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ABSTRACT: Molecular excitons are useful for applications in light harvesting, CY5 % % § 4 %9 Q4 Cy5.5
P

organic optoelectronics, and nanoscale computing. Electronic energy transfer Q 4

[l Metrics & More | @ Supporting Information

(EET) is a process central to the function of devices based on molecular excitons. 22 S
Achieving EET with a high quantum efficiency is a common obstacle to excitonic 3 ] ° | .
devices, often owing to the lack of donor and acceptor molecules that exhibit \é fr @ ‘.o ] Ex
favorable spectral overlap. EET quantum efficiencies may be substantially '

improved through the use of heteroaggregates—aggregates of chemically distinct iy ] 95‘ T -_—

dyes—rather than individual dyes as energy relay units. However, controlling the 0 1 5 3 p)
assembly of heteroaggregates remains a significant challenge. Here, we use DNA # of Cy5.5 dyes

Holliday junctions to assemble homo- and heterotetramer aggregates of the

prototypical cyanine dyes CyS and CyS.5. In addition to permitting control over the number of dyes within an aggregate, DNA-
templated assembly confers control over aggregate composition, i.e., the ratio of constituent CyS and Cy5.5 dyes. By varying the
ratio of CyS and CyS.5, we show that the most intense absorption feature of the resulting tetramer can be shifted in energy over a
range of almost 200 meV (1600 cm™"). All tetramers pack in the form of H-aggregates and exhibit quenched emission and drastically
reduced excited-state lifetimes compared to the monomeric dyes. We apply a purely electronic exciton theory model to describe the
observed progression of the absorption spectra. This model agrees with both the measured data and a more sophisticated vibronic
model of the absorption and circular dichroism spectra, indicating that CyS and CyS.S heteroaggregates are largely described by
molecular exciton theory. Finally, we extend the purely electronic exciton model to describe an idealized J-aggregate based on
Forster resonance energy transfer (FRET) and discuss the potential advantages of such a device over traditional FRET relays.

B INTRODUCTION

Molecular excitons are essential to applications in light
harvesting,"” organic optoelectronics,” and nanoscale comput-
ing.*"'" In light harvesting and organic optoelectronics, for
example, solar photons are converted into molecular excitons

by increasing the rate of EET or by decreasing the rate of
excited-state decay. The rate of EET is the rate at which an
exciton on a donor incoherently hops to a nearby, unexcited
acceptor. The rate of EET, which, in certain limits, is described
by Férster resonance energy transfer (FRET),"'~'° depends on

that undergo several energy-transfer steps from the site of
initial photoexcitation to the reaction center or charge-transfer
interface where they are converted into reaction products or
photocurrent. In nanoscale computing, molecular excitons
carry information and propagate between optical inputs, active
elements (such as logic gates), and optical outputs via energy
transfer. Each of these applications requires an overall high
efficiency, and therefore each step needs to be as efficient as
possible. Thus, strategies to increase the efficiency of energy-
transfer steps are desirable to improve the overall performance.

There are several parameters that determine the efficiency of
electronic energy transfer (EET) of molecular excitons, which
leads to a number of approaches to improve EET efficiency. At
the most general level, the efficiency of EET depends on
kinetic competition between the rate of EET and the rate of
excited-state decay. Therefore, EET efficiency can be improved

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

the coupling strength between the donor and the acceptor
along with the overlap between the donor emission and the
acceptor absorption spectra.*'®'” Thus, the rate of EET can
be increased by increasing the coupling strength between the
donor and the acceptor. However, this approach has practical
limits as FRET is only applicable in the limit of weak coupling.
Another way in which the rate of EET can be increased is by
improving the spectral overlap of the donor and acceptor. For
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Figure 1. Energy-level diagrams depicting monomer electronic states and associated dimer and tetramer aggregate excitonic states. (A) Energy-level
diagram for an ideal molecular dimer composed of two identical monomers, i.e, a homodimer, packing in the form of J- and H-aggregates. As a
result of excitonic coupling between the two monomers, two new excitonic states are formed with energies and transition dipole moment (TDM)
amplitudes dependent on the geometric arrangement of the monomers. The monomers comprising the dimer are represented as green ovals and
include TDM vectors as white arrows along the molecular long axis (i.e, assuming a rod-like shape for the molecule). There are two distinct
packing arrangements for J- and H-aggregates, resulting in four total distinct packing arrangements. A cartoon schematic for each of these packing
arrangements, i.e., the geometric arrangement of the monomers, is shown next to the corresponding excitonic state. Excitonic states able and unable
to optically couple to the ground state are depicted as thick solid lines and thin dashed lines, respectively. The higher- and lower-energy excitonic
transitions are forbidden for J- and H-aggregates, respectively. Optically allowed transitions are shown as red and blue arrows. (B) Energy-level
diagram for an ideal molecular dimer composed of two different monomers, i.e., a heterodimer, packing in the form of J- and H-aggregates. The
TDMs of monomers A and B are represented as white vectors enclosed in green and orange ovals, respectively. As in the homodimer, excitonic
coupling between the two monomers produces two new excitonic states, but, due to the nature of heteroaggregate coupling, the transitions to the
optically forbidden states become weakly allowed in heteroaggregates and are shown as thin solid lines. Because there is only one composition for
the heterodimer, i.e., AB, there is no ability to further tune the energies of these states. (C) Energy-level diagram for an ideal molecular tetramer
composed of four identical monomers, i.e., a homotetramer, packing in the form of an H-aggregate. As a result of excitonic coupling between the
four monomers, four new excitonic states result. For ease of viewing, the geometric arrangement of the monomers is only shown for the highest and
lowest energy states. (D) Energy-level diagram for an ideal molecular tetramer composed of two different monomers, i.e., a heterotetramer, packing
in the form of an H-aggregate. Excitonic coupling between the four monomers produces four new excitonic states; as in the case of the heterodimer,
the optical transitions that are forbidden in the homotetramer (i.e., the three lower-energy states) are weakly allowed. Because there are three
different compositions for the heterotetramer, i.e., AAAB, AABB, and ABBB, the energies of the heterotetramer excitonic states can be tuned.
Specifically, by adjusting the ratio of the two monomers comprising the heterotetramer, the excitonically split states can be tuned to higher or lower
energies.

example, dyes can be chemically modified to alter their packing determines the orientation of the constituent dye
electronic structure for improved spectral overlap. Chemically transition dipole moments (TDMs), which in turn governs the
modifying the dye structure, however, can be challenging in the aggregate’s transition energies and absorption and emission
case where several successive steps are necessary to achieve intensity.”' ~>* For example, when TDMs orient in an end-to-
long-range spatial separation of the electronic excitation end configuration, the resulting J-aggregate energy levels split
energy. An alternative approach is to use molecular dye and the absorption intensity is redistributed to the lower-
aggregates as the building blocks for long-range and spatially energy transition, leading to red-shifted absorption features
directed energy transfer. The transition energies of dye relative to the monomer (Figure 1A). Similarly, when TDMs
aggregates can be tuned and they can exhibit more intense orient face-to-face in a H-aggregate configuration, the
absorption and emission, both of which are desirable for absorption intensity is redistributed to the higher-energy
improving spectral overlap.lg’19 Examples of rapid long-range transition, resulting in blue-shifted absorption features.
and spatially directed energy transfer facilitated by aggregates An alternative, albeit less explored, way of tuning the
can be found in nature in the photosynthetic light-harvesting electronic structure is by assembling aggregates of two
complexes of certain extremophile bacteria.”’ chemically distinct dyes. It is instructive to first consider the
One way to tune the electronic structure is by assembling case where we have two homoaggregate dimers corresponding

aggregates of one type of dye and modifying their packing. Dye to two chemically distinct dyes, which, for simplicity, we

17165 https://doi.org/10.1021/acs.jpcc.2c04336
J. Phys. Chem. C 2022, 126, 17164—17175


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04336?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04336?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04336?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04336?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c04336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Scheme 1. Chemical Structures of Dual-Phosphoramidite-Functionalized Cy$S and Cy5.5 (Top) and Schematic Hlustrations of
CyS and CyS.5 Homo- and Heterotetramer Aggregates Templated Using DNA Holliday Junctions (Bottom)“

e e VN
AR

base [e)
O, » P (o]
P
7AS d’ \o k
o O_ - 3

o
s
b3

Cy5

¢ ¢
W v,

4
NZNZNZNZ"N

2 N,
O\P/o

[ I'O
/P\
DS

3. Cy5.5

“CyS and CyS.5 are represented as green and yellow circles, respectively. The DNA-dye constructs are composed of four dye-labeled
oligonucleotide sequences, with the oligonucleotide sequences shown as black lines with the half-arrowhead pointed toward the 5’ part of the
sequence and with the full sequence provided in Section S1. Gray lines between oligonucleotides represent hydrogen bonding between
complementary nucleobases. The DNA-dye construct configurations include two homotetramers (i.e., A;B;CsDs and A B CsDss) and three
heterotetramers (AsBsCsDss, AsBsCssDss, and AsBgsCs <Dy ), which are a subset of the 16 total possible tetramer configurations.

assume to have identical TDMs and exhibit the same packing
arrangement. In the case of J-aggregate homodimers of dyes A
and B, the lowest energy optical transition of the two
homodimers, AA and BB, are lower in energy compared with
the transition energy of the corresponding monomer and the
dimers exhibit enhanced radiative decay rates. Thus, while
there is some enhancement in the radiative decay rate, there is
no gain in the number of distinct transition energies (i.e., two
distinct monomer transition energies compared with two
distinct homodimer transition energies). Now, let us consider a
third possibility—the heterodimer, AB (Figure 1B). The
heterodimer will have new electronic states intermediate in
energy between those of the two homodimers and, in the case
of J-aggregation, maintain enhanced radiative decay rates and
increased absorption intensity. In the case of the heterodimer,
we now have additional electronic structure tunability without
the need for a third chemically distinct dye. This concept can
be extended further to higher-order aggregates such as
tetramers. As in the homodimer, the homotetramer offers no
gain in the number of distinct transition energies (Figure 1C).
In contrast, for a set of heterotetramers consisting of different
combinations of two chemically distinct dyes, five distinct
transition energies are possible. Specifically, the three distinct
transition energies that correspond to the heterotetramers (i..,
AAAB, AABB, and ABBB) are shown in Figure 1D, and there
are two additional distinct transition energies corresponding to
the two homotetramers (i.e., AAAA and BBBB). We now have
added tunability—the energy difference between the distinct
transition energies is smaller—meaning that we can tune
electronic structure on a finer scale. It is important to mention
that the possibility of assembling high-order aggregates, such as
heterotetramers, is not unrealistic, as studies on methyl red
aggregates,”® merocyanine aggregates,”® and crystalline poly-

17166

acenes”” have indicated that the spatial extent of exciton
delocalization in aggregates of these dyes can encompass as
many as six, eight, and ten dyes, respectively. The challenge in
implementing high-order heteroaggregates thus far has not
been the spatial extent of exciton delocalization—rather, it has
been in controlling their assembly.

A promising way of assembling heteroaggregates involves
harnessing the programmability and bottom-up self-assembly
of DNA. Using DNA nanotechnology, oligonucleotides with
specific sequences can be designed to self-assemble into a
variety of low-dimensional structures such as multi-armed
junctions,” dendrimers,” hairpins,”’ and loops.”" Much larger
DNA structures with sizes on the order of hundreds of
nanometers have also been realized through DNA origami,32
and similarly large vesicles, ribbons, and star-shaped structures
have been self-assembled using chemically modified, amphi-
philic duplex DNA where the ends are hydrophobic and the
interior is hydrophilic.”>** In addition to having enormous
structural diversity, DNA is amenable to a vast number of
chemical modifications including dye labeling. By chemically
attaching dyes to the DNA backbone, it is possible to bring
dyes into close proximity at sub-nanometer separations.
Through DNA templating, the aggregate size and composition
can also be controlled, which are distinct advantages over
solution-based assembly of aggregates. To date, DNA has been
used to systematically examine the structure and dynamics of a
number of strongly coupled homoaggregates,”> ** with
cyanines representing an exceptional class of dyes facilitating
the assembly and characterization of excitonically coupled dye
aggregates.”***»*>=*" Despite the relative ease with which
DNA can be used to assemble heteroaggregates, only a very
small subset of studies on DNA-templated dye aggregates have
included heteroaggregates.*”**~>° Further, these studies largely

https://doi.org/10.1021/acs.jpcc.2c04336
J. Phys. Chem. C 2022, 126, 17164—17175
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focused on the steady-state optical properties and electronic
structure of the DNA-templated heteroaggregates, without
details of the excited-state dynamics.

In this work, we show how to systematically tune the
electronic structure in a series of DNA-templated tetramer
aggregates by varying the aggregate composition. We use CyS$
and CyS.5, two chemically distinct and prototypical dyes used
in excitonics and imaging, and assemble the dyes into a series
of homo- and heterotetramer aggregates (Scheme 1). We
chose these specific dyes for their compatibility, which arises
from their similar chemical structures, large transition dipole
moment amplitudes,”’ overall similar optical spectra (in
spectral range and shape),” and their facile incorporation
into DNA oligonucleotides.”® Using steady-state absorption
and circular dichroism (CD) spectroscopy, we find that all of
the tetramers exhibit strong excitonic interactions and that the
constituent dyes pack in the form of H-aggregates.
Remarkably, as the composition of the tetramer is varied, i.e.,
by increasing the CyS.S content, we observe a progressive shift
of the primary absorption band to longer wavelengths over an
energy span of ~200 meV (~1600 cm™"). We find via steady-
state fluorescence measurements that all of the tetramers
exhibit quenched fluorescence. This result, combined with a
more than tenfold reduction in excited-state lifetimes of the
tetramers compared to the monomers as measured via
transient absorption, indicates that the tetramers exhibit
enhanced nonradiative decay relative to the monomers. We
use a purely electronic model based on molecular exciton
theory to explain the progression of the most intense and
highest energy absorption band of each homo- and
heterotetramer aggregate. In parallel, we simulate the steady-
state absorption and CD spectra via an approach based on the
Kithn—Renger—May (KRM) theory, which includes one
vibronic mode and produces a packing configuration and
excitonic interaction strengths similar to the purely electronic
model. We conclude by applying the model to an idealized
energy-transfer relay based on a series of J-aggregate homo-
and heterotetramers, which can transfer electronic excitation
energy over a large spatial distance (16 nm) with high
quantum efficiency (99.9%).

B RESULTS AND DISCUSSION

Electronic Structure Characterization via Steady-
State Absorption and Circular Dichroism. We first used
steady-state absorption spectroscopy to characterize the
electronic structure of Cy5 and CyS.S monomers attached to
DNA Holliday junctions. Section S1 includes details of the
oligonucleotide labeling and assembly of the DNA Holliday
junctions. Absorption spectra are shown in Figure 2A. The
monomer spectra resemble one another and are characterized
by a prominent lowest energy absorption band, with less
intense vibronic shoulders at shorter wavelengths. The
absorption maximum, which we assign to the 0—0 absorption
band, is located at ca. 653 and 695 nm for CyS and CyS.S,
respectively. The presence of additional aryl groups on CyS.5
extends the size of the conjugated network compared to CyS$
and results in the overall red-shifted absorption spectrum. For
both dyes, the next most intense (i.e., 0—1) absorption band is
shifted in energy by ~1100 cm™"' (~140 meV), indicating that
the electronic transition is coupled to a symmetric CC
stretching mode.”** The 0—1 absorption band is more
intense for the Cy5.5 monomer, indicating that the displace-
ment between the ground and lowest energy excited electronic
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Figure 2. Steady-state absorption spectra of the DNA-templated
monomer and heterotetramer structures shown in Scheme 1. (A)
Steady-state absorption spectra of representative CyS and CyS.5
monomers. The absorption spectra of all monomer configurations are
plotted in Section S2. (B) Steady-state absorption spectra of the
CyS—CyS.S homo- and heterotetramers. (C) Energy of the peak of
the most intense absorption band appearing in the spectra of the
homo- and heterotetramers displayed as a function of CyS.5 content.
Closed circles correspond to the most intense absorption band of the
five homo- and heterotetramer configurations shown in Scheme 1
(and plotted in panel B), while open circles correspond to the
remaining 11 heterotetramer configurations shown in Section SS.

potential energy surfaces (i.e., Sy and S,) is greater for CyS.S
than for CyS. An important precursor for excitonic interactions
(and delocalization) is the transition dipole moment (TDM)
amplitude.”” To gain insight into the magnitude of the TDM
of the monomers, we measured their extinction spectra. The
extinction spectra are useful in this regard because the peak
extinction coeflicient is generally proportional to the TDM
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amplitude.”* The results indicate that CyS and Cy$.5 have
peak extinction coefficients of ~239 000 and ~230 000 M™*
cm™!, respectively, with these values representing the average
of the peak extinction coefficient of the monomers attached to
each of the four strands of the Holliday junction (Section S2).
Such large peak extinction coefficients (and similar absorption
profiles) are consistent with the large calculated TDM
amplitudes of CyS and Cy5.5 of ~15—16 D.”"*>*° Taken
together, the results suggest that CyS and CyS.S are capable of
strong excitonic interactions when brought into close
proximity (i.e., sub-nanometer intermolecular separation).

Figure 2B displays the steady-state absorption spectra of five
different homo- and heterotetramer aggregates of CyS and
CyS.5. In the case of the CyS and CyS.S homotetramers, we
observe that their absorption spectra are drastically different
than those of the Cy5 and CyS.S monomers. Specifically, in
both cases, we observe (i) an intense primary absorption band
blue-shifted relative to the monomers, which is indicative of
strong excitonic interactions between dyes and (ii) an overall
blue shift of the absorption profile, which indicates the dyes are
packing in a primarily face-to-face, or H-aggregate, arrange-
ment. Additionally, we find that the most intense absorption
band of the CyS.5 homotetramer is considerably broader than
the corresponding absorption band of the CyS homotetramer.
We also measured the circular dichroism (CD) spectra of the
CyS and CyS5.5 homotetramers, which provide additional
evidence for strong excitonic interactions between dyes
(Section S3). Specifically, the monomer CD spectra are
featureless in the visible range, while the tetramer CD spectra
exhibit intense positive and negative peaks in the same spectral
region. The positions of the CD features in the CyS$
homotetramer at ~569 and 701 nm are consistent with a
prior report;”” the CD features in the Cy5.5 homotetramer are
consistent with the interpretation of strong excitonic
interactions between dyes and indicate that the additional
steric bulk via the introduction of the phenyl rings does not
compromise these strong excitonic interactions.

Motivated by the evidence of strong excitonic interactions in
the homotetramers, we proceeded to assemble and character-
ize a series of CyS and CyS5.5 heterotetramer aggregates
(Figure 2B). In the series, we successively substitute CyS.S
dyes with CyS dyes to result in the following heterotetramers:
ABsC:Ds, AsBsCs D55, and AgBs sCssDs 5. Remarkably, just
as we saw for the homotetramers, we also observe drastic
spectral changes for these heterotetramers, which indicates that
the chemically distinct CyS and CyS.5 dyes are capable of
strong excitonic interactions (Section S4). Specifically, all
heterotetramers exhibit an intense primary absorption that is
blue-shifted relative to both the CyS and CyS.5 monomer
absorption maxima, indicating a common H-aggregate packing
arrangement (and further indicating that the added steric bulk
with successive CyS.5 substitution does not disrupt this
common packing arrangement). Additionally, we find that the
absorption maxima and widths of the heterotetramers are
intermediate between those of the two homotetramers with
increasing CyS.S substitutions. Specifically, the most intense
transition energy (E) and its associated width () exhibit a
gradual progression from high to low energy and narrow to
broad width in the order Ecy;)cyss) > Ecyseicysse) >
Ecys()cys.s3) and Ocysa)cys.s1) < Ocys(2)cyss() < Ocys(1)Cys.s(3)
respectively.

To investigate the generality of this effect, we characterized
all possible heterotetramer configurations. In total, 14

heterotetramer configurations are possible, with three
representative mono-, di-, and tri-CyS.5 substituted config-
urations shown in Scheme 1. Section SS displays the schematic
of the remaining 11 heterotetramer configurations, along with
the absorption spectra for all 14 heterotetramers (including
those plotted in Figure 2). In all cases, i.e,, mono-, di-, and tri-
CyS5.5 substitution, the absorption spectra of the corresponding
heterotetramers are similar. The major differences include (i) a
slight energy shift of the most intense absorption band (as is
evident by comparing the solid and open circles displayed in
Figure 2C) and (ii) changes in absorption intensity in the
vicinity of where the Cy5 and CyS.5 monomers absorb. The
former observation, combined with the observation that the
dyes pack in a similar H-aggregate configuration in all cases,
suggests that, while the DNA brings the dyes close, the dye
packing is driven largely by self-association of the dyes, i.e.,
strong interdye interactions. We attribute the slight energy
shift of the absorption maxima either to subtle differences in
packing, which impacts the excitonic interaction strength, or to
differences in the solvent environment, i.e., solvatochromism.
The second observation, ie., that the absorption intensity
changes in the vicinity of where the CyS and Cy5.5 monomers
absorb, is consistent with past observations of a small
subpopulation of “optical” monomers in these materials,”*
which we attribute to either DNA “breathing”®® or different
packing in different DNA conformers.””>’

Excited-State Electronic Structure and Dynamics. We
next proceeded to characterize the structure and dynamics of
the lowest energy excited state of the homo- and
heterotetramer aggregates via steady-state fluorescence spec-
troscopy. Much like the CyS homotetramer solution where
extensive quenching compared to the monomer has been
observed,*”~>? all tetramer solutions exhibit highly quenched
fluorescence emission (Section S6). Such strongly quenched
fluorescence emission is consistent with enhanced nonradiative
decay in all of the tetramer structures. Interestingly, the
fluorescence emission spectra of the heterotetramer solutions
exhibit prominent emission bands peaking in the vicinity of the
most intense features in the CyS and CyS5.5 monomer emission
spectra. Furthermore, the heterotetramer solution emission
spectra strongly resemble a combination of the Cy5 and CyS.5
monomer emission spectra. As such, we assign the majority of
emission coming from the heterotetramer solutions as arising
from a small subpopulation of “optical” monomers, which was
confirmed by performing fluorescence excitation spectroscopy
measurements (Section S7). Previous work suggested that the
CyS homotetramer solution exhibited an exceptionally weak
emission band in the vicinity of ~800 nm.*® To determine
whether the heterotetramers are emissive and, if so, the
approximate spectral range of emission, we collected
fluorescence emission spectra over a range of excitation
wavelengths to generate fluorescence emission—excitation
surface plots. These measurements indicate that the homo-
and heterotetramer structures do indeed emit, albeit weakly, in
the range of ~750—850 nm (Section S7).

To gain insight into the mechanism of the enhanced
nonradiative decay, we additionally performed femtosecond
transient absorption (TA) spectroscopy measurements, which
are capable of probing both “bright” and “dark” excited states.
In the measurements, a pump pulse excites the sample and a
time-delayed probe pulse measures the electronic structure of
the electronically excited population. As such, different decay
pathways such as direct return to the ground state, conversion
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Figure 3. Transient absorption spectra (A) and kinetics traces (B) for a series of tetramers. The TA spectra correspond to a pump—probe delay of
3 ps. The main bleach features reflect the progression of the main steady-state absorption features. For samples A;BsC;Ds, A;BsCiDss,
AB;CsDss, AsBssCssDss, and AgBssCs Dy s, the excitation wavelengths were centered at ~565, 579, 587, 697, and 618 nm, respectively.

to triplet excitations, or conversion to charge carriers can be
evaluated. Figure 3A displays the normalized TA spectra for
the homo- and heterotetramer aggregate solutions excited near
their respective maxima and at a time delay of 3 ps. Each
spectrum exhibits an intense negative-going peak correspond-
ing to the ground-state bleach (GSB) of the most intense
absorption band. The GSB exhibits the same red-shifted
progression with increased CyS.S content observed in the
steady-state absorption spectra (Figure 2B). Much weaker GSB
bands are also visible at longer wavelengths for each of the
solutions, which we attribute to the weak absorption evident in
the steady-state absorption. Additionally, we observe positive-
going excited-state absorption (ESA) bands on both sides of
the primary GSB for all of the tetramers. The ESA to the red of
the primary GSB is most apparent as a positive peak at ca. 615
nm in the CyS homotetramer TA spectrum. With successive
CyS5.5 substitution, this ESA decreases in intensity, possibly as
a result of the overlapping primary GSB band, such that
tracking its peak position is not possible. On the blue side of
the primary GSB, the ESA bands do not follow a smooth
progression. Interestingly, the peak position of the ESA band of
the A;C;BsDg and A;BsCs D5 heterotetramers at ~460 nm
largely matches that of the CyS homotetramer, while the peak
position of the ESA band of the A;B;Cs ;D5 s heterotetramer
at ~500 nm largely matches that of the CyS.5 homotetramer.

We next consider the excited-state dynamics of the
tetramers. Figure 3B displays normalized kinetics traces of
the decay of the primary GSB feature for each tetramer in the
series. The kinetics traces all decay at a similar rate and recover
to baseline within S00 ps, with no apparent relationship
between the CyS.S content of the tetramers and the relaxation
rate. The complete recovery of the GSB indicates that the
entire excited-state population has returned to the ground
state, suggesting that the solutions contain no long-lived “dark”
populations. To determine the excited-state lifetimes of the
tetramer solutions, we performed global target analysis (GTA)
on the TA datasets (Section S8). GTA can be used to isolate
individual spectra and decay kinetics when overlapping signals
from multiple populations are embedded in a TA dataset. GTA
proceeds according to a kinetic model that states the number
of populations and their relationship to one another in terms of
the decay pathway (i.e., parallel and sequential). For all homo-
and heterotetramer TA datasets, we applied a two-component
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kinetic model that we previously used to model the TA of Cy5
homotetramers.”” The two-component model includes (i) an
initial component that we assign to a rapid structural relaxation
process, as is evident in changes in the excited-state absorption
bands and (ii) a second component that we assign to relaxation
to the ground state, based on the decay of all transient spectral
features including the GSB bands. The extracted lifetimes,
which correspond to the second component, are listed in Table
1. Perhaps surprisingly, we observe very little variation in the

Table 1. Excited-State Lifetimes of CyS and CyS5.5
Monomer and Tetramer Solutions

sample 7 (ps)

AsBCD 1870 + 20
ABCs D 920 + 10

AsB;CsDg 442 £ 06
AsBsCsDs s 383 + 0.5
ABsCssDs s 38.7 £ 0.5
A;sBssCssDs s 45.5 = 0.9
AssBssCssDss 586 £ 0.5

excited-state lifetimes of the series, which ranges from ~40 to
60 ps. The lifetimes of the tetramer solutions are more than an
order of magnitude shorter than the monomer solutions,
indicating that the excited-state quenching previously observed
in homotetramers also occurs in heterotetramers.”®>” This
result, combined with the dramatically reduced fluorescence
intensity of the tetramers compared to the monomers, further
corroborates that the quenched fluorescence of the tetramer
solutions results from rapid nonradiative decay to the ground
state. We assign the nonradiative decay to a nonadiabatic
transition from the lowest energy excited state (S;S,) to the
ground state (S,S,), and note that such quenching has been
observed in a number of additional strongly coupled dye
aggregate systems.58

Purely Electronic Exciton Theory Model of the
Electronic Structure. The similarities in appearance between
the tetramer absorption spectra (Figure 2B)—which is
mirrored in the TA spectra (Figure 3A) as well as the regular
progression both sets of spectra display with increasing Cy5.5
content—suggest that the dyes in each tetramer pack similarly
and experience similar excitonic interactions. To better
understand the observed progression of the absorption spectra,
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Figure 4. (A) Schematic illustration of the dye configuration used in the Hamiltonian. Black dots represent the TDM centers (pointing into and
out of the plane of the page). Lines represent the excitonic hopping parameter between pairs of dyes. (B) Energies of the blue-shifted absorption
maxima of the DNA Holliday junction-templated tetramer solutions as a function of CyS.S content (circles), and corresponding best fits of the
highest energy eigenvalue (horizontal lines) calculated from exciton theory using a single value for the exciton hopping parameter, Jy, as the only
fitting parameter (orange lines), and allowing Jy to vary for each structure (green dotted lines). The error bars represent the variance of the
absorption maxima for tetramers of a given composition. Two circles and fit lines are plotted for the tetramers composed of two CyS and two Cy5.5
molecules because of the two distinct symmetries associated with placing the like dyes at adjacent corners or across the diagonal of a square. The
full set of calculated energy eigenvalues for the global and individual fits is listed in Section S10.

we use a model based on Kasha’s molecular exciton theory to
predict the progression.”' > We made several assumptions to
create a model Hamiltonian. We first assumed that the dyes
were located at the four corners of a square with their TDMs
aligned parallel to one another and normal to the plane of the
square, which 4prior studies have indicated is approximately
representative.”> We additionally assumed that excitonic
interactions between pairs of dyes, described quantitatively
by the excitonic hopping parameter, J,,,, are independent of the
dye type. We were motivated to make this assumption as the
excitonic interactions between pairs of dyes are mediated by
their TDM, which seemed reasonable given that the TDMs of
CyS and Cy5.5 are similar.”"*>* Finally, we assumed that
excitonic interactions between dyes were mediated purely by
electronic coupling; that is, vibronic coupling was neglected.
The assumption here is reasonable, given the considerable
amplitude of the dye TDMs, which is associated with a fully
allowed electronic transition. These assumptions yield a
diagonally symmetric 4 X 4 Hamiltonian matrix. In the
Hamiltonian, we assume a single value for the excitonic
hopping parameter associated with nearest-neighbor dyes,
which we label Jy. Likewise, we assume a single value for the
excitonic hopping parameter associated with next-nearest-
neighbor dyes interacting across the diagonal, which we label
Jano and further assume that Jg = 27% X Jy due to the R®
dependence of J,,, on dye separation. The relationship between
Jx and Jyy is represented schematically in Figure 4A. Assuming
periodic boundary conditions, the Hamiltonian for such a
tetramer is given by

3 3
3+ Y 2l

j=ixl j=ix2

3
A=) eli)il +
j=0 (1)

where ¢, is the transition energy for dye i, which is 1.90 and
1.78 eV for CyS and CyS.S, respectively (see, e.g., Figure 2A).

We proceeded to examine whether the purely electronic
model could explain the progression of the transition energies
associated with the most intense absorption of the tetramers,

17170

shown as black circles in Figure 4B. We first fit the data
globally using a least-squares approach, varying only the
excitonic hopping parameter to calculate the energy
eigenvalues of the tetramer electronic transitions. We initially
assumed no next-nearest-neighbor coupling (ie., Jyy = 0). We
found that the best fit is achieved for a Jy value of 129 meV,
which produces an average error of 0.7% between the
measured transition energies and fitted energy eigenvalues.
We then performed the global fit assuming the next-nearest-
neighbor coupling is present (i.e., Jyy = 2732 x Jy). Since the
nearest-neighbor and next-nearest-neighbor couplings are
related by a coeflicient, the global fit still uses a single fitting
parameter. The best global fit was produced for a Ji; value of
108 meV, which produced the equivalent average error as
when assuming Jyy = O (Figure 4B, orange). The global fit
shown in Figure 4B agrees particularly well with the measured
highest energy electronic transitions for the heterotetramers,
but under- and overestimates the transition energies of the CyS
and CyS.5 homotetramers, respectively.

We then proceeded to fit the highest energy transitions for
each tetramer type individually. This fit is shown in dotted
green in Figure 4B. While there are no errors associated with
these fits, it is useful to compare the calculated Jy and Jyy
values, which are shown in Table 2. According to this model,

Table 2. Exciton Hopping Parameters that Produced the
Best Fit of the Highest Transition Energies of the Homo-
and Heterotetramers via the Purely Electronic Exciton
Theory Model

construct Jn (meV) Jan (meV)
A;sB;sCsDs 123 43
AsBsCsDs s 111 39
AsBsCssDs.s 110 39
AsBssCsDs 110 39
AsBs sCs sDs 105 37
AssBssCssDss 92 33
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the coupling between adjacent dyes exhibits a maximum value
of 123 meV for the CyS homotetramer, decreases to a value of
~110 meV for the heterotetramers and is independent of
composition, and further decreases to a value of 92 meV for
the CyS.5 homotetramer. A possible explanation for this trend
may be due to the extra bulkiness (i.e., aryl groups) associated
with Cy5.5 in the heterotetramers and CyS.5 homotetramer
preventing the dyes from packing as close. The ability of this
model to fit the highest energy transitions for all tetramers with
a single fitting parameter suggests that the assumptions of the
model are physically reasonable. For example, the good match
of the exciton theory model with the data suggests that
excitonic interactions between dyes are largely mediated by
electronic rather than vibronic coupling.

To gain additional insight into the results of the purely
electronic exciton theory model, we simulated the optical
properties of the tetramers using a deeper level of theory.
Specifically, we simulated the steady-state absorption and CD
spectra via a model based on KRM theory.”" In the KRM
modeling approach, the best fit to the steady-state absorption
and CD spectra is found by simulating a range of dye
orientations within the aggregate."””” The KRM modeling
approach calculates J,,, between every pair of dyes within the
aggregate, models the TDMs as extended dipoles, and
incorporates vibronic coupling to a single mode, making a
comparison of the results of the KRM modeling an excellent
test for the validity of the assumptions inherent to the exciton
theory model. In the KRM modeling approach employed here,
the centers of the extended dipoles were constrained to a
square configuration, while the zenith and azimuthal angles
were allowed to vary. The procedure was iterated to determine
optimal dye separation (i.e., the edge length of the square
configuration). Section S11 overlays the steady-state absorp-
tion and CD spectra of the Cy5 and CyS5.5 homotetramers
with fits from the KRM modeling. Table 3 displays the
associated Jy and Jyy values.

Table 3. Excitonic Hopping Parameters of the
Homotetramers Derived from KRM Modeling

construct Jn (meV) Jan (meV)
ABC.Ds 106 69
AgsBssCs.sDs.s 70 20

We then compared the results of KRM modeling to those of
the purely electronic exciton model. For the CyS homote-
tramer, we find that the Jy values in Table 2 (purely electronic
model) are consistent with the corresponding values in Table 3
(KRM modeling approach), indicating good agreement
between the two approaches. Interestingly, the J value derived
via the purely electronic model is slightly larger (~16%) than
the value derived via the KRM modeling approach, while Jyy is
appreciably smaller (~38%). We explain the discrepancy in Jyy
values by considering that the excitonic coupling experienced
between the extended dipoles used in KRM exhibits more
gradual drop off at close range compared to the purely
electronic model, which treats the TDMs as point dipoles. For
the CyS.5 homotetramer, Jy and Jyy values derived for the
purely electronic model are ~31 and ~65% larger than the
values derived by the KRM model, respectively.

Next, we compared the dye packing configurations of the
two models. While the symmetry of the Hamiltonian matrix
used in the purely electronic model implies the dyes are

oriented perfectly parallel, the results of the KRM modeling
indicate that the TDM vectors deviate somewhat from this
ideal configuration. This deviation captures the circular
dichroism exhibited by the tetramers. For the CyS homote-
tramer, this deviation is relatively small, and the average
deviation from parallel for each pair of dyes is ~17° (Section
S11). For the CyS.S homotetramer, however, the TDM vectors
deviated more appreciably, with an average deviation from
parallel of ~51°. The greater deviation from parallel calculated
for the Cy5.5 homotetramer is consistent with its more
complicated and intense CD response compared to the CyS
homotetramer, which may also account for the greater
deviation from the Jyy predicted by the purely electronic
model. Based on the agreement between the results of the
KRM and the purely electronic models, we conclude that the
dyes in the homotetramers pack approximately in the
configuration of a square and that the assumptions inherent
to the purely electronic model are sufficiently valid to enable
basic predictions of the electronic structure of the CyS and
CyS.S homo- and heterotetramers (for additional details and
discussion, see, e.g., Section S12).

Idealized J-Aggregate FRET Relay. Our finding that the
electronic structure of CyS and CyS.5 homo- and hetero-
aggregate tetramers can be tuned by changing the aggregate
composition, and that the resulting spectral variations are well
described by a purely electronic exciton theory model, has
interesting implications, particularly when extended to J-
aggregates. The properties of J-aggregates, specifically their
intense and narrow absorption bands and increased radiative
rates relative to monomers,'¥'”%? are of interest for
applications that involve EET. If the cyanine dyes CyS and
CyS5.5 could be assembled in the form of J-aggregates of
varying composition, the resultant material could potentially
find application in organic optoelectronics, light harvesting,
and nanoscale computing, as discussed in the Introduction.

To illustrate the potential impact of our results on EET, we
next discuss how a FRET relay comprised of tunable J-
aggregate heterotetramers might function. This idealized
energy relay (Figure SA) begins with a CyS.5 monomer,
includes three bridging CyS and CyS5.5 homo- and
heterotetramers, and ends with a Cy5—CyS.S heterotetramer.
Using the purely electronic exciton theory model as it would
apply to the J-aggregate geometry, we calculated the transition
energies using the Hamiltonian

3 3
A= Z gln){nl + Z JIn) (ml

n=0 n=m=+1 (2)

where we assumed a J, value of 120 meV because it is
comparable to the values derived for the H-aggregate homo-
and heterotetramers. The calculated transition energies, in this
case corresponding to the fully allowed lowest energy
electronic transition, are shown above the corresponding J-
aggregate homo- and heterotetramers in Figure S. The
tetramers are organized to spatially direct the EET; that is,
EET proceeds downhill in energy from left-to-right in the
diagram. To estimate the rates and efficiencies of EET in the
FRET relay, we next simulated the optical spectra of the J-
aggregate homo- and heterotetramers to extract the radiative
rates of each tetramer and the absorption and emission spectral
overlap integrals, which determine the EET rates.'” Implicit in
the calculated radiative rates is the assumption that the TDMs
associated with each dye in the tetramer interact cooperatively,
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Figure 5. (A) Schematic diagram of the idealized J-aggregate FRET relay. CyS and CyS.S dyes are shown in green and yellow, respectively. The
relay begins with CyS.5 monomer, includes three intermediate homo- and heterotetramer J-aggregates, and ends with a heterotetramer J-aggregate.
The energy value for CyS.5 corresponds to 1.78 eV; shown above each homo- and heterotetramer is the calculated energy corresponding to the
lowest energy electronic transition. Transition dipole moments of the constituent dyes are indicated by white arrows. Double headed arrows labeled
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i.e, the tetramers exhibit superradiance, which is a

potential advantage of using J-aggregates for EET. Additionally,
the tunability of heteroaggregates can potentially be used to
optimize spectral overlap integrals. For specified end-to-end
EET quantum efficiencies, @y, we calculated EET rates and
maximum separations for the different donor—acceptor pairs
(Section S13).

Figure SB shows the relationship between the calculated
maximum end-to-end distances and quantum efliciencies for
the FRET relay. The results of these calculations have
relevance to a number of applications based on EET. For
example, the overall device efficiency of organic solar cells is
often limited by the exciton diffusion length (typically ~10
nm), which is generally an order of magnitude smaller than the
absorption length (i.e,, ~100 nm).**~% Long-range spatially
directed energy transfer up to 34 nm with an efficiency of 90%
may benefit organic solar cells by facilitating spatially directed
EET toward an electron donor/acceptor interface.”” Figure SB
shows that a larger efficiency of 99% is achieved for a smaller
distance of ~23 nm, which may benefit light-harvesting
systems where it has been suggested that large spatial
separation of antenna complexes and reaction centers (i.e.,
greater than 10 nm) may prevent excitation quenching via
chemical oxidation.”” Even higher EET quantum efficiencies
are possible for smaller end-to-end distances (although we
acknowledge that deviations from the point-dipole approx-
imation in this regime may cause quantitative disagree-
ment' % —gee, e.g, Section S14). Higher EET efficiencies
may benefit applications in nanoscale computing,* which are
envisioned to include optical inputs, active elements, and
optical outputs where EET mediates the transfer of excitons.
For example, 99.9 and 99.99% quantum efficiencies, which
result in end-to-end distances >10 nm, correspond to error
rates of 1 in 1000 and 1 in 10 000, where the exciton does not
transfer to the end of the relay. Such error rates are clearly
within the 1% error permitted by computational error
correction procedures.”’”’ The potential impact of such an
idealized FRET relay on the applications highlighted above
sheds promising light on the future utility of tunable
heteroaggregates.
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B CONCLUSIONS

In conclusion, we showed that the electronic structure of
tetramer aggregates of two chemically distinct cyanine dyes is
progressively tunable by modifying the aggregate composition.
Specifically, we used DNA Holliday junctions to template
homo- and heterotetramer aggregates of CyS and CyS.S. The
optical properties, including absorption and CD, exhibit a
progressive trend with respect to CyS5.5 content; the overall
blue shift of the absorption spectra was consistent with similar
H-aggregate packing across the series. The aggregates in this
form exhibited quenched fluorescence emission and short
excited-state lifetimes. We applied an exciton theory model to
describe the progression of the electronic structure, which had
a number of assumptions including purely electronic
interactions. The agreement between the experimental results,
the purely electronic exciton theory model, and more advanced
modeling based on KRM theory validated these assumptions.
We proceeded to use the purely electronic exciton theory
model to estimate end-to-end distances and overall EET
quantum efliciencies for an idealized J-aggregate-based homo-
and heterotetramer relay. If such FRET relays can be realized,
they would have profound implications in a diverse range of
fields including light harvesting, organic optoelectronics, and
nanoscale computing.
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