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ABSTRACT: Specific molecular arrangements within H-/J-aggregates of cyanine dyes enable
extraordinary photophysical properties, including long-range exciton delocalization, extreme
blue/red shifts, and excitonic superradiance. Despite extensive literature on cyanine aggregates,
design principles that drive the self-assembly to a preferred H- or J-aggregated state are
unknown. We tune the thermodynamics of self-assembly via independent control of the
solvent/nonsolvent ratio, ionic strength, or dye concentration, obtaining a broad range of
conditions that predictably stabilize the monomer (H-/J-aggregate). Diffusion-ordered
spectroscopy, cryo-electron microscopy, and atomic force microscopy together reveal a
dynamic equilibrium between monomers, H-aggregated dimers, and extended J-aggregated 2D
monolayers. We construct a model that predicts the equilibrium composition for a range of
standard Gibbs free energies, providing a vast aggregation space which we access using the
aforementioned solvation factors. We demonstrate the universality of this approach among several sheet-forming cyanine dyes with
tunable absorptions spanning visible, near, and shortwave infrared wavelengths.

Excitonic molecular aggregates are noncovalently assembled
arrays of chromophores wherein monomeric transition

dipole moments (TDMs) couple to form extended Frenkel
excitons upon excitation. These aggregates exhibit emergent
photophysical properties, such as extreme changes in their
absorption, emission, and lifetimes which are tunable through
the aggregate topology, molecular arrangement, and energy
disorder.1−3 Large excitonic shifts afforded by long-range TDM
coupling make the aggregates extremely tunable across the
broad spectral range from the visible (400−700 nm) through the
near and shortwave infrared ranges (NIR = 700−1000 nm and
SWIR = 1000−2000 nm).4,5 Therefore, cyanine aggregates have
extensive applications ranging from model systems for photo-
synthetic energy transfer, NIR/SWIR imaging, nonlinear optics,
and plexitonics.6−9

Understanding how these structures are stabilized and
thereby control aggregate formation is a prerequisite to realizing
potential technological and therapeutic applications. While
many studies have elucidated the excitonic features of 2D and
tubular cyanine aggregates and related it to their supramolecular
structure,31−33 little work has been done in understanding how
these structures are stabilized. In Table 1, we summarize the
diverse array of literature protocols used to prepare J-aggregates
with the characteristic narrow red-shifted absorption for various
benzothiazole cyanine dyes (Chart 1). While each procedure
carries its advantages or disadvantages, it provides little rationale
to approach the self-assembly of new chromophore aggregates.
Here, we show that a general and straightforward approach

based on the independent control of solvation conditions allows
us to directly tune the thermodynamics of self-assembly of
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Table 1. Common Aggregation Strategies for Benzothiazole
Cyanine Dyes and Examples of Dyes from the Literature
Aggregated Using the Corresponding Strategya

aggregate preparation strategy
examples of common aggregated

benzothiazole dyes

direct dissolution (in water, salt
solution, etc.)

Cy1,10 Cy3,11,12 THIATS,13 Cy5,14

Cy715

Langmuir−Blodgett films Cy116,17

adsorption on a surface Cy1,18 Cy3,19,20 THIATS21

thin films THIATS,22,23 Cy3,24,25 Cy726

crystallization on the interface Cy327

DNA or polymer templating Cy1,28 Cy3,29 Cy5,29,30 Cy729

independent control of solvation
conditions

Cy75 (previous work)
Cy3, Cy5, Cy7 (this work)

aGeneral structures of the dyes are shown in Chart 1. To simplify the
diversity in structures, we group the dyes according to the length of
the cyanine bridge.
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cyanine aggregates in solution. A simple thermodynamic model
allows us to construct a phase diagram for the aggregation of
cyanine dyes. Thermodynamic control of self-assembly allows us
to selectively stabilize an aggregate morphology under flexible
conditions (such as extremely high or low dye concentrations),
unlike previous methods which work under specific conditions.
This makes the aggregates amenable toward a broader scope of
experimental techniques, such as diffusion-ordered spectrosco-
py (DOSY), and applications in devices.
Aggregation Studies. We focus on benzothiazole cyanine dyes

that show a simple three-component equilibrium among
monomers, H-aggregates, and J-aggregates which can be easily
distinguished using their characteristic absorptions (Figure 1a).
We use Cy3-Et (Figure 1b) as a model system that is structurally

close to the commonly studied THIATS.22 Several strategies
have been used to aggregate THIATS and similar dyes,
summarized in Table 1, including direct dissolution in water,15

adsorption on silver halides,19 and spin coating.22 Here, we
stabilize Cy3-Et aggregates under a variety of conditions by
independently controlling different solvation conditions. While
salt addition and solvent/nonsolvent mixtures are extensively
utilized to drive aggregation, our systematic implementation
presents a tunable range of conditions to stabilize a particular
structure. We make a monomer solution in methanol and
disperse it into water (with or without NaCl), a more
generalized modification of the well-known “alcoholic
route.”34 We use these parameters to access the aggregation
phase space and plot the resulting absorption spectra in Figure
1c.
We vary the (i) final dye concentration (top panel); (ii)

solvent/nonsolvent ratio (middle panel); and (iii) ionic strength
by adding salt (bottom panel) while keeping the other two
factors constant. Unsurprisingly, we find that higher dye
concentrations favor H-aggregation followed by J-aggregation.
In addition, high %MeOH (∼70%) and low dye concentrations
always favor monomeric state. As we decrease the % MeOH or
increase the salt concentration, we observe a gradual trans-
formation of monomers to H-aggregates and finally to J-
aggregates. Our results are consistent with the hypothesis that
ionic-strength-induced dielectric screening and hydrophobic
interactions (lower % MeOH) stabilize extended aggregates.35

Chart 1. General Structure of Benzothiazole Cyanine Dyes
Aggregated Using the Strategies Listed in Table 1, with Some
Examples of the Substituents

Figure 1. (a) Schematic showing the transformation of monomers to H-aggregates (dimers) to J-aggregates (extended monolayer sheets) and
characteristic line shapes of absorption spectra of the corresponding species in solution. (b) Structure of dye Cy3-Et. (c) Absorption spectra taken∼24
h after sample preparation, where a predissolvedmonomer solution inmethanol was injected into aqueous solution with or withoutNaCl while varying
the (top) dye concentration, (middle) v/v methanol/water ratio, and (bottom) salt concentration. In each case, the other two factors were kept
constant.
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Moreover, this far simpler and easily generalizable approach
yields similar narrow red-shifted absorption line shapes for J-
aggregates, as seen in previous methods (Table 1), indicating
that we are able to access the similar J-aggregate microstructures
that lead to this characteristic line shape with a higher degree of
control.
Characterization of H- and J-Aggregate Structures. The use of

different solvation conditions to stabilize a desired H- or J-state
allows us to develop preparations that are amenable to
characterization tools requiring high concentrations of a single
species. For example, smaller aggregate species such as dimers
and oligomers are too small for characterization tools such as
cryo-electron microscopy (cryoEM) and atomic force micros-
copy (AFM). Multidimensional NMR methods such as
diffusion-ordered spectroscopy (DOSY) typically require very
high concentrations where fully aggregated species tend to be
more dominant than smaller aggregates. Using the methods

outlined above, we were able to perform DOSY on H-
aggregates, stabilizing the H-aggregate at a concentration of 1
mM by retaining a low volume fraction of deuterated methanol
(10:90 MeOD/D2O, no NaCl). In Figure 2a, all of the peaks
corresponding to the aggregate emerge at a single diffusion
constant of 1.32 × 10−10 m2/s while faster diffusing species such
as counterions and solvent show up at higher diffusion constants.
A comparison with the DOSY spectrum of the monomer, in
Supporting Information (SI) Figure S1, shows that the H-
aggregate is about twice the size of the monomer (SI Table S1).
We thus conclude that the H-aggregate is a dimer consistent
with previous concentration-dependent absorption studies.11

For the red-shifted J-aggregates, we perform cryoEM and AFM.
CryoEM demonstrates extended rectilinear sheets with average
dimensions of 500−1000 nm by several micrometers. AFM
height analysis (Figure 2c) confirms monolayer structures with
molecular plane perpendicular to the plane of the sheet (SI

Figure 2. (a) 1H diffusion-ordered spectroscopy (DOSY) of Cy3-Et H-aggregates at a 1 mM concentration prepared in 90% D2O and 10% MeOD.
Comparing the hydrodynamic radius with a monomer suggests dimer morphology. (b) Cryoelectron microscopy image of a vitrified Cy3-Et J-
aggregate depicting sheet-like morphology. The numbers indicate sheet widths in nanometers. (c) Atomic force microscopy image of Cy7-Ph J-
aggregates with a histogram of the heights (bottom inset) enclosed in the white rectangle. The histogram is fit to a sum of three Gaussians (cyan line)
with R2 = 0.9695. The height of a single layer obtained from the histogram matches the height of a single molecule (top inset) indicating monolayer
sheets.
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section 1.2). We do not observe any conversion to nanotubes or
other morphologies over a week for Cy7-Ph J-aggregates (SI
Figure S3). H-aggregates occasionally show a slow conversion to
J-aggregates over long times, which may be due to solvent
evaporation. As this conversion is very slow, we treat the H-
aggregate as being in quasi-equilibriumwith themonomer and J-
aggregate.
Three-Component Equilibrium Model. We construct a

thermodynamic model that describes the energetic landscape
governing the self-assembly of dimerized H-aggregates and
sheet-like J-aggregates. On the basis of the observations in
Figure 1c, we consider two general equilibria as follows.

n M H1 F (1)

n H J2 F (2)

M, H, and J denote the monomer, H-aggregate, and J-aggregate
species, respectively. n1 denotes the number of monomers in an
H-aggregate, and n1n2 is the total number of monomers in the J-
aggregate. We use subscripts 1 and 2 for the equilibrium
constants (Keq) and standard Gibbs free energies (ΔG°) of
equilibria 1 and 2, respectively. The respective equilibrium
constants can be written as

K
C
Cn1

H

M
1

=
(3)

Figure 3. Prediction of equilibrium composition using the three-component model. (a−c)Maps showing the variation of equilibrium composition as a
function of standard Gibbs free energies of monomer to H-aggregate equilibrium (ΔG1°) and H-aggregate to J-aggregate (ΔG2°) for different total dye
concentrations (Ctotal), n1 = 2, and n2 = 10. (a) Ctotal = 10−5 M, (b) Ctotal = 10−4 M, and (c) Ctotal = 10−3 M. The color of each pixel denotes the
composition shown in the ternary plot on the right with the RGB value corresponding to mole fractions of the J-aggregate, monomer, andH-aggregate.
(d−f) Evolution of mole fractions ofmonomer (black), H-aggregate (blue), and J-aggregate (red) withCtotal. (d) For two points onΔG°maps denoted
by squares (ΔG1° = −25,ΔG2° =−200 kJ/mol) and diamonds (ΔG1° =−10,ΔG2° =−185 kJ/mol), vertical lines correspond to the Ctotal values in a−c.
(e)ΔG1° varies from−60 kJ/mol (darkest) to−20 kJ/mol (lightest) andΔG2° =−150 kJ/mol. (f)ΔG2° varies from−300 kJ/mol (darkest) to−180 kJ/
mol (lightest) andΔG1° =−25 kJ/mol. (g) Basis vectors obtained from non-negative matrix factorization (NNMF) of the experimental concentration
dependence data (SI Figure S5). (Inset) Example of an experimental spectrum (green) with the decomposition into three NNMF vectors (dashed
lines) corresponding to the monomer (black), H-aggregate (blue), and J-aggregate (red). (h) Experimental mole fractions obtained from NNMF
(circles) and the fitted mole fraction curves from the three-component model (lines).
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K
C

Cn2
J

H
2

=
(4)

The total concentration, Ctot, is defined as

C C n C n n Ctot M 1 H 1 2 J= + + (5)

where CM, CH, and CJ denote the concentrations of monomer,
H-aggregate, and J-aggregate, respectively. Upon substitution
and rearrangement (complete derivation in SI Section 2), we
arrive at the characteristic polynomial of CM with respect to total
concentration, equilibrium constants, and aggregate size.

n n K K C n K C C C 0n n n n
1 2 2 1 M 1 1 M M tot

2 1 2 1+ + − = (6)

Figure 4. Applying the principles from this work to several dyes with absorption tunability from the visible through SWIR: (left) dye structures;
(center) cryoelectron microscopy image of the 2D sheet aggregates; and (right) absorption spectra of the monomer (black), H-aggregates (blue), red-
shifted 2D aggregates (red, solid line), and sugar-matrix-stabilized 2D aggregates (red dashed line). The numbers on cryoEM images indicate sheet
widths in nanometers. Absorption spectra of sugar matrix samples are arbitrarily scaled to compare the line shapes with solution spectra.
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This high-order polynomial will always have exactly one real
positive root (proof in SI Section 2), which allows us to use
standard root-finding methods to find CM for a given set of
parameters. Mole fractions of each species (χM, χH, and χJ) can
be calculated for any combination ofΔG° using eqs 3−5). Thus,
we can uniquely define the equilibrium composition of the
solution for any combination of standard Gibbs free energies.
This characteristic polynomial is independent of the choice of
pathway to aggregation, whether through it goes frommonomer
directly to J-aggregate or the dimer forms combine to form the J-
aggregate sheet (details in SI Section 2.3).
In Figure 3a−c, we map the ternary equilibrium composition

as we change the standard Gibbs free energies of H-dimerization
on the x axis and extended 2D J-aggregate formation on the y
axis. We note that these Gibbs free energies are not truly
independent in our experiment; the solvation and ionic strength
may affect both, to differing degrees. We set n1 = 2 based on our
DOSY results (Figure 2a) and n2 = 10, representing a total
aggregation number of 20 in extended J-aggregates. While this
number greatly underestimates the number of J-aggregated
monomers, it captures the sharp onset of J-aggregation as a
function of concentration and is amenable to root-finding
algorithms. Each point on these maps represents a different
equilibrium condition for a fixed concentration. Given a set of
experimentalΔG° values for any system, our model predicts the
equilibrium composition at any concentration (Figure 3a−c).
Changing solvation conditions such as % MeOH or salt
concentration directly affects ΔG1° and ΔG2° and spans this
phase space, as might adding substituents to the chromophore.
The direct transition from H-aggregate to J-aggregate involves a
change in ΔG2° (corresponding to extended aggregate
formation). This suggests that increasing the ionic strength at
low % MeOH (Figure 1c) mostly changes ΔG2°. At highly
negativeΔG2°, we observe a direct transition frommonomer to J-
aggregate upon reducing ΔG1°.
We pick two fixed points on the maps in Figure 3a−c

corresponding to ΔG1° = −25, ΔG2° = −200 kJ/mol (square),
andΔG1° =−10,ΔG2° =−185 kJ/mol (diamond) and plot them
with the other total chromophore concentrations in Figure 3d.
In all cases, the J-aggregates require a certain threshold
concentration where we observe a sharp increase or “turn-on”
in the J-aggregate mole fraction. This nonsigmoidal nature of J-
aggregate mole fraction curves is the direct result of the
formation of large aggregates.35 SI Figure S4 shows mole
fractions as a function of n2, which depicts the delayed and
sharper turn-on in J-aggregation as a function of aggregate size.
As increasing ionic strength transitions from the H- to the J-
aggregate, we hypothesize that it primarily affects ΔG2° due to
additional charge screening. Figure 3e,f demonstrates that ΔG1°
does not affect the J-aggregate onset but ΔG2° changes are
coincident with a sharp decrease in the monomer and H-
aggregate.
This sharp turn-on in the J-aggregate is a clear indication of

cooperative self-assembly akin to a phase transition or reaching a
critical micelle concentration.36,37We attribute the cooperativity
to the 2D nature of sheet-like aggregates: the number of
potential molecular contacts increases linearly with the
aggregate size.36 Unlike traditional 1D aggregates, cooperative
assembly in 2D can be achieved without invoking a change in
chemical potential for every additional monomer.35 Due to
additional contacts in 2D aggregates, we require more charge
screening as evident from our experiment (Figure 1c) where 2D
aggregates are stabilized by adding salt. Our results suggest that

many systems can be aggregated into 2D brick-layer sheets
simply by stabilizing ΔG2° relative to ΔG1°, for example, through
control of the solvent to nonsolvent ratio or by adding salt
In order to show quantitative agreement between our model

and experiment, we determine the concentration dependence of
Cy3-Et at 20% MeOH and 0.05 M NaCl (SI Figure S5). Since
there are three overlapping spectra, we decompose our observed
spectra into J, H, and M spectra via non-negative matrix
factorization (NNMF, SI Section 4).38 We obtain three basis
vectors (Figure 3g, example decomposition shown in inset),
which are consistent with experimental spectra of the monomer
and published spectra for dimer H-aggregates and J-
aggregates.11 We plot the mole fractions obtained from
NNMF for this concentration series in Figure 3h (circles),
capturing the sharp increase in the J-aggregate at 10−4M. Finally,
we fit the mole fraction data for all three components
simultaneously to arrive at Gibbs free energies of ΔG1° =
−24.8 andΔG2° =−740.2 kJ/mol (SI Section 5). ThisΔG1° value
is very close to the previously reported dimerization energy for
THIATS (ΔG1° = −25.9 kJ/mol).11 The highly negative ΔG2°,
indicating the strong favorability of extended 2D aggregate
formation, is ascribed to the increased number of interactions in
2D aggregates.37

Generality of Self-Assembly Principles. We demonstrate that the
principles for self-assembly used here are truly generalizable and
are also extendable to other families of cyanine dyes such as
benzimidazole cyanines. Figure 4 shows a list of cyanine dyes
that form 2D sheet-like aggregates with tunable absorption from
the visible through SWIR. In all of these cases, the aggregation
behavior followed similar trends where lower % MeOH (20−
30%) gave extended J-aggregated sheets, and the optimal salt
and dye concentrations differ slightly among individual dyes.
With the exceptions of TDBC and Cy7-DPA, we also observe a
similar H-aggregate peak at 50% MeOH. Particularly, larger dye
molecules such as Cy7-DPA and Cy7-Ph aggregate readily
without any need for salt, whereas Cy3-Et and Cy5-Ph need
slightly higher dye concentrations with added salt, suggesting
that higher surface areas lead to stronger van der Waals
interactions. A particular example of the well-known benzimi-
dazole cyanine dye, TDBC is shown in Figure 4a. TDBC is also
known to form sheet aggregates that have garnered interest in
excitonic energy transfer and plexitonics.9 We show that the
principles outlined above can also be used to tune the self-
assembly of TDBC into sheet-like J-aggregates (Figure S6).
TDBC and Cy7-DPA do not go through an H-aggregate state
likely due to the ethyl groups (in the case of TDBC) and the
bulky diphenylamine group (in the case of Cy7-DPA) thatmight
sterically hinder cofacial stacking. Furthermore, we show that all
of the 2D aggregates in Figure 4 can be stabilized in a sugar
matrix (dashed lines), which is known to protect the aggregates
against photo and air damage,39 preserving the characteristic
excitonic features while facilitating cryogenic and high excitation
flux spectroscopies on the aggregates.
We conclude that the aggregation strategy based on

independently controlling the solvent to nonsolvent ratio and
the salt or dye concentration provides a general and tunable
avenue for selectively stabilizing an aggregate morphology for
the broad class of cyanine dyes. Our approach avails a broad
range of aggregation conditions to stabilize a desired
morphology, which in turn controls the excitonic properties.
In addition, the tunability over a vast aggregation space enables
new structural characterization techniques such as DOSY and
broadens the application space. For example, aggregating at
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lower concentrations through a lower nonsolvent ratio can be
used to control the optical density of aggregate antennas in thin
films.
We explain the conserved aggregation trends on the basis of a

simple three-component equilibrium model and gain insight
into the thermodynamics of the self-assembly process. Our
results show that the ionic strength mainly affectsΔG2°, enabling
a direct transition from dimer H-aggregates to extended J-
aggregates at the same dye concentration and solvent
composition, likely by stabilizing larger charged structures.
The solvent to nonsolvent ratio, on the other hand, likely affects
both ΔG1° and ΔG2° because it can induce both H- and J-
aggregation depending on the available dye concentration.
NNMF untangles the constituent spectra and shows that we can
achieve excellent agreement between model and experiment.
Finally, we show that solvation control can be extended to
several sheet-forming cyanine dyes, thus enabling a tunable
library with absorptions ranging from the visible to SWIR.
The kinetics and thermodynamics of the aggregation of

chromophores are topics of extensive research, mostly focused
on the 1D π-stacking structures of porphyrins and perylene
bisimides.35,40,41 However, extended 2D aggregates have unique
features not reproduced in linear aggregates. The number of
pairwise interactions between an aggregate and a monomer is
proportional to the aggregate size in the 2D case, whereas it is a
constant for linear aggregates. By analogy to bilayer formation in
surfactants, one observes a near phase transition above a set
concentration of dye in 2D aggregates.37 In linear aggregates
with pairwise interactions, phase transitions are rigorously
forbidden.37 Despite the rich excitonic properties and diverse
applications of cyanine dye aggregates, application of the
thermodynamic self-assembly principles to the broad class of
cyanine dye aggregates is unprecedented. Overall, 2D
aggregation provides a unique platform for even more stable
structures at lower concentrations while retaining the excitonic
features of J-aggregates, and the broad class of cyanine dyes is an
excellent avenue for this. The simple and broadly applicable
principles for aggregation presented here provide the first step
toward realizing many potential applications of molecular
aggregates.
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