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ABSTRACT: Technologies which utilize near-infrared
(NIR) (700—1000 nm) and short-wave infrared (1000—
2000 nm) electromagnetic radiation have applications in
deep-tissue imaging, telecommunications, and satellite tele-
metry due to low scattering and decreased background signal
in this spectral region. It is therefore necessary to develop
materials that absorb light efficiently beyond 1000 nm.
Transition dipole moment coupling (e.g., J-aggregation)
allows for red-shifted excitonic states and provides a pathway
to highly absorptive electronic states in the infrared. We
present aggregates of two cyanine dyes whose absorption
peaks red-shift dramatically upon aggregation in water from
~800 to 1000 nm and 1050 nm, respectively, with sheet-like
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morphologies and high molar absorptivities (¢ &~ 10° M™' cm™). We use Frenkel exciton theory to extend Kasha’s model for J-
and H-aggregations and describe the excitonic states of two-dimensional aggregates whose slip is controlled by steric hindrance
in the assembled structure. A consequence of the increased dimensionality is the phenomenon of an intermediate “I-aggregate”,
one which red-shifts yet displays spectral signatures of band-edge dark states akin to an H-aggregate. We distinguish between
H-, I-, and J-aggregates by showing the relative position of the bright (absorptive) state within the density of states using
temperature-dependent spectroscopy. I-aggregates hold potential for applications such as charge injection moieties for
semiconductors and donors for energy transfer in NIR and short-wave infrared. Our results can be used to better design
chromophores with predictable and tunable aggregation with new photophysical properties.

B INTRODUCTION

Near-infrared (NIR, 700—1000 nm) and short-wave infrared
(SWIR, 1000—2000 nm) photoactive materials are highly
sought out because of their superior performance in many
applications, ranging from deep-tissue imaging' to tele-
communications” and LIDAR.® Light in the NIR and SWIR
transmits over longer distances in the atmosphere and shows
less loss for fiber-optic communication because of decreased
scatter and absorption in this spectral regime.” In biomedical
contexts, significantly decreased auto-fluorescence from
biomolecules in the SWIR promotes better signal-to-noise
ratio in fluorescence imaging.4_6

However, there are few molecular species (such as carbon
nanotubes, lanthanide complexes, and flavylium polymethine
dyes), which absorb efficiently beyond 1000 nm.>” Approaches
for designing strong absorbers and emitters in NIR and SWIR
are primarily based on covalent modification of conjugated
dyes and semiconductor nanocrystal materials.””'" These
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materials cannot necessarily offer high molar absorptivities
and narrow linewidths, prerequisites for several technological
applications such as nonlinear optics and photonics.'""*
However, another approach to achieving strong SWIR
absorption is through coupling of multiple molecular transition
dipole moments (TDMs, u) into extended excitonic states.
The oscillator strength and radiative rate of a molecule are
proportional to the square of the TDM (u* = I{gIZgrle)?,
where g and e represent the ground and excited state
wavefunctions, g; and r; are the charges and their positions)."
In molecular aggregates, certain excitonic transitions are
enhanced by a nonlinear increase in the oscillator strength
due to long-range coherent coupling among TDMs."*
Molecular aggregates, therefore, can show increased absorption

Received: May 28, 2019
Revised:  July S, 2019
Published: July 9, 2019

18702 DOI: 10.1021/acs.jpcc.9b05060

J. Phys. Chem. C 2019, 123, 18702—18710


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b05060
http://dx.doi.org/10.1021/acs.jpcc.9b05060

The Journal of Physical Chemistry C

a Linear chains b

H-aggregate
(positive coupling)

Monomer

Coupling
C |
Negative 0 Positive

J-aggregate

Monomer h .
(negative coupling)

II 2-Dimensional sheets

patteedors

E Rner, E E NHEt, E
04 Cy7'DPA X 05 Cy7’Ph [X

to —Cy7-DPA
58 —Cy7-Ph
=8

= o~

.‘§

5 Q

S

o O

382

©

5

°

= o

11000 13000 15000 17000
909 769 666 588
Energy (cm™)
Wavelength (nm)

Figure 1. (a) Schematic depicting H- and J-aggregations for dimers and linear chain aggregates based on Kasha’s model (ref 19), where n is the
number of monomers in the chain and p; and pi,g, denote TDMs of the monomer and aggregate, respectively, (b) Schematic depiction of coupling
of a central brick (white) within a 2D aggregate with its neighbors, (c) molecular structures of the cyanine dyes investigated, and (d) absorption

spectra of the dyes in their monomeric form in methanol solutions.

over a narrower wavelength range, enhanced emission due to
fastel;4rzaic;iative rates, and long-range coherent energy trans-
ort.

To begin, we define molecular aggregates as noncovalently
bound molecular assemblies formed via entropic and van der
Waals driving forces.'* Molecules within an aggregate undergo
coherent TDM coupling, and electronic excitations extend
over many molecules to form delocalized Frenkel excitons.'®
The net excitonic TDM depends on the phase relationship of
individual TDMs, their coupling, both defined by the
geometric arrangement of dipoles, and the energetic disorder
among the chromophores.'® Kasha developed a simple
formalism describing how aggregation leads to absorption
shifts for molecular dimers and linear chain aggregates as
shown in Figure la."” When dipoles are aligned in a head-to-
tail fashion, the optically active bright state (with nonzero
TDM) is also the lowest energy exciton. As a result, these
arrangements give rise to a redshift in the absorption spectrum.
On the other hand, cofacial dye organization renders the
highest energy exciton as the only optically active state
resulting in a blue shift in the absorption spectrum. The blue-
shifted aggregates are called H-aggregates, whereas the red-
shifted aggregates are called J-aggregates.'®”” One can shift
between H- and J-aggregations by changing the slip (or angle)
between each dye monomer, and many groups have employed
this approach to generate H- or J-aggregated structures.'>”’
While the formalism for dimers and linear chains is well-
known,'*'?** complications arise in the case of 2 dimensional
(2D) or quasi-2D sheet and tubular aggregates.”” Along one
axis, the predominant coupling will be negative (J-like), while
coupling along the other axis could be positive (H-like). This is
depicted as a cartoon in Figure 1b, where the coupling of the
central brick (white) with its neighbors depends on the
distance and the slip from the central brick. The net coupling
would be determined by bricks along all directions. Even
though several experimental®**® and theoretical’®*” examples
of 2D aggregates are known, general principles to tune
absorption through control over molecular stacking during self-

assembly are limited. In this manuscript, we show how
controlling 2D aggregation slip-stacking can be used as an
approach for further red-shifting the absorption, and that
additional control is needed to create emissive aggregates.

Many H- and J-aggregates have been reported based on
small-molecule chromophores like cyanines,'> perylene
bisimides,”**’ porphyrins®>*' as well as for more extended
structures like conjugated polymers,”* and pigment proteins."*
Kasha’s model and its variations’>*’ have been critical in
describing the rich photophysics in such systems. We focus on
cyanine dyes—a class of dyes which consist of a polymethine
bridge connecting to two aromatic heterocycles. Cyanine dyes
are particularly interesting because of their tendency to self-
assemble into different topologies including dimers, single- and
double-walled nanotubes, bundles, and sheets.>*™>° As a class,
cyanine dyes exhibit large TDMs (as high as 10 D) and a high
degree of structural and spectral tunability.'>*” Recently, long-
range exciton migration has been shown in double-walled
nanotubes of cyanine dyes in the visible region.”**” Owing to
these properties, cyanine dyes are extensively employed for
biological imaging, Forster resonance energy transfer (FRET),
and nonlinear optics and photoredox reactions.”***~*

In this paper, we exploit a molecular aggregate structure and
dimensionality to achieve new materials with high absorption
cross sections above 1000 nm. Through control of solvation
conditions, we observe the aggregation of two NIR
thiacarbocyanines dyes (Figure 1c) into multiple morphologies
(like sheets and dimers) with unique spectral shifts. Here, we
focus on their most redshifted forms, which were found to be
sheet-like structures with almost micron scale domains. These
structures display strong (¢ &~ 10° M™' cm™) SWIR
absorption, though little to no direct emission. To connect
the observed photophysics to the structure, we construct an
analytical model based on long-range TDM coupling and
calculate the density of states (DOS) and other optical
properties. Unique to the sheet morphology, we describe an “I-
aggregate” one which exhibits intermediate photophysics
between J- and H-aggregates, a red-shifting yet nonemissive
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Figure 2. Top: selected absorption spectra of (a) Cy7-Ph and (b) Cy7-DPA aggregates prepared by mixing methanol solutions of the dyes with
deionized water with 20, 50, and 70% methanol (v/v). Final dye concentration was kept constant (0.2 mM) for all samples. 20% samples show a
sharp redshifted peak in SWIR. Bottom: cryo-electron micrographs of the most redshifted aggregates of (c) Cy7-Ph and (d) Cy7-DPA showing a

2D sheet-like morphology. Numbers indicate sheet widths in nanometers.

structure. Temperature-dependent absorption spectroscopy
experimentally confirms the model, distinguishing the I- and
J-aggregates. Finally, we relate our results to the dye structures
and induced slip, in analogy to Kasha’s rules to elucidate design
principles for controlling the photophysics of 2D aggregates.

B EXPERIMENTAL SECTION

Materials. Cy7-DPA and Cy7-Ph were obtained from FEW
chemicals GmbH (catalog nos. S0837 and $2433). Spectro-
scopic grade methanol, sucrose, and D-(+)-trehalose were
obtained from ThermoFisher Scientific. All materials were used
as obtained, without any further purification. Deionized water
(18 M) was used for making all samples.

Sample Preparation. Cuvettes and sample vials were
presoaked in deionized water for hydrophilization. Dyes were
predissolved in methanol to make different concentrations of
monomer solution. The monomer solution was then added to
deionized water in a specific v/v ratio to prepare the aggregate
solution. All solutions were stored in foil-covered and parafilm-
sealed vials for 24 h before taking any measurements. For
scanning the whole % MeOH range (10—100%) while keeping
the dye concentration constant, the starting concentration of
monomer solution was adjusted accordingly for each sample.
For concentration dependence of the H-aggregate, % MeOH
was kept constant at 70% white, and the final concentration
was varied (0.05—0.5 mM). Samples for temperature depend-
ence were prepared by the sugar-matrix stabilization method
previously reported.”” Dye aggregates were first prepared in
water—methanol solutions as mentioned above and stored for
24 h to let the aggregates assemble. A saturated sugar solution
was made by dissolving a 50:50 sucrose/trehalose (w/w)
mixture in distilled water. To a 100 L aggregate solution, 100
uL of the saturated sugar solution was added slowly and gently
mixed. This solution was drop-cast onto a 0.2 mm quartz
cuvette and kept under vacuum in dark for 24 h. Cryo-electron
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microscopy (CryoEM) samples were prepared on mesh 200
lacey formvar/carbon copper grids obtained from Ted Pella
Inc. The grids were plasma-cleaned under a H,/O, gas flow
using a Solarus Gatan Plasma cleaner for hydrophilization.
Vitrobot Mark IV was used for plunge-freezing the samples.
About 3.5 pL of the aggregate solution was dropped onto the
grid, and excess solution was removed by blotting for 3.0 s with
standard blotting paper from Ted Pella and immediately
dropped into liquid ethane maintained close to its freezing
point using liquid nitrogen. The frozen grids were stored in
liquid nitrogen.

Measurements. All spectra were taken in a 0.2 mm path
length quartz cuvette obtained from Starna Cells Inc. All room
temperature absorption spectra were taken on a JASCO V-770
UV/Vis/NIR spectrometer. Temperature-dependent absorp-
tion measurements were performed using a Shimadzu UV/
Vis/NIR spectrometer inside a liquid nitrogen-cooled Janis
ST-100 cryostat. A Lakeshore 330 Autotuning Temperature
Controller was used to control the temperature. CryoEM
images were recorded on a FEI TF20 electron microscope
equipped with a field-emission gun at 200 kV. CryoEM grids
were loaded on to a Gatan 626 cryo-transfer sample holder,
then inserted into the microscope, and images were taken, all
under liquid nitrogen. Images were recorded on a CCD camera
with 4k X 4k resolution. Image defocus was used to enhance
contrast. Dynamic light scattering (DLS) experiments were
performed on a Coulter Beckman dynamic light-scattering
analyzer in 1 cm path length cuvettes.

B RESULTS AND DISCUSSION

We obtain dyes 3,3-bis(4-sulfobutyl)-5,5'-dichloro-11-diphe-
nylamino-10,12-ethylenethiatricarbocyanine, ammonium salt
(Cy7-DPA) and 3,3'-bis(4-sulfobutyl)-5,5'-dichloro-11-phe-
nyl-10,12-ethylenethiatricarbocyanine, ammonium salt (Cy7-
Ph) from FEW chemicals. Previous work with similar cyanine
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Figure 3. (a) Schematic depiction of the brick arrangement model; (b) results from the analytical model showing monomer energy (dashed line)
and relative position of the bright-state (solid line) within the DOS for 0, 0.4, and 0.7 nm slips; (c) pictures of sugar matrix-stabilized aggregates as
seen through a typical silicon camera with an IR filter (left) and with the IR filter removed and an 850 nm longpass filter added to remove stray
light (right); (d) absorption spectra of sugar matrix-stabilized aggregates—Cy7-DPA (red) and Cy7-Ph (blue) at 300 K (solid lines) and 78 K
(dashed lines); (e) fwhm of the absorption peak as a function of temperature for Cy7-DPA (red circles) and Cy7-Ph (blue diamonds); and (f)
schematic describing the processes that contribute to the lineshape of Cy7-Ph and Cy7-DPA.

dyes showed sheet-like aggregation in aqueous solutions,
though detailed photophysical and structural insights were not
provided.”>**** Cy7-DPA and Cy7-Ph dyes, shown in Figure
lc, are structurally similar to each other apart from
substitutions on their cyanine bridge which do not significantly
alter their monomer absorption (Figure 1d). This makes them
optimal candidates for comparing the effect of the dye
structure on aggregate formation and photophysics. Monomer
absorption peaks of Cy7-DPA and Cy7-Ph lie in NIR at 807
nm (12391 cm™) and 792 nm (12 626 cm™), respectively.
Adapting procedures from previous literature,””*" we
explored the phase space of aggregation. Unlike previous
aggregation routes, which use direct dissolution of dye into
water or brine, pH modification, and templating,****>*® we
predissolve the dyes in methanol prior to mixing with water
following the so-called “alcoholic route” to self-assembly.*”
This procedure allows for independent control over meth-
anol—water ratios and dye concentration, and aggregates form
relatively rapidly (~24 h). In Figure 2ab, we show selected
absorption spectra of aggregates where we fixed the dye
concentration at 0.2 mM while varying the methanol—water
ratios from 0 to 100% MeOH v/v (complete range shown in
Supporting Information, Figure S1). We observe sharp red-
shifted J-like aggregate peaks in SWIR at lower methanol—
water ratios (% MeOH) for both the dyes. The J-like peak of
Cy7-DPA lies in SWIR at ~1050 nm (9524 cm™") while that
of Cy7-Ph lies at ~1000 nm (10 000 cm™"). As we increase the
% MeOH, the J-like peak decreases, and the monomer peak
increases for both the dyes (Supporting Information Figure

18705

S1). At 50% MeOH, we observe an H-aggregate peak at 698
nm (14327 cm™') for Cy7-Ph, whereas Cy7-DPA shows a
second J-like peak (J2) at ~1000 nm (10 000 cm™") under the
same conditions. We hypothesize that the diphenylamine
(DPA) group in Cy7-DPA frustrates cofacial packing and as a
result, we never observe an H-aggregate peak in Cy7-DPA.

We perform cryoEM on the most red-shifted samples.
CryoEM of the 10% MeOH samples reveals a sheet-like
morphology with large planar domains extending over
hundreds of nanometers, indicating the presence of long-
range order in the J-aggregates (Figure 2c,d). Similar sheet-like
morphology and absorption lineshapes were observed for CyS
and Cy7 thiacarbocyanine dye aggregates.”>*° For a more
global verification of domain sizes, we performed DLS.
Estimates of domain sizes obtained from DLS agree well
with cryoEM data with the smallest average across multiple
trials being ~700 nm for Cy7-DPA and ~900 nm for Cy7-Ph
(Supporting Information Figure S2). We were unable to isolate
the J2 morphology under tested conditions. However, because
of its characteristic peak shape, we hypothesize that the J2
peak on Cy7-DPA also arises from a sheet morphology with
slightly different dye packing. The shoulder on J2 is from some
conversion to J1. From a concentration-dependent study
(Supporting Information Section 2.2 and Figure S3), we assign
the H-peak of Cy7-Ph to a dimer.**

The presence of large domains and narrow linewidths
suggests that the aggregates have long-range delocalization of
their TDMs. We model the aggregate photophysics following
the Frenkel exciton model with extended dipole treatment
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developed by Kuhn and co-workers.””*" First, following

convention,”’ we consider a monomer as a brick with an
internal dipole representative of the TDM generated by single
excitation (Figure 3a). We then tile the bricks with a single
variable parameter, the slip (s), which represents the
displacement along the long axis and construct the sheet
(Figure 3a). Basing on the standard Frenkel exciton
Hamiltonian*’

H, = z J(n, m)In){ml + Z &,n)(nl

n#m n (1)

where In) represents the state where the nth molecule is in the
excited state while all others in the ground state, J(n,m) is the
excitonic coupling between the two molecules, and €, is the
individual site energy. Boundary effects are resolved by
imposing periodic boundary conditions, J(n,m) = J(n — m).
We then diagonalize the Hamiltonian, H, = Y €;/k)(kl, where |
k) is the k™ eigenstate with energy €. For planar aggregates
with one transition per unit cell, we obtain only a single state
with finite oscillator strength g = polY,(kln)l, when all
transition dipoles are in-phase (no nodes along either
direction). This is the state that can absorb or emit light and
is referred to as the bright state. All other excitonic states
contain at least one node, and thus are optically dark. We
further calculate the DOS, D(E) = Y,6(E — €;), as well as the
energy of the bright state as a function of slip (see Supporting
Information Section 3 and Figures S4—S7 for details) for the
2D aggregates.

The results from this model are summarized in Figure 3b,
where we set €, = 0 for clarity. We observe, for 0 nm slip, an
H-aggregate with the bright state blue-shifted from the
monomer. For higher slip values such as 0.7 nm, we observe
a typical J-aggregate with a lower band-edge bright state.
Interestingly, for intermediate slip values like 0.4 nm, the bright
state is still red-shifted from the monomer, but notably, not at
the band-edge. We associate this case to an “I-aggregate” or
intermediate aggregate as it displays a red-shifted bright state
like J-aggregates but has excitonic states below the bright state,
similar to H-aggregates. In other words, I-aggregates have a
bright state which lies in the middle of the DOS but red-shifted
from the monomer. I- and J-aggregates cannot be distinguished
simply from their absorption spectra. We use their temper-
ature-dependent linewidth to determine where the bright state
sits in the DOS.

We perform temperature-dependent absorption spectrosco-
py on matrix-stabilized Cy7-DPA and Cy7-Ph aggregates (20%
MeOH). We prepare the stabilized aggregates using a
previously reported sugar matrix stabilization procedure
(pictures shown in Figure 3c).””>* Comparison of solution
and sugar matrix-stabilized aggregates (shown in Supporting
Information Figure S8a) strongly suggests that the aggregate
morphology remains intact in the sugar matrix. Upon cooling
down from room temperature to 78 K, we find that the full-
width at half maximum (FWHM) of the Cy7-DPA peak
narrows from 463 to 303 cm™' (34%) and red shifts by 150
cm™' as shown in Figure 3d—e. On the other hand, absorption
of Cy7-Ph barely changes upon cooling. The peak position of
Cy7-DPA is similarly sensitive to temperature as it red-shifts
upon cooling while that of Cy7-Ph barely changes (Supporting
Information Figure S8b).

The effect of temperature on absorption lineshape is
described by the origin of fluctuations that dephase the
ground-excited state coherence. The absorption spectrum is

the Fourier transform of the transition dipole autocorrelation
function,**

A(t) = (a(t)) & (707 @)

where €, is the energy gap between the ground and excited
state and W, represents how system’s interaction with the bath
leads to energetic fluctuations that dephase the phase
relationship between the ground and excited state wave-
functions. The brackets represent averaging over inhomoge-
neous disorder or fluctuations in the environmental degrees of
freedom slower than the lifetime of the exciton. Using the
Redfield framework for exciton dynamics and imposing the
secular approximation and Markovian bath, we express W, for
each exciton as follows*” >

Okl
W= 2 e Do~ @)
1#k € )

where Oy = Zﬂ |<k|n><n|l>|2 is the wavefunction overlap
between the excitonic states, ky is the Boltzmann constant,
and Dy(E) = —Dy(—E) is the antisymmetrized bath spectral
density. For homogeneous, translational invariant systems the
secular approximation is by construct exact.”’ On the other
hand, Markovian approximation is justified for the fast
dissipating environment. While this is not necessarily true for
the systems under consideration, as exemplified by the
existence of vibronic progression observed in both monomer
spectra (Figure 1d), the line width and its temperature
dependence are well captured by the Markovian contribu-
tion.*” While the inhomogeneous contribution to the linewidth
is mostly temperature independent, one can further breakdown
the homogeneous linewidth (or dephasing rate) W, into (i)
stimulated absorption/emission of phonons and (ii) sponta-
neous emission of phonons and relaxation to band-edge.

Oy
We= Z ley—el / kT _1 Dy(le — &)
1#£k © -

+ Z OyDy(g — &)

£<g,
=w + w ()

Here, W{") represents the stimulated absorption/emission
portion and thus depends on the thermal occupation of
phonons (making it temperature-dependent) whereas the wi
relies on the available DOS below the bright state and is
temperature independent.”’ In Cy7-Ph aggregates, we observe
minimal change with temperature, implying that the second
term (relaxation to band-edge through spontaneous emission
of phonons) is more dominant in the lineshape function. This
implies sufficient DOS below the bright state, matching the
description of an I-aggregate (Figure 3b). On the other hand,
we observe a significant narrowing upon cooling in Cy7-DPA
which suggests that the first term dominates the lineshape
function. Therefore, Cy7-DPA must have a bright state that is
thermally accessible from the band-edge. We explain this in
Figure 3f where the left side shows spontaneous emission of a
phonon and the subsequent relaxation to the lower energy
state. This process is governed by the term W of eq 4 which
is temperature independent. The right side of Figure 3f shows
stimulated emission of phonons, governed by W which
depends on the thermal occupation of phonons. As a result, the
spectrum shown on the left (blue) does not change with
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Figure 4. (a) Bright state (black dots), upper (blue), and lower (red) band edge of the excitonic band as a function of slip for 1D (top) and 2D
(bottom) aggregates with non-nearest neighbor coupling. J is coupling for a head-to-tail dimer and b is the length of the brick. (b) Schematic
depiction of molecular design principles for 2D aggregates (alkyl chains have been omitted for simplicity). Packing with higher slip results in a

bright state closer to the band edge.

temperature while the one on right (red) broadens with
increasing temperature. Simply put, when the bright state is
near the band-edge, it is lineshape will be temperature-
dependent. As it moves away from the band-edge, the
lineshape is dominated by temperature independent relaxation
within the DOS. Despite both Cy7-Ph and Cy7-DPA
appearing to “J-aggregate” from their absorption spectra, the
temperature dependence strongly suggests that the bright state
is not at the band-edge.

Recalling Figure 3b, the differences in aggregation arise due
to the slip parameter. To correlate the structural parameters
(slip) and spectroscopic observables, we calculate the DOS
and bright state for generalized 1D and 2D aggregates as a
function of slip (Figure 4a). We use a set of general parameters
shown in Table 1, which represent the average of calculations

Table 1. List of Parameters Used in the Model, a and b Are
the Short and Long Axes of the Brick, Respectively, u is the
TDM, and d is the Charge Distance for the Extended Dipole
(see Supporting Information for Section 3 for Details).

a (A) b (A) u (D) d (A)
Cy7-DPA 7.3 19 4.2 9
Cy7-Ph 8.8 22 4.0 3.5
generalized 8.1 21 4.1 6.3

used to determine the extended dipole parameters for Cy7-
DPA and Cy7-Ph (Supporting Information Section 3.4). We
express the coupling in terms of the variable ], defined as the
coupling of a nearest neighbor head-to-tail dimer (J = —2000
cm™) calculated using the extended dipole model (eq 3 in the
Supporting Information) and the slip in terms of the length of
the brick (b). The maximum and minimum eigenvalues define
the upper and lower band-edge of the DOS, and the region
between the two extremes represents the exciton bandwidth.
As seen from Figure 4a, 1D aggregates follow Kasha’s
framework, always displaying (upper or lower) band-edge
bright states irrespective of the slip. In 2D aggregates, we
observe regions H-, I-, and J-aggregations (color-coded blue,
purple, and red, respectively, in Figure 4a) based on the
position of the bright state within the DOS. The point where

18707

the bright state intersects the zero coupling line corresponds to
a previously reported “null aggregate” meaning that there is no
excitonic shift even though the exciton bandwidth is large.***”
Furthermore, 2D aggregates display increased possible spectral
shifts due to stronger coupling. This unique band structure is a
direct consequence of the 2D topology (shown in Supporting
Information Figure S9) and stems novel photophysical
properties of 2D aggregates.

Similar behavior plays an important role in conjugated
polymer photophysics (HJ aggregates) wherein, changing the
relative strength of intra-/interchain coupling gives a mid-band
bright state.””*® While polymer networks involve covalent
coupling along the polymer backbone and dipole—dipole
coupling between the polymer chains, their absorption spectra
have strong analogies to the van der Waals aggregates
described here. It is worth mentioning that these HJ aggregates
have mid-band bright states that are not necessarily red-shifted
from the monomer, whereas I-aggregates have mid-band bright
states red-shifted from the monomer. Furthermore, epitaxially
grown 2D crystals of a perylene-based dye also resulted in a
similar observation where the limited aggregate size with
nonunity aspect ratios gave dark band-edge J-aggregates.”* In
this case, even with a dark band-edge, the next higher energy
state was bright. Because of the extended nature of these 2D I-
aggregates, the bright-state position in the DOS is a nearly
continuous function of the slip as seen from Figure 4a and is
thus tunable using chemical modification. Size control of self-
assembled aggregates is challenging in solution. However,
many SWIR applications demand solution aggregates for
processability and biological compatibility. Our approach
enables chemical control of the slip while also being more
versatile.

Another recent theoretical investigation of 2D aggregates
based on a simple dipole model demonstrates that temper-
ature-dependent peak shifts in absorption can be related back
to structural parameters like slip, however, they observe I-
aggregate-like behavior at higher slips.”” The temperature-
dependent behavior of the bright state is dominated by the
short-range interactions which depend strongly on the type of
Hamiltonian used. Cy7-Ph shows little change in the peak
position while Cy7-DPA blue-shifts with increasing temper-
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ature, consistent with having different slip parameters
(Supporting Information Figure S8b). Using our classification
scheme, we estimate that the slip for the Cy7-Ph is ~4—5 A
and that for Cy7-DPA is between 7 and 10 A. In general, the
steric hindrance due to the DPA group will prohibit slips that
are less than 7 A (which correlates to 0.36 times its brick
length), consistent with our observation that Cy7-DPA has a
bright state closer to the band-edge than Cy7-Ph (Figure 4b).
It is difficult to quantitatively compare our model to the
experiment owing to the complexities arising from modeling
the structural nature of disorder and variance in the system
dielectric.“~®* The differences induced by the substituent on
the proximity of the bricks may affect the actual coupling
values but they will not affect the overall behavior of H-, I-, and
J-aggregations significantly.

Using an approximate slip parameter of Cy7-Ph, we
introduce diagonal disorder to fit the absorption FWHM and
estimate the number of sites that participate in a given exciton.
Focusing on Cy7-Ph which has a narrower range of likely slip
parameters, we calculate the linewidth for a range of disorder
values and compare to our experimental spectra. From this, we
estimate that the diagonal disorder is ~200 cm™, and the
inverse participation value is ~8 (Supporting Information
Figure S10). Despite relatively strong disorder, the high degree
of coupling in a 2D aggregate enables long-range delocalization
lengths even at room temperature. This strongly implies that a
band picture is appropriate in describing the relevant
photophysics (Supporting Information Figure S9).

B CONCLUSIONS

We conclude by suggesting that in a direct analogy to 1D
aggregates described by Kasha’s model, 2D brick-like
aggregates can be tuned through control of the slip parameter.
In general, in 2D aggregates, a slip value less than 0.18 times
the brick length forms an H-aggregate, while a slip value
greater than 0.26 times the brick length produces a J-aggregate.
Interestingly, the remaining intermediate values result in I-
aggregation which shows characteristics of both J- and H-
structures. The observed spectroscopic behavior of Cy7-Ph
and Cy7-DPA is thus directly correlated to dye structures.
Our results demonstrate the significance of the aggregate
morphology and packing as a new avenue for tuning excitonic
properties. In general, 2D aggregates with strong SWIR
absorption can be made by simply tuning the solvation
environment of NIR dyes. However, for 2D aggregates, the
position of the bright state depends on the slip and is not
restricted to the band-edge unlike linear or dimer aggregate
systems allowing for emergent photophysics. Using temper-
ature dependence, we confirm that Cy7-Ph forms an I-
aggregate with dark states below the bright state. Cy7-DPA
also forms an I-aggregate but has a bright state closer to the
band-edge because of higher slip induced by the bulkier DPA
group. This may explain why both the aggregates were not
emissive. Nevertheless, 2D aggregates follow a generalized
classification scheme which provides a roadmap to designing
custom chromophore assemblies with desired properties. For
example, the central position on the cyanine bridge may be
further modified with bulkier groups to induce greater slips
between chromophores to achieve band-edge J-aggregates.
We can exploit the 2D topology to access unique excitonic
properties and employ them for NIR and SWIR antennas.
Wang and Weiss demonstrated enhanced FRET efficiency
between a quantum dot pair when mediated by a SWIR

absorbing J-aggregate.”” This occurs despite the apparent low
quantum vyield of the aggregate, suggesting I-aggregate-
mediated transport. I-aggregates present the possibility of
energy transfer via dark states that can be accessed via near-
field c0u6pling similar to the LH2 complex in photosynthetic
bacteria.”> Recently, a theoretical study has shown that dark
states in 2D aggregates can be accessed via near-field
coupling.®* Anantharaman et al. reported platelets of another
Cy3 dye which show very small narrowing with decreasing
temperature, suggesting that the platelets might be I-
aggregates.45 The interesting aspect of I-aggregates—a red-
shifted bright state far away from the band-edge—provides
opportunities for NIR/SWIR absorption and charge injection
into another semiconductor in photovoltaics, enabling a
complete utilization of the solar spectrum®>°>*® as well as
for exploring fast energy transfer from I-aggregates to enhance
the emission of NIR/SWIR materials.”” Recent studies have
shown deep-tissue imaging of mice vasculature usin_g flavylium
polymethine dyes with monomeric SWIR emission.” Chemical
modification of such dyes following the principles outlined
here could enable J-aggregation, pushing them deeper into the
SWIR with high molar absorptivity needed for low dosage
amounts. Furthermore, these materials open the possibilities
for exciton—polariton coupling at telecom relevant wavelengths
for antennas and other nanoscale optical devices.’®
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