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We studied the exciton delocalization of indodicarbocyanine 5 dye
derivative (Cy5-R) heterodimers templated by a DNA Holliday junction
(HJ), which was quantified by the exciton hopping parameter J,, .
These dyes were modified at the 5 and 5’ positions of indole rings with
substituent (R) H, Cl, tBu, Peg, and hexyloxy (Hex) groups that exhibit
different bulkiness and electron-withdrawing/donating capacities. The
substituents tune the physical properties of the dyes, such as hydro-
phobicity (log P) and solvent-accessible surface area (SASA). We tuned
the J,,,, of heterodimers by attaching two Cy5-Rs in adjacent and
transverse positions along the DNA-HJ. Adjacent heterodimers exhib-
ited smaller J,,, compared to transverse heterodimers, and some
adjacent heterodimers displayed a mixture of H- and J-like aggregates.
Most heterodimers exhibited J,,, values within the ranges of the
corresponding homodimers, but some heterodimers displayed syner-
gistic exciton delocalization that resulted in larger J,,,, compared to
their homodimers. We then investigated how chemically distinct Cy5-R
conjugated to DNA can interact to create delocalized excitons. We
determined that heterodimers involving Cy5-H and Cy5-Cl and a dye
with larger substituents (bulky substituents and large SASA) such as
Cy5-Peg, Cy5-Hex, and Cy5-tBu resulted in larger J,,,. The combi-
nation provides steric hindrance that optimizes co-facial packing
(bulky Cy5-R) with a smaller footprint (small SASA) that maximizes
proximity. The results of this study lay a groundwork for rationally
optimizing the exciton delocalization in dye aggregates for developing
next-generation technologies based on optimized exciton transfer
efficiency such as quantum information systems and biomedicine.
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New concepts

Understanding and controlling exciton delocalization in dye aggregates is
critical for developing next generation exciton-based materials for quantum
computing, light harvesting, and organic optoelectronic applications. We
studied a new method to control exciton delocalization between organic dyes
templated on DNA nanostructures. By building heterodimers of Cy5
derivatives (Cy5-R) containing a variety of substituents, we were able to
obtain dimers that allowed for precise control of exciton delocalization
quantified by the exciton hopping parameters (/,,,) as well as dye dimers
that exhibited exciton delocalization that exceeded those of homodimers.
Furthermore, through computational modeling based on the exciton theory,
we obtained the relative orientation of each dye. These results provided
insights into the interactions between the substituents and information on
different types of dimer geometries, which could lead to rational design and
engineering of molecular quantum materials.

1. Introduction

There has been growing interest in the use of exciton deloca-
lization in dye aggregates to enhance exciton transfer capabil-
ities for quantum information processing in next-generation
technologies.'™ Dyes can spontaneously self-assemble via non-
covalent interactions, such as van der Waals forces and hydro-
phobic effects, to form x-mer aggregates (e.g., x = 2, dimer and
x = 3, trimer). Yet, the self-assembly of dyes in solution is
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sensitive to solvent properties, such as solubility’ and ionic
strength,® resulting in minimal control of the type of aggregate
formation. An alternative approach is the covalent attachment
between dyes to form superdyes, examples of which have been
obtained using squaraine (SQ),””® merocyanine,” dimethylfluo-
resceins,'® and perylene bisimide dyes,'' but the synthesis
procedure of these superdye molecules requires complex
chemical steps. In contrast, engineered DNA structures were
identified as an excellent template material to control the
aggregation of homo- (m = n) and heteroaggregates (m # n).
The hybridization of DNA duplexes by using Watson-Crick-
Franklin base pairing between complementary sequences
facilitates the engineering of linear, branched, and three-
dimensional DNA structures with predictable nanoscale
features.’>* This also enables the assembly of covalently
attached dyes along the DNA strands. Dyes are attached to
DNA strands for numerous purposes, such as exploring dye
properties for new applications in quantum computing and
biosensing’>*® and understanding the optical characteristics of
dye aggregates.'” > Two essential features that can be achieved
using DNA as templates to assemble dyes are explored in
the present study. The first is the ability to form x-mers with
desirable dye properties that cannot be achieved without tem-
plating (i.e. aggregation of dyes with extreme solubilities, either
too high or too low). Some studies have used cyanine
(Cys)'”'%?*%?% and methyl red'”*° covalently attached to DNA
templates to assemble heteroaggregates; others have used DNA
templates to promote aggregation of SQs***° and Cy5s>" with
limited water solubility to investigate exciton delocalization.
The second is the capability to control the orientation of
transition dipole moment (TDM) of dyes and dye-dye interac-
tions by attaching dyes in adjacent and transverse positions
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within the 4-arm DNA Holliday junction (DNA-H]J). The position of
the dye along the DNA-H]J affects the interdye interaction and optical
properties of the aggregate. For example, SQ dimers attached to
DNA-HJ templates through a single tether showed a higher exciton
delocalization in the adjacent configuration®>*® while Cy5 deriva-
tives attached via two tethers showed a more pronounced exciton
delocalization in the transverse configuration.*'****

Coulombic interaction between dyes enables a collective
sharing of electronic excitation energy, leading to quantum
delocalized excitation and Frenkel excitons.>® The interaction
between dyes m and n enabling the exciton delocalization is
quantified directly by the exciton hopping parameter J,,,. This
parameter denotes the exchange energy between the TDM of dyes
in the aggregate approximated as a dipole-dipole interaction.> In
the incoherent weak-coupling limit, this exchange energy mediates
Forster resonance energy transfer (incoherent hopping); in the
strong-coupling regime, it mediates exciton delocalization and
coherent transport of energy. Therefore, J,,, is a key parameter
of the Frenkel exciton Hamiltonian and its control is essential for
impactful applications of engineered dye aggregates. These appli-
cations range from biosensing,>***” and light harvesting,***° to
quantum computing,*?>374041

The optical properties of dye aggregates, such as absorption
intensity and J,, ,, depend on the relative orientation of the
TDM of dyes. According to molecular exciton theory,**** strongly
coupled TDMs lead to energy level hybridization that splits the
excited state levels and redistributes oscillator strength among
the new levels into vector sums of the constituent TDMs. An end-
to-end TDM orientation forms J-aggregates, where the higher
energy transition is out of phase such that, for identical TDMs,
the contributions cancel each other and oscillator strength is
redistributed to the symmetric lower energy transition, resulting
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Fig. 1 Schematic illustration of electronic transitions of (A) homodimer (m = n) and (B) heterodimers (m # n) relative to their monomers m and n as
described by molecular exciton theory.** The formation of dye aggregates induces exciton delocalization splitting into higher and lower excited energy
states (E™ and E7) relative to the corresponding monomers. The transition into a higher- (lower-) energy excitonic state is forbidden for J- (H-)
aggregates, respectively (dot arrows). In the dye structure, dots (purple and blue) represent modified substituents of Cy5-R in 5 and 5’ positions of indole

rings and the arrow represents the TDM orientation.
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in a red-shifted (ie. bathochromic shifted) absorption feature
relative to the monomer.>**® In contrast, face-to-face oriented
TDMs form H-aggregates redistributing the oscillator strength to
the higher energy transition, leading to a blue-shifted absorption
spectrum relative to the monomer.**** Oblique aggregates have an
intermediate configuration between J- and H-aggregates with obli-
quely oriented TDM, and both energy transitions are allowed>*
(Fig. 1). Homodimers****”%° and heterodimers,”"”**** exhibit
changes in photophysical behaviors relative to their monomers due
to the delocalized excitons.*® In both types of dimers, excited states
split into lower and higher energy levels. In homodimers, if we
ignore vibronic coupling, the energy splitting is symmetric and
determined solely by J,,, because identical dyes have the same
energy state (Fig. 1A). However, in practice, as the peak blueshifts,
the vibronic coupling causes oscillator strength to transfer to the
higher energy vibronic shoulder such that the splitting between
absorption peaks is typically asymmetric.*” In heterodimers, excited
state energies split symmetrically about the average of the excited
state energies of the constituent dyes, endowing an identical shift
to each transition that depends on both J,, , and the difference in
the excited state energies of the monomers. Greater differences in
the monomer excited state energies result in smaller shifts. While
optical transitions into the higher or lower energy excited state only
is allowed in H-aggregate and J-aggregate homodimers respectively,
transitions into both the highest and lowest state are allowed in
heterodimer H-aggregates due to incomplete cancellation of the
nonidentical TDMs’ (Fig. 1B).

Tuning the physical properties of the constituent dyes can
alter dye packing in aggregates and is a promising method to
tune exciton delocalization. For example, high hydrophilicity
(or low hydrophobicity) reduce the aggregation ability of dyes
leading to a greater inter-dye distance and resulting in a small
Jmn2%%° Customized substituents (-R) of dyes, such as hydro-
gen (H), n-hexyloxy (Hex), triethylene glycol monomethylether
(Peg), tert-butyl (¢Bu), or chloro (Cl), provide the dyes with
unique properties (e.g., hydrophobicity)'® that impact the dye
aggregation capability. A previous study found that hydropho-
bicity plays an essential role in Cy5-R aggregation, but the dye
orientation and J, , are influenced more by the bulkiness of the
substituent.”® Homodimer systems provided valuable insights
into the understanding of optical properties and the ability
to delocalize excitons by tuning the dye properties. However,
heterodimer systems may reveal an enhanced ability to tune
optical properties and exciton delocalization compared to homo-
dimers. The molecular exciton theory'® supports changes in the
absorption spectra feature'”'® that are indicative of a coherent
interaction between chemically distinct dyes. Recently, exciton
delocalization, tunable electronic structure, and energy transfer
were explored by assembling Cy5 and Cy5.5 templated by
DNA-H].>*** Heterodimers (Cy5-Cy5.5) exhibited J,,, (95 meV)
between the J,,,, of homodimers Cy5 and Cy5.5 (69-116 meV);**
heterotetramers showed similar results.*®

Here, we report a method for systematically tuning the
optical properties and exciton delocalization in Cy5-R hetero-
dimers attached to the core of DNA-H]Js. There are two major
advantages in using the DNA-HJ in this work. First is the

2336 | Nanoscale Horiz., 2024, 9, 2334-2348

View Article Online

Communication

chemical flexibility to attach dyes in close proximity at the HJ
core in order to characterize and maximize strong excitonic
coupling for dyes on DNA. Second is the spatial tunability to
place dyes at different sites within the core (e.g., adjacent and
transverse dimers), which allows us to explore dye-dye interac-
tions that determine dye packing and orientation. This type of
flexibility afforded by the DNA-HJ allows us to study how
excitonic coupling from heterodimers might be controlled
using different dye types and dye placements, which would
likely be impractical using other DNA scaffolds. A significant
outcome of the present study is that some Cy5-R heterodimers
exhibited greater exciton delocalization ability with a larger J,,, ,
compared to their corresponding homodimers, highlighting
the synergistic interaction of dyes with different chemical
properties. Cy5-Rs were chosen for the present study due to
the convenient tuning of spectral properties that allow for a
detailed characterization of monomers and dimers using
steady-state spectroscopy.>’ Physical properties of Cy5-R were
quantified by the hydrophobicity (log P) and solvent-accessible
surface area (SASA), and the substituents were characterized by
their bulkiness and electron-withdrawing capacity. Two Cy5-Rs
were placed at adjacent (adjacent dimer) or transverse (trans-
verse dimer) positions along the DNA-H]J to tune J,, ,. The KRM
model simulation tool based on the Kiihn-Renger-May
theory*® was used to estimate J,,,, and the orientation of the
TDMs of dyes. The tendency observed in some adjacent hetero-
dimer samples to form subpopulations with different J,, , and
packing arrangements led us (i) to investigate all possible
dimer configurations in DNA-HJ of Cy5 Peg-Cl, H-Cl, and
tBu-H, and (ii) to conduct transient absorption spectroscopy
using representative heterodimers to confirm the presence of
subpopulations in the adjacent dimer.

2. Materials and methods

2.1 Characterization of Cy5-Rs and synthesis of DNA
constructs

The Cy5-R (R: H, Hex, Peg, tBu, or Cl) derivatives, except Cy5-H,
are not commercially available. The synthesis and method of
attaching these dyes to DNA strands were described by Meares
et al.'® Unmodified Cy5 has H atoms in the 5,5'-positions of
the indole ring, which were symmetrically substituted by R
substituents (Fig. 2A and B). The attachment of customized
Cys5 with different substituents into single DNA strands (Fig. 2B
and C) via two 3-carbon covalent linkers (labeled DNA) has
no significant influence on the DNA optical properties (e.g.,
absorption spectra). This is because dyes behave independently
of the DNA and of the aliphatic linkers."®

To gain insights into the characteristics of the substituents
used to modify Cy5-H, data on local bulkiness (4-value) and
electron-withdrawing capacity (Hammett constant, ¢,) were col-
lected from the available literature (Table 1). A-value represents
the energetic preference of the equatorial position imparted by a
substituent on cyclohexane; a high A-value indicates a locally
bulkier substituent.”>*' The Hammett constant (¢},) quantifies

This journal is © The Royal Society of Chemistry 2024
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Structructure of Cy5 dye and modified substituents -R
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Fig. 2 Schemes of the Cy5-R structure with attachments in the DNA Holliday junction (DNA-HJ). (A) Scheme of the chemical structure of Cy5-R, within the
DNA backbone. The arrow inside the Cy5-R structure represents the transition dipole moment (TDM), and R indicates the 5- and 5'- positions of the indolenine
rings where substituents are placed. (B) Schematic structure of R substituents. (C) Cy5-R dye combinations to form heterodimers (Cy5 R,,—R,) of Cy5
derivatives. (D) Schematic representation of monomers, and adjacent AB and transverse AC heterodimers templated by DNA Holliday junction (DNA-HJ).

the electronic effect of replacing H (o, = 0) with other substi-
tuents; electron donating and withdrawing substituents exhibit
negative and positive oy, respectively.”® The physical properties
of Cy5-Rs were characterized by their hydrophobicity and the
area the solvent could access (SASA). The hydrophobicity, repre-
sented by the octanol-water partition coefficient (logP), was
calculated using Percepta software; the more hydrophobic dyes
exhibit a higher log P.'® SASA was calculated using optimized
ground state Cy5-R structures in the ChimeraX software package
with SASA function.*” A larger SASA indicates a higher accessible
surface area by the solvent (buffer solution containing the DNA
constructs), which correlates with the size of the substituents.
DNA constructs, monomers (Cy5-R) and heterodimers
(Cy5 R,—R,), were synthesized using equimolar concentrations
of labeled and unlabeled (DNA without dye) complementary
DNA strands (see DNA strands and nucleotide sequences in

This journal is © The Royal Society of Chemistry 2024

Section S1, ESIT). The synthesis of DNA constructs was performed
in IXTAE + 15 mM MgCl, buffer solution, using a similar
approach to that used for homodimers.”’ Monomers have one
Cy5-R in a DNA-H]J, while adjacent and transverse heterodimers
have two different Cy5-Rs (Fig. 2D). Adjacent heterodimers have
two Cy5-Rs in two half-complementary DNA strands (e.g., AB), and
transverse dimers have two Cy5-Rs in two noncomplementary
DNA strands of the DNA-HJ (e.g., AC). The present study includes a
total of 76 unique heterodimers. Initially, 40 Cy5 R,-R,, hetero-
dimers (20 AB/BA adjacent and 20 AC/CA transverse dimers) were
synthesized to examine their properties compared to homodi-
mers. However, the observed results led us to synthesize all
possible combinations of adjacent (AB/BA, AD/DA, BC/CB, and
CD/DC) and transverse (AC/CA and BD/DB) Cy5 Peg-Cl, Cy5 (Bu-
H, and Cy5 CI-H heterodimers. All DNA constructs were annealed
in an Eppendorf Mastercycler (Eppendorf; Hamburg, Germany) by

Nanoscale Horiz., 2024, 9, 2334-2348 | 2337
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Table 1 Characteristics of Cy5-R dyes and their substituent (R) groups

Characteristics Characteristics
. of substituents of dyes

Substituents ~—m—
(R) of Cy5s o A~value’  Dye Cy5-R  logP° SASA?
H 0 0 Cy5-H 1.73 591
Cl 0.22 0.48 Cy5-Cl 2.35 679
tBu —0.20 1.85° Cy5-tBu 3.43 670
PEG —0.26 ~0.9 Cy5-PEG 1.58 1225
Hexyloxy —-0.27 ~0.9 Cy5-Hex 5.66 1033

% Hammet constant in the para position that represents the electron-
donating capability of the substituent.”! ? Bulkiness of substituents
(kcal mol™").*" ¢ Calculated using Percepta software from Advanced
Chemistry Development, Inc. (Toronto, Canada).*® ¢ Solvent accessible
surface area (A%) calculated using Chimera. ¢ Upper range of A-value
calculated using a conformational model based on the interconverting
conformational enantiomers of bilirubin that assess substituents size
from head-to-tail steric comprehension.*®

heating up to 95 °C and then gradually cooling down until to 4 °C
(see details in Section S1, ESIT).

2.2 Optical characterization of DNA constructs

Steady-state absorption, circular dichroism (CD), and fluores-
cence spectra were measured to characterize the optical features
of DNA constructs. All measurements were conducted at 20 °C
using samples dissolved in 1x TAE with 15 mM MgCl, buffer.

Absorption spectra were measured using a Cary 60 UV-vis
spectrophotometer. 2 M solution of DNA construct (monomer
or dimer) was placed in a 10 mm path length quartz spectro-
meter cell (110 pL), and data were collected from 200 to 900 nm
within a 1 nm step interval and 0.1 s integration time.

CD spectra were measured using a JASCO J-1500 CD spectro-
photometer. 2 uM solution of DNA construct was filled in a
10 mm path length quartz spectrometer cell (110 pL), and data
were collected from 200 to 850 nm with 1 nm step intervals at
100 nm min ", and 4 s digital integration time.

Fluorescence spectra were measured using a TECAN plate
reader exciting from above. 100 pL of 1 uM DNA construct
solution was filled in each well of a 96-well black microplate,
resulting in a 1.25 mm path length and maximum OD of 0.05 to
avoid inner filter effects. The emission intensity was scanned
from 630 to 900 nm at a fixed 615 nm excitation wavelength.
Fluorescence excitation spectra were measured by scanning the
excitation wavelength from 450 to 720 nm with the emission
wavelength fixed at 740 nm. In both cases, the data were
collected in 1 nm steps.

Ultrafast transient absorption (TA) spectra were recorded
using a commercial TA spectrometer (Ultrafast Systems, Helios)
driven by a 1 kHz 100 fs Ti:Sapphire amplifier (Coherent,
Legend Elite) and a tunable optical parametric amplifier
(Coherent, Topas). Dye-labeled DNA solutions were prepared
to 6.67 uM in 1x TAE buffer with 15 mM MgCl, in a 2 mm
cuvette. The solution was filtered through 0.2 micron PES filters
to remove debris that scatter light. The solution was stirred
during illumination to minimize photodegradation. The excita-
tion beam was polarized at the magic angle with respect to the
white light probe to eliminate artifacts associated with

2338 | Nanoscale Horiz., 2024, 9, 2334-2348
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rotational depolarization. All data were chirp corrected using
the ultrafast response of pure buffer. Photoselection of the
reddest absorption peak as well as the strongly enhanced 0-1
vibronic shoulder was used to preferentially photoexcite J-like
and H-like geometry dimer subpopulations, respectively.

2.3 KRM modeling and data analysis

The orientation of TDMs of dyes and the resulting J,,, of
heterodimers were calculated using the heteroaggregate KRM
model simulation tool (version eviHAv2, 2022). KRM theory,*®
which is an extension of molecular exciton theory that includes
vibronic coupling rather than only electronic coupling, and it is
sometimes called vibronic coupling theory. The theoretical
formulation and fitness metrics behind the homoaggregate
KRM model simulation tool were described by Roy et al.?”
The simulation for heteroaggregates operates similarly to the
KRM modeling tool for homoaggregates used in previous
studies.’®***”73° Both types of KRM model simulation tools
simultaneously fit experimental absorption and CD spectra
using the key parameters of the different monomers (Table S3,
ESIY) to estimate the orientation of TDMs of dyes and their J,, ,
in an aggregate. The difference is that the heteroaggregate
simulation tool allows input of the characteristics (e.g., energy
levels) of each monomer to compute the orientation of TDMs of
dyes and J,, ,, of the dye heteroaggregate. In contrast, the homo-
aggregate simulation tool allows only the input of one type of
monomers, considering that the same type of dye forms homo-
aggregates. See more detailed differences between the homoag-
gregate and heteroaggregate KRM model simulation tools in
Section S4 (ESI¥).

The prepared dye-DNA constructs generally exhibited a
single type of dimer in the solution, but some samples exhibited
a mixture of dimers (e.g. J- and H-like aggregates). Initially, all
samples were modeled as having a single type of dimer using two
distinct dye TDMs. However, in some samples, the overlap
integral between the experimental and theoretical absorption
and CD spectra as a single dimer was low. Therefore, a new
approach was modeled using four TDMs of dyes to form two
types of dimers, as described by Pascual et al.>° The model was
configured such that the two modeled dimers did not interact.

The relationship between J,, , and properties of the dyes or
their substituents was analyzed using linear regression analysis
(LRA). The coefficient of determination R-square (R*), scaled
from 0 to 1, represents the goodness of fit, and slope (b)
measures the changes of J,, for each unit change on the
independent variable (dye or substituent properties).

3. Results and discussion
3.1 Properties of the Cy5-R monomer templated by DNA-HJ

The absorption and emission spectra of monomers measured
in the present study showed similar features to those reported
in our previous study of Cy5-R synthesis'® and homodimers.**
The maximum absorption spectra peak of Cy5-R monomers
templated by DNA-HJ ranged between 652 and 681 nm, while

This journal is © The Royal Society of Chemistry 2024
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the emission peaks ranged between 668 and 705 nm (Fig. 3A
and B).

The absorption peak of Cy5-R monomers gradually shifted
to a longer wavelength (red-shifted) with the increasing
electron-donating character of substituents (more negative o)
in the order H < tBu < Peg < Hex (Fig. S1A, ESIt), while Cy5-
Cl also showed a red-shift. The absorption peak shifts to longer
wavelengths can be explained by the following changes
in HOMO/LUMO energy levels imparted by the substituents:
An electron-withdrawing group lowers HOMO and LUMO ener-
gies but the effect is greater on the LUMO leading to a lower
energy transition compared to an H group at the same position.
The inverse applies to electron-donating groups, that is, HOMO
and LUMO have increased energy but the effect is greater on the
HOMO."® A similar relationship was exhibited between the Cy5-
R monomer absorption peaks and bulkiness of substituents
(A-value) that increases in the following order: H< Cl < Peg ~
Hex < tBu (Fig. S1B, ESIT). Nevertheless, the bulkiness of
substituents does not necessarily have a direct influence on
the absorption and emission peaks, since similar peaks could
be expected in dyes with a different bulkiness as observed in
other cyanine dyes.’® Regarding the properties of dyes, absorp-
tion peaks of Cy5-Rs and logP bear no relationship while a
stronger correlation was observed between the Stokes shifts and
logP (R* = 0.98), as well as between SASA and maximum
absorption peaks (Fig. SIC-E, ESIt). Interestingly, Cy5-Rs with
a larger SASA exhibited a lower emission intensity (Fig. 3B). The
causative effect of dye SASA with the absorption peak position
and fluorescence emission intensity as well as between log P and
Stokes shift is unknown. However, these results confirm that
different R substituents provided the Cy5-Rs with new properties
that can impact the exciton delocalization in heterodimers.

3.2 Properties of Cy5 R,,~R, heterodimers templated by
DNA-HJ

Changes in absorption, circular dichroism (CD), and fluorescence
features of Cy5-R heterodimers templated by DNA-HJ relative to
their monomers confirmed the successful formation of aggregates
and coherent interaction of two chemically distinct dyes (Fig. 4
and Section S3.2, ESIT). All adjacent and transverse heterodimers
exhibited an increase in the oscillator strength of the 0-1 vibronic
absorption transition due to vibronic coupling and oscillator
strength transfer from the blue-shifted higher energy absorption
peak relative to the low-energy peak of monomers (Fig. 4A and D
and Sections S3.1 and S3.2, ESIt). As expected, heterodimers
exhibited absorption peaks at different wavelengths than homo-
dimers (Fig. S22, ESIT). The energy transition exhibited by hetero-
dimers relative to their monomers confirms the exciton
delocalization between two chemically distinct Cy5-Rs. This result
agrees with the molecular exciton theory proposed by Kasha®**?
and the vibronic coupling described by Khiin.*> Moreover, our
findings are supported by studies of other DNA-templated dye
aggregates,'” 19?43 and dyes covalently bound between each
other’ ™ exhibiting different optical features than their respective
monomers.
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Fig. 3 Optical properties of Cy5-R monomers templated by DNA-HJ. (A)
Molar extinction coefficient (¢ in M~ cm™) of Cy5-R determined using the
absorption spectra of monomers. (B) Emission intensity of monomers
normalized to absorptance®® at 630 nm excitation wavelength. Measure-
ments were performed in IXTAE + 15 mM MgCl, buffer solution. Shadow in
(A) and (B) depicts the variation range of spectra intensity exhibited by the
monomers A, B, C, and D templated by DNA-HJ, and values indicate the
location of the maximum peak wavelength.

The adjacent or transverse position of the same pair of dyes
in the DNA-HJ template had a remarkable influence on the
absorption spectra feature of heterodimers. The features of
absorption spectra among transverse heterodimers were simi-
lar to each other; they exhibited a predominant peak at a
shorter wavelength (high energy level) that indicates a stronger
excitonic coupling than adjacent heterodimers. Some adjacent
heterodimers showed absorption peaks near the absorp-
tion peak of their monomers, especially heterodimers where
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Fig. 4 Optical characterization of the representative (A)—(C) adjacent Cy5 H-Hex AB and (D)—(F) transverse Cy5 H-Hex AC heterodimers templated by a
DNA Holliday junction (DNA HJ). The experimental (A) and (D) absorption and (B) and (E) circular dichroism (CD) spectra of heterodimers were converted
into molar extinction coefficient units (¢ M~* cm™?). The experimental absorption and CD spectra were modeled (dashed line) using a method based on
Kuhn—-Renger—May approach (KRM model). (C) and (F) Plots of excitation and emission spectra of heterodimer (lines) and absorption spectra of
monomers and heterodimer (shadow). The excitation and emission spectra were measured at fixed wavelengths of 740 and 615 nm, respectively. See the

spectra of all heterodimers of the present study in Section S3 (ESI+).

Cy5-tBu was not involved. Cy5 Hex-H AB is a representative
adjacent heterodimer (Fig. 4A) showing an H-aggregate peak at
612 nm resulting from vibronic coupling and oscillator
strength transfer between the blue-shifted higher energy 0-0
energy level and the 0-1 vibronic shoulder. This heterodimer
exhibited two additional peaks at ~655 and ~ 673 nm, which
may represent the presence of either monomers or a secondary
dimer subpopulation, as further investigated in Sections 3.3
and 3.4. Other heterodimers with similar behavior to Cy5 Hex-
H AB are Cy5 Cl-Hex (AB and BA), Cy5 H-Cl (BA), Cy5 H-Hex
(BA) Cy5 H-Peg (BA and AB), and Peg-Cl (AB and BA) (Section
S3.2, ESIf). These observations in heterodimers are consistent
with the stronger exciton delocalization observed in Cy5 trans-
verse homodimers templated by DNA-HJ compared to adjacent
homodimers.?"**** The generally different exciton coupling
between adjacent and transverse dimers may arise from the
interaction of dyes with the neighboring nucleobases® and the
conformation of the DNA structure.’>

Fluorescence (emission and excitation) and the absorption
spectra of heterodimers indicated the formation of heterodimer
aggregates. The heterodimers exhibited fluorescence suppression
(FS) relative to the average of the emission of the two monomers
in the range of 87 and 99% (Section S3.5, ESIt), which is

2340 | Nanoscale Horiz., 2024, 9, 2334-2348

consistent with the FS that has been observed in strongly coupled
Cy5 dimers on DNA.”»**>3 The FS of heterodimers varies depend-
ing on the emission intensity of the participant monomers, but
there is a general trend of a greater FS in transverse than adjacent
heterodimers. This result is consistent with the co-facial arrange-
ment adopted by transverse heterodimers with large J,,, , and short
center-to-center dye distance (R, ) (Section 3.3), which make
quenching of fluorescence from wavefunction overlap more likely.
Fluorescence excitation and absorption spectra of the monomers
are similar;>*> however, Cy5-R heterodimers exhibited dissimilar
normalized fluorescence excitation and absorption spectra. The
excitation spectra of transverse heterodimers were remarkably
comparable to the absorption spectrum of one of the monomers,
generally to the monomer exhibiting the higher emission inten-
sity (Fig. 4F). This result suggests that the detected emission
intensity in heterodimer samples could arise from small subpo-
pulations of monomers that remain despite efforts using equi-
molar concentrations of labeled and unlabeled DNA strands to
synthesize the HJ structures. Samples still can contain traces of
monomers regardless of purification during the synthesis of dye-
DNA constructs assuring near 100% labeling efficiency.>® Another
explanation of this emission intensity of dimers could be the
fluctuation of the DNA template that can result in momentaneous

This journal is © The Royal Society of Chemistry 2024
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separated dyes that behave like monomers.>® On the other hand,
some adjacent heterodimers exhibited a dissimilar excitation
spectrum to the absorption spectrum of the heterodimer or
monomers, suggesting that there may exist a secondary dimer
subpopulation (Fig. 4C). These observations led us to investigate
the formation of heterodimer subpopulations, namely a mixture
of dimers with different j,,, (Section 3.3), and to confirm our
assumption using transient absorption (TA) spectroscopy of
representative samples (Section 3.4).

Heterodimers generally exhibited well-defined right-handed
bisignate CD spectra (Fig. 4B and E); however, some samples
(e.g., transverse Cy5 Peg-H and ¢Bu-Peg) exhibited close-to-zero
CD signals. Adjacent and transverse heterodimers exhibited
different CD signal features; adjacent heterodimers generally
exhibited a stronger signal. The intensity of the CD signal relies
on the mutual orientation of the TDM of dyes, the distance
between dyes (R, ), and the coupling strength of aggregates
(Jmn)->""¢ A weak CD signal could be justified by the planar
packing arrangement and the suspected presence of dimers
with similar packing but opposite chirality.”” The presence of
multiple configurations of dimer orientations or dimers with
subpopulations (e.g., a mixture of J- and H-aggregates) showing
a weak CD is also possible. Nonetheless, a close-to-zero signal
does not necessarily signify the absence of exciton delocaliza-
tion, nor does a high CD signal always correlate with a single
population of dimers. A close-to-zero CD signal could indicate
the presence of almost equimolar concentrations of chiral
dimers where the left- and right-handed CD signals cancel each
other. Another possibility is the planar packing arrangement or
formation of pure H- or J-dimer. In this study, CD of Cy5 tBu-
Hex and Cy5 H-Hex exhibited a single dimer and a mixture of
dimer populations, respectively (Sections 3.4 and S3.2, ESIT).
These two heterodimers exhibited a strong CD signal, which
suggests that a strong CD signal can arise from the presence of
a single or a mixture of dimer subpopulations.

Unlike other Cy5-R heterodimers, switching the position of
dyes in Cy5 tBu-Cl from AB to BA shifted the CD signal from left
handed to right handed, though the BA dimer showed a weakly
right-handed CD signal. Both heterodimers exhibited compar-
able excitonic coupling strength (Section 3.3). This result
revealed that the formation of chiral heterodimers is achievable
by simply switching the dye position between the A and B
strands of the DNA-HJ, where the handedness of the CD signal
is favored by the attached position of dyes in the DNA-H]J.
A previous study achieved the formation of chiral homodimers
by using unequal lengths of the single linker that attaches SQ-
Cl, to the DNA strands.?® In contrast, a change in the length of
linkers of Cy5 tBu-Cl was not necessary to form chiral hetero-
dimers in the present study, demonstrated by the CD spectra at
different AB:BA heterodimer ratio (Section S3.4, ESIt). Chiral
dimers could open research horizons for developing materials
that rely on programable system chirality.*®

We now discuss the absorption and fluorescence spectra of
the heterodimers in Fig. 4 in the context of possible multiple
conformations of the DNA-HJ scaffold. It's known that the
DNA-HJ can undergo transitions between open and closed

This journal is © The Royal Society of Chemistry 2024
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structures. However, at the relatively high concentration of
Mg>" (at 15 mM MgCl2) the DNA-HJ exists mainly in the closed
form.?>>” We consider absorption and fluorescence spectra
anticipated from the two closed form structural isomers, Iso I
and Iso II, as shown schematically in Fig. S35 and S36 (ESIY).
For transverse heterodimers in Iso I, the dyes are expected to be
relatively far apart (dye separation = 30 A) and weakly coupled.
This dimer configuration is expected to produce monomer-like
absorption spectra with fluorescence primarily from the lower
energy dye. In contrast, for transverse heterodimers in Iso II,
the dyes are expected to be closely spaced and strongly coupled.
This dye arrangement tends to produce blue-shifted absorption
spectra with strongly quenched fluorescence from the strongly
coupled heterodimer. In the case of the representative trans-
verse AC heterodimer Cy5 H-Hex, the absorption spectrum is
strongly blue-shifted from the constituent monomers. Besides,
the fluorescence excitation spectrum overlaps well with the Cy5-
H monomer absorption spectrum. These observations support
Iso II as the dominant form. If Iso I is present at an equal mole
fraction to Iso II then we would expect to observe strong
absorption peaks from the Cy5-H and Cy5-Hex monomers.
We would also expect strong fluorescence from the Cy5-Hex
dye via Forster resonance energy transfer (FRET) from Cy5-H
and from direct excitation of Cy5-Hex. However, these signa-
tures are not observed for transverse AC Cy5-H Cy5-Hex or
for the other transverse heterodimers studied in this work.
We suspect that strong van der Waals attraction between the
hydrophobic Cy5 dyes leads to a lower free energy for Iso II.

The situation for adjacent heterodimers is more complex.
Fig. S5-2 (ESIt) suggests that the dye separations in Iso I and
Iso II are similar. In this situation we would expect Iso I
and Iso II to produce similar signatures in their absorption
and fluorescence spectra. From these measurements alone, it is
not possible to determine whether both structural isomers are
present or if one of them is favored.

3.3 Dye packing and exciton delocalization of adjacent and
transverse heterodimers

The KRM modeling of heterodimer absorption and CD spectra
indicate strong coupling between the two chemically distinct
Cy5-Rs and provide the packing arrangement of the dyes
(Fig. 5A and B). Using a DNA-HJ template, we achieved the
formation of heterodimers with relatively small center-to-center
dye distances (R, , = 0.34-1.27 nm) leading to strong exciton
delocalization (J,,, = 43-133 meV) (Fig. 5C-H). Marked differ-
ences in packing arrangements and exciton delocalization were
observed between transverse and adjacent heterodimers tem-
plated by the DNA-H]. All transverse dimers exhibited only one
H-like packing (single dimer population). In contrast, some
adjacent dimers exhibited two types of packing (dimers with
subpopulations) with large and small J,,, ,, respectively (Sections
S4.1 and S4.2, ESIf). These dimers with subpopulations
were observed especially when Cy5-tBu was not part of the
dimer. The modeling results confirmed the two types of pack-
ing arrangements suspected from the absorption spectra fea-
ture in the adjacent heterodimers Cy5 Hex-H (AB and BA),
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details of KRM modeling parameters and results in Section S4 (ESI¥).
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asterisk (*) in the heat plot indicate that the heterodimer has subpopulations and the depicted values correspond to the dimer with a larger J,, .. See
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Cy5 Cl-Hex (AB and BA), Cy5 H-Cl (BA), Cy5 H-Peg (BA and AB),
and Peg-Cl (AB and BA) (Section 3.2 and Sections S4.1 and $4.2,
ESIt). Further insights into the difference in packing arrange-
ments were gained by preparing all possible combinations of
adjacent (AB, BC, CD, and AD) and transverse (AC and BD) Cy5
Peg-Cl, Cy5 tBu-H, and Cy5-H-Cl heterodimers (Section $4.3,
ESIT). The presence of adjacent dimers with subpopulations
was consistent with findings in Cy5-R*" and SQ*° homodimers
templated by a DNA-HJ via a double and single linker, respec-
tively. Additionally, selected samples underwent transient
absorption spectroscopy measurements which confirmed the
presence of dimer subpopulations that exhibited H- and
oblique-like packing in adjacent dimers, while transverse
dimers showed only one population that exhibited packing of
only H-like aggregates (Section 3.4).

The formation of two types of dimers with different J,,, in a
sample may arise from the interaction of multiple factors, which
requires further investigation. One factor may be the orientation of
the Cy5-R relative to the DNA due to its interaction with the
neighboring nucleobases,” influenced by the properties of the dye
itself,2213%8 a5 well as the conformation of the DNA-HJ.>*> The
DNA-HJ can take on different conformations (Iso I and Iso II)*°
potentially affected by the placement of the two Cy5-Rs in adjacent
or transverse positions (Section S5, ESIt), as discussed later in this
section. Thus, the dye position in the DNA-HJ favors the formation
of homogeneous types of aggregates when dyes are attached in
transverse positions. In samples exhibiting two types of dimers,
the dimer exhibiting the larger J,, , represents the upper limit on
the exciton interaction strength that can be achieved. Therefore,
dimers with a larger J,,,, and their respective packing character-
istics were used to compare the difference between adjacent and
transverse dimers and the influence of dye properties on J,, ,,.

The extent of exciton delocalization of heterodimers was
influenced by the position of the dyes in the DNA-HJ. Adjacent
(AB) dimers exhibited J,, , between 47 and 119 meV, center-to-
center dye distance (R, ,) between 0.44 and 1.27 nm, and
minimum interdye distance (d,,,) between 0.34 and 0.41 nm.
Transverse dimers exhibited J,,, , between 73 and 133 meV, R, ,
between 0.34 and 0.56 nm, and oblique angles between TDM of
dyes (¢t,,) between 4 and 16° (Fig. 5C-H and Sections S4.1 and
S4.2, ESIt). The generally large J,, , and short interdye distances
exhibited by transverse dimers compared to adjacent dimers
indicated that strong exciton delocalization is favored in trans-
verse dimers in the DNA-HJ. This result is consistent with
observations in Cy5 homodimers that have two points of attach-
ment of the dye to the DNA via a 3-carbon linker (Fig. 24).>"?
However, it differs from observations of SQ homodimers attached
to the DNA using a single 5-carbon linker attached to a modified
thymine base, which exhibited a larger J,,, in adjacent than
transverse dimers.”*° The long single linker may provide a
greater degree of freedom to SQs for adopting an optimal packing
configuration and the two shorter linkers restrict Cy5s as sug-
gested in previous studies.’”*' However, the dye-DNA linker
structure could impact conformations of DNA-HJ leading to a
different packing configuration when dyes are attached in adja-
cent and transverse positions within the DNA-H]J.
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The structural conformations of DNA-H]J, which depend on
the salt concentration for unlabeled DNA-H]J, may explain the
stronger exciton delocalization exhibited by transverse Cy5-R
heterodimers compared to adjacent heterodimers. A low salt
concentration leads to the formation of an X-shape open DNA-
H]J structure due to the electrostatic repulsion between the
arms,®® whereas high salt concentration (e.g. =5 mM Mg>")
leads to the formation of stacked Iso I and Iso II DNA
conformers.®*®> The shape of Iso I and Iso II are more likely
to be formed in our systems that used 15 mM MgCl,. These two
conformers are the same but the adopted structure in each arm
relative to the central branch point is opposite (e.g., horizontal
H-shaped: Iso I and vertical H-shaped: Iso II). The ratio of these
two iso conformers of unlabeled DNA-H] is base pair sequence
dependent,® but the attachment of Cy5-Rs to the DNA strands
in two points may promote one type of DNA-HJ conformer as
shown in Fig. S35 (ESIT). Thus, adjacent dimers are likely to
adopt oblique-like packing geometry exhibiting longer R, , and
larger «,,, compared to transverse dimers that adopt face-to-
face packing geometry with shorter R,,, and smaller «,,, as
described in Section S4 (ESIt). This approach agrees with the
generally smaller J,, , value in transverse compared to adjacent
dimers (Fig. 5C and D).

Successful formation of heterodimers led to higher j,, ,, than
exhibited by some homodimers, revealing synergistic exciton
delocalization of different dyes. The estimated J,,, values of
heterodimers were generally between the J,, , of homodimers,
which is consistent with findings in Cy5-Cy5.5 heterodimers.”*
Strikingly, some transverse heterodimers exhibited remarkable
dye interaction, exhibiting larger J,, , values greater than either
of their homodimers. ], , of transverse AC homodimers Cy5 Cl,
Cy5 Hex, and Cy5 H were 85, 104, and 73 meV, respectively.>' In
contrast, J,, , of transverse AC heterodimers Cy5 H-Hex and Cy5
Cl-Hex fall in the range of 127-133 and 132-133 meV, respec-
tively. This result suggests the long hydrophobic tail Hex
produces tighter packing of Cy5-Hex (logP = 5.7 and SASA =
1033 A%) with less hydrophobic Cy5-Rs that have smaller sub-
stituents, such as Cy5-H and Cy5-Cl. It seems that the large size
and large hydrophobicity of Cy5-Hex enables the spatial accom-
modation of the relatively small Cy5-Cl in the packing. Addition-
ally, the bulkiness of Hex and Cl orients the TDM of the dyes.>"

Physical properties of the dyes played an essential role in the
ability to alter Jf,, in heterodimers. The linear regression
analysis (LRA), based on the slope (b) and R-squared (R?),
revealed a high dependence of J,,, on the dye pair properties
such as hydrophobicity, SASA, and A-value. This dependence
was stronger in transverse (higher R*) compared to adjacent
Cy5 H-R and Cy5 CI-R (R: tBu, Peg, Cl, or Hex) heterodimers
(Fig. 6 and Section S6, ESIT) possibly influenced by the DNA-HJ
conformers as discussed above. In the LRA analysis of Cy5 H-R
(Fig. 6A and D), outliers were observed when examining the
effect of hydrophobicity and SASA on J,, ,. The reason for the
difference in aggregation of Cy5-Peg and Cy5-H, which have
comparable hydrophobicity, is due to their molecular sizes and
structure. Peg, being an amphiphilic group, can interact with
water as H-bond acceptors because of the polyether oxygen
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See analysis for Cy5 Peg-R, Cy5 Hex—R, and the relationship of J,, , with other properties of Cy5-R in Section S6 (ESI¥).

atoms, while this interaction is not possible with other R
groups. After removing the outliers, it was observed that the
transverse Cy5 H-R heterodimers were more dependent on
hydrophobicity (R* = 0.92, b = 27.7) and SASA (R*> = 0.80, b =
0.22) compared to adjacent heterodimer hydrophobicity (R* =
0.57, b = 20.8) and SASA (R> = 0.37, b = 0.15). When examining
the effect of the bulkiness of substituents on J,, ,, Cy5 H-tBu
heterodimers were not included because the local bulkiness of
the substituent of the paired dyes arises mainly from ¢Bu. After
excluding the outliers, it was found that the transverse Cy5 H-R
heterodimers have a higher dependence on the bulkiness of the
substituent (R* = 0.84, b = 124.9) compared to adjacent hetero-
dimers (R* = 0.53, b = 88.6) (Fig. S37, ESIt). Similarly, examining
Cy5 CI-R, heterodimers with Cy5-Peg and Cy5-¢tBu were outliers
when assessing the influence of hydrophobicity and SASA
(Fig. 6B and E and Fig. S38, ESIt), as well as A-value, respec-
tively. After excluding the outliers, transverse heterodimers
demonstrated a stronger dependence on the hydrophobicity
(R* = 0.98 b = 24.9), followed by SASA (R* = 0.91, b = 0.21), and
the bulkiness of the substituent (R* = 0.81, b = 98.9). In contrast,
adjacent heterodimers exhibited a weak dependence on hydro-
phobicity (R* = 0.49, b = 21.5), followed by the A-value of the
substituent (R* = 0.46, b = 81.5), and SASA (R* = 0.27, b = 0.14).
Additionally, it is noteworthy to highlight that switching the dye
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position from Cy5 H-CI AB (J,, , = 47 meV) to BA (J,,,,, = 88 meV)
had a great impact on the exciton delocalization. This result
supports the potential interaction of dyes with neighboring
nucleobases in the DNA-HJ.*!

On the other hand, J,, , of Cy5 tBu-R (Fig. 6C and F and
Fig. S39, ESIT), Cy5 Peg-R, and Cy5 Hex-R were weakly depen-
dent on the dye properties (R> < 0.61) (Fig. S40 and S41, ESIY).
These dyes exhibited large J,,,, for Cy5 tBu, Cy5 Hex, and Cy5
Peg adjacent and transverse homodimers, in the range of 96—
119 and 104-138 meV, respectively.”’ The large J,, of these
homodimers was explained by the collective effect of hydro-
phobicity that increases the propensity of dye interaction and
the high A-value that orients the dyes in a co-facial geometry.>*
Additionally, the large molecular sizes of ¢Bu, Hex, and
Peg (Table 1) enhances the van der Waals forces due to the
greater interaction area between dyes and increased electron
density around the molecule.®®** Therefore, heterodimerization
between Cy5 ¢Bu, Cy5 Hex, and Cy5 Peg, which are dyes
with large and bulky substituents, exhibited generally larger
Jm,n values. This is because the characteristics of the substituents
promoted the interdye interaction. The J,, value of heterodi-
mers falls between the estimated range for homodimers (Fig. 5C
and D). This finding is consistent with results for Cy5-Cy5.5
heterodimers.*® Interestingly, when forming heterodimers

This journal is © The Royal Society of Chemistry 2024
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between dyes with relatively large A-values (tBu, Hex, Peg) and
dyes with relatively small A-values (Cl, H), the steric hindrance
from the large A-value dye increases the likelihood of forming a
co-facial heterodimer with large J,,, (Section S6, ESIf). This
outcome suggests that the large J,,, mainly arises from dyes
that have the large bulkiness of substituents and SASA, which
agrees with the result in Cy5-R homodimers that large substi-
tuents enforce the H-like packing.>"

The LRA revealed no correlation between J,,,, of heterodimers
and the electron-withdrawing capacity (c,,) of Cy5-R substituents.
This result disagrees with a previous finding of enhanced aggre-
gation and dimerization by increasing the electron-withdrawing of
substituents.” This disagreement is explained by the difference
between Cy5 structures used in the previous (trimethine bridge
and benzothiazole rings) and the present study (pentamethine
bridge and indolenine rings). Compared to trimethine-bridged
dyes, pentamethine-bridged dyes aggregate more readily.** Ben-
zothiazole is a sulfur-containing structure that consists of a
benzene ring fused to a thiazole ring, while indole consists of a
benzene ring fused to a pyrrole ring. The sulfur atom in the
thiazole ring confers a negative electrostatic potential region
compared to pyrrole rings® that influences the electron cloud
of the dyes, and hence their interdye interaction.

Overall, the results of the present study demonstrated that
Jm,» of Cy5 H-R and Cy5 CI-R heterodimers can be significantly
altered by changing the properties of the pairing dye (SASA and
hydrophobicity) and the bulkiness (4-value) of their substituents.
This result agrees with previous studies which found that dye
hydrophobicity enhances the dye packing.?**'*%*® That is
because hydrophobic interactions promote n—n stacking stability
of noncovalent interaction.®® However, the bulkiness and size of
the dye substituents determine the orientation of the TDM and
preference for cofacial interactions and n-n stacking (H-type
aggregates) of the dyes.”’ Heterodimers formed between Cy5
tBu-R, Cy5 Peg-R, and Cy5 Hex-R were less tunable and they
were dependent on their SASA and bulkiness of substituents.
Thus, heterodimers formed with dyes that have similar hydro-
phobicity but different SASA and A-values such as Cy5-Peg and
Cy5-H, the larger J,,, is exhibited by heterodimers formed with
dyes that have larger SASA and bulkier substituents (Cy5-Peg). The
results of KRM modeling agree with the previous studies that
hydrophobicity is one of the main factors bringing dyes into
proximity, enhancing the formation of aggregates.”>*"**® This
result demonstrated that SASA and bulkiness of the substituents
are important factors in determining exciton delocalization when
hydrophobicity is not in play. It was observed that dyes having
comparable bulkiness of their substituents but contrasting hydro-
phobicity such as Cy5 Peg (logP = 1.7, A-value = ~0.9) and Cy5
Hex (log P = 5.7, A-value = ~0.9.) exhibited similar J,, , values. The
overall effect on exciton delocalization of heterodimers depends
on the combined properties of dyes and their substituents.

3.4 Transient absorption spectroscopy of selected adjacent
and transverse heterodimers

Ultrafast transient absorption (TA) can reveal the presence of
multiple subpopulations of dimers in a solution by exploiting

This journal is © The Royal Society of Chemistry 2024
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differences in their absorption spectra and lifetimes. This
method was previously used to distinguish between H-like and
J-like aggregates in Cy5-H homodimers,”® which exhibit large
and small J,, , values, respectively. Here we use photoselection to
investigate the suspected formation of a mixture of aggregates in
transverse and adjacent Cy5-R heterodimers (Fig. 7). Heterodi-
mers Cy5 H-Hex were selected as representative samples
because they represent well the ambiguous sample of the dimer
with subpopulation (Fig. 4) and the switched position of dyes
(e.g., from AB to BA) exhibit similar absorption spectra. For the
Cy5 H-Hex AC transverse dimer, photoexcitation at 713 nm
selects the reddest peak of the absorption spectra. The resulting
TA spectra are characterized by ground state bleach (GSB)
spectra that mirror the dimer absorption spectra; the dominant
feature is the 0-1 vibronic shoulder of the absorption spectra
that gains oscillator strength through vibronic coupling in a H-
like co-facial geometry. Photoexcitation at 603 nm directly excites
this dominant absorption feature and results in nearly the same
spectra. We conclude that the transverse dimer is characterized
predominantly by a co-facial H-like geometry.

Conversely, photoselection of the Cy5 H-Hex AB adjacent
dimer reveals different TA responses associated with two sub-
populations. Photoexcitation at 682 nm selects the reddest peak of
the absorption spectra, resulting in TA spectra characterized by a
dominant 0-0 GSB peak near 680 nm with an overlapping excited
state absorption (ESA) peak near 650 nm. The shape of this
response is characteristic of Cy5-R dimers in an end-on-end J-like
geometry.”>®” Using molecular exciton theory, the ESA band has
been previously assigned to the transition between the symmetric
singly excited state, a.k.a molecular exciton, to the lower sym-
metric delocalized doubly excited state, a.k.a. biexciton.®”” How-
ever, photoexcitation of the 0-1 vibronic shoulder near 612 nm
that dominates the absorption spectra reveals two peaks to the
GSB, with the 0-1 peak dominating. This GSB does not mirror the
adjacent dimer absorption spectra. Instead, the TA response is a
combination of an H-like and J-like dimer response. Subtracting
the J-like response measured for 682 nm excitation from the TA
spectra measured for 612 nm excitation reveals a TA spectrum
that resembles that measured for the transverse dimer. While
excitation of Cy5-hex B monomer, which might be present in the
sample in small quantities,*® is possible at 682 nm pump
wavelength, the associated kinetics (Fig. S42, ESIt) confirm the
presence of a subpopulation of J-like dimers. We conclude that
the adjacent dimer exhibits two subpopulations: an H-like dimer
and a J-like dimer geometry, which have different optical proper-
ties. This is qualitatively consistent with the results of KRM
modeling of the absorption and CD spectra for these dimers.

4. Conclusions and research outlook

In this study, we demonstrated exciton delocalization (quanti-
fied by J..) of heterodimers using five Cy5-R derivatives
templated by DNA-HJ to form adjacent and transverse dimer
aggregates. Exciton delocalization in Cy5-R heterodimers was
evident by the shifts of their absorption spectra relative to their

Nanoscale Horiz., 2024, 9, 2334-2348 | 2345
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Fig. 7 Transient absorption spectra of (a) Cy5 H-Hex AC transverse and
(b) Cy5 H—Hex AB adjacent dimer measured 1 ps after photoexcitation at
wavelengths chosen to photoselect any H-like or J-like geometry sub-
populations. The excitation wavelengths are indicated and color coded.

monomers, CD spectra, and significant fluorescence emission
suppression. The KRM modeling, used to estimate the orienta-
tion of TDMs of the dyes and their J,, ,, suggested that some
Cy5-R adjacent dimers form two types of heteroaggregates that
have different J,, , values and packing arrangements while most
heterodimers aggregated to form H-aggregates. The mixture of
two types of aggregates in samples was confirmed with TA
measurements of representative heterodimers.

Jmn Was tuned using two methods. The first method con-
sisted of using the same pair of dyes templated by the DNA-HJ
in adjacent and transverse positions; transverse heterodimers
exhibited a higher exciton delocalization compared to adjacent
heterodimers. The second method consisted of changing the
chemical properties of heterodimers (hydrophobicity, SASA, and
bulkiness of the substituents) using five Cy5-Rs with distinct
chemical properties. The exciton hopping parameters of hetero-
dimers generally resulted in the range of the exciton hopping
parameters exhibited by homodimers. However, some Cy5 Hex-R
heterodimers exhibited exceptionally enhanced exciton delocali-
zation energy compared to their homodimers, revealing that
chemically distinct dyes can interact synergistically to delocalize
excitons. Exciton delocalization of dye with small substituents
(Cy5-H and Cy5-Cl) was optimized forming aggregates with
another dye with larger substituents (Cy5-Peg, Cy5-Hex, and
Cy5-tBu) and hydrophobicity. However, the contrasting results of
Cy5 H-R and Cy5 Peg-R indicated that exciton delocalization

2346 | Nanoscale Horiz., 2024, 9, 2334-2348
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relies on the bulkiness of the substituent when the dyes have
similar hydrophobicity.

Overall, the two major findings of this research are (1)
synergistic exciton delocalization of certain dyes when they
aggregate, in which heterodimers (e.g., Cy5 H-Hex and Cy5 Cl-
Hex) exhibited a larger J,,, , compared to those exhibited by their
homodimers and (2) the ability to influence J,, , using chemically
distinct dyes. It offers an expanded framework of exciton delo-
calization applications in which the formation of J-like and H-
like aggregates with different exciton delocalization energies can
be achieved. This is possible because the interdye distance can
be varied by placing dyes at adjacent or transverse sites in the
DNA-H], which, in turn, alters the exciton coupling. This may be
useful for targeted applications that require tailored photophy-
sical properties. For example, applications such as photothermal
therapy benefit from efficient non-radiative decay typically found
in strongly coupled H-dimers.®® Alternatively, J-like aggregates
are desirable for applications such as artificial photosynthesis,
exciton and electron transport, and room-temperature quantum
computing.>**° Thus, this work using heterodimers lays the
groundwork for engineering molecular quantum materials with
broad applications in different fields. The feasibility of tuning
the exciton delocalization energy of dye aggregates is demon-
strated using dyes with different properties.
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