molecular packing arrangements, i.e.
the ladder and the staircase. Thus the structurally different
packing arrangements should be generally considered to be
physically coexisting at same solution conditions rather than
alternative as it is frequently assumed. Second, for the two-
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dimensional J-aggrgegate monolayers the high resolution
AFM reveals the narrow stripe substructure inclined to the
long J-aggregate sides. The inclination angle ~30° is close
to the slip angle expected for J-aggregates providing for the
first time the microscopic support for the staircase molecular
arrangement. It is speculated that the building units of
two-dimensional J-aggregate monolayers are quazi-one-
dimensional units composed of several molecular rows with
the staiscase or ladder molecular arrangement.
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