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ABSTRACT: Molecular excitons are used in a variety of applications including light
harvesting, optoelectronics, and nanoscale computing. Controlled aggregation via covalent
attachment of dyes to DNA templates is a promising aggregate assembly technique that
enables the design of extended dye networks. However, there are few studies of exciton
dynamics in DNA-templated dye aggregates. We report time-resolved excited-state
dynamics measurements of two cyanine-based dye aggregates, a J-like dimer and an H-like
tetramer, formed through DNA-templating of covalently attached dyes. Time-resolved
fluorescence and transient absorption indicate that nonradiative decay, in the form of
internal conversion, dominates the aggregate ground state recovery dynamics, with singlet
exciton lifetimes on the order of tens of picoseconds for the aggregates versus
nanoseconds for the monomer. These results highlight the importance of circumventing
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Excitons in molecular (dye) aggregates have sparked
intense interest due to their potential applications in
light harvesting (including natural,’ artificial,”® and biomi-
metic4_6), organic optoelectronics,z’3 and more recently
nanoscale computing.”~'" Dye aggregation was first discovered
in the 1930s when Jelley and Scheibe observed significant shifts
in absorption spectra of concentrated cyanine dye solu-
tions.'>~"* Since their discovery, considerable effort has been
invested in developing an improved understanding of the
structure of dye aggregates and nature of the attendant spectral
shifts. Importantly, when interchromophore separations are
similar to or less than the length of individual chromophores,
where the term chromophore is defined as the light-absorbing
portion of the dye molecule, electronic interactions result in
splitting of the excited state energy levels and coherent
delocalization of excitons. The magnitude of the energy level
splitting (known as the Davydov splitting)'® is highly sensitive
to the interchromophore separation, while the relative
orientation of the chromophore transition dipoles determines
the selection rules for optical excitation of the molecular
aggregates.

Figure 1 presents a summary schematic energy level diagram
illustrating the excited state band splitting and selection rules
for the simplest type of dye aggregates—dimers."*'” When
chromophores are arranged such that their transition dipole
moments align parallel to each other in an end to end fashion,
the resulting chromophore assembly will display Jelley-
aggregate (J-aggregate) behavior, with optical transitions
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allowed only to and from the lower energy excited state.
Conversely, when the transition dipoles are instead stacked
side-by-side in a parallel fashion, H-aggregate behavior is
observed and optical transitions are only allowed to the higher
energy excited state. For oblique configurations, wherein the
transition dipole moments are not perfectly parallel, transitions
to both excited state energy levels are allowed. From Figure 1,
it is obvious that tuning the optical properties of aggregates
requires fine spatial control over the dyes. Nature provides an
example of such fine control in photosynthetic light harvesting
complexes, which have evolved to maximize energy transfer
efficiency.'® While natural light harvesting systems use protein
scaffolds to control intermolecular spacing and orientation,
understanding protein folding and engineering artificial protein
nanostructures is still in a nascent stage,” ~* and hence
rational design of artificial protein superstructures that
incorporate and precisely template dyes is exceptionally
difficult.

Using structurally less complex DNA oligonucleotides to
assemble dye molecules has Jproven a more tractable approach
to controlling aggregation.*®*>™>" The relatively simple rules
of Watson—Crick base pairing enable the rational design of
arbitrarily shaped DNA structures. This facile design process,
combined with the wide range of commercially available dyes
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Figure 1. Schematic energy level diagrams of a dye monomer (far left), J-dimer (middle left), H-dimer (middle right), and oblique dimer (far
right). A schematic representation of relative transition dipole moment orientations for each aggregate is shown to the right of each excitonic
excited state. Solid horizontal lines indicate excitonic states that can couple optically to the ground state whereas dashed horizontal lines indicate
excitonic states that cannot couple optically to the ground state. Optical transitions are shown as colored arrows for the monomer (green), J-
aggregate (red), H-aggregate (blue), and oblique aggregate (gray). Optical (radiative) absorption is represented by dark colors, and optical
(radiative) emission is represented by corresponding light colors. Nonradiative transitions are represented by black arrows.

and attendant labeling techniques for DNA, points toward the
exciting prospect of using DNA to pattern coherently
delocalized excitons. In particular, covalent attachment of
dyes to the DNA backbone allows a high degree of spatial
precision with regard to interchromophore spacing. Further-
more, the electronic coupling strength of DNA-templated dyes
can be readily modulated by controlling the base pair (bp)
separation.*®*>*®* A number of reports have demonstrated
weak electronic coupling in the Forster regime achieved by
spacing out dyes over large bp separations.”’~'**°~** On the
other hand, strong electronic coupling resulting in exciton
delocalization (as evidenced by extensive spectral shifts and
other optical phenomena), has only been reported in cases
where dyes are positioned directly adjacent to one another on
the same strand, or opposite each other on a DNA dléplex and
separated by no more than a single bp.*®>%2%2%3473

Studies of the dynamics of molecular excitons in DNA-
templated dye aggregates, which are critical to their application
in excitonic devices, are unfortunately scarce. In particular, the
excited-state lifetime, which can change upon aggregation, is a
parameter of crucial importance. Long exciton lifetimes
enhance exciton transmission distance and enable more
complex structures. Conversely, short lifetimes may limit the
use of excitons for optoelectronic and nanoscale computing
applications, highlighting the need to optimize lifetimes. While
existing time-resolved studies of strongly coupled DNA-
templated dye aggregates report reduced exciton lifetimes
relative to the respective monomers,”*”** the mechanisms
suggested for the reduced exciton lifetimes differ. One recent
work suggests that aggregation enhances photoisomerization in
covalently templated Cy3 dimers, thereby increasing the
nonradiative decay rate and reducing the excited-state
lifetime.® In contrast, recent work with DNA-intercalated
pseudoisocyanine J-aggregates has suggested that the observed
accelerated exciton dynamics result from superradiant emission
enhancement.””*®* However, it is unclear whether both
processes are active in these systems, and if so, to what degree.

In this Letter, we report the excited-state relaxation
dynamics of two DNA-templated CyS dye systems that exhibit
spectral signatures characteristic of strong excitonic coupling.
Two representative systems were selected for this study, with
one system exhibiting primarily J-aggregate behavior (i.e., J-like
behavior) and the other primarily H-aggregate behavior (i..,
H-like behavior). Initial measurements utilizing steady-state
spectroscopic techniques resulted in two key observations.
First, a subpopulation of highly fluorescent monomers remains
in solution despite purification of the as-formed constructs.
This subpopulation of monomers is accounted for in all
subsequent measurements. Second, solutions of both J-like and
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H-like aggregate systems exhibit low fluorescence quantum
yields relative to the monomer, suggesting enhanced non-
radiative pathways. Subsequently, time-resolved fluorescence
(TRF) and transient absorption spectroscopy (TAS) measure-
ments are presented, showing that exciton lifetimes for both
the H-like and J-like aggregates are nearly 2 orders of
magnitude shorter than that of the monomer. A quantitative
analysis of the exciton lifetimes and fluorescence quantum
yields indicates that nonradiative decay, in contrast to
superradiance, governs exciton lifetimes in both these
aggregate systems.

Following the work of Cannon et al.,” two DNA-templated
CyS aggregate constructs were selected for this work: (i) a
hybridized DNA duplex bearing a pair of CyS dyes located
directly across from each other on opposing strands (i.e., 0 bp
separation) that form a strongly coupled J-like dimer (Figure 2,
middle) and (ii) a four-armed mobile Holliday junction that
results in a strongly coupled H-like tetramer of CyS molecules
at 0 bp separation (Figure 2, bottom). In both constructs, each
dye molecule is covalently attached at either end to the DNA
backbone via a pair of linkers. CyS was chosen because, in
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Figure 2. Steady-state absorption and fluorescence emission spectra
with corresponding schematic illustrations for the DNA-templated
CyS monomer (top), J-dimer (middle), and H-tetramer (bottom).
The absorption spectra for the monomer, J-dimer, and H-tetramer are
plotted in dark green, red, and blue, respectively, and the emission
spectra for the monomer and J-dimer are plotted as dashed lines in
light green and light red, respectively. The emission spectra for both
the monomer and J-dimer were obtained using an excitation
wavelength of 595 nm, with the fluorescence emission of the J-
dimer extracted via the method described in the Supporting
Information, section S.6. As described in the main text, it was not
possible to extract the H-tetramer emission spectrum.
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addition to being readily attached to DNA, its high molar
extinction coefficient (>200000 M~ cm™) lends itself to
strong excitonic coupling and its high fluorescence quantum
yield indicates few intrinsic nonradiative decay pathways.
Constructs were prespared in aqueous buffer solution according
to Cannon et al.>> To ensure the removal of malformed
structures and excess monomer strands, the aggregate solutions
were purified by polyacrylamide gel electrophoresis (PAGE,
see Supporting Information, section S.1). For steady-state
absorption and fluorescence measurements, samples were
prepared with an optical density of 0.1 or less at the highest
absorption peak; for time-resolved fluorescence and transient
absorption measurements, the optical densities at the highest
absorption peak were less than 0.1 and 0.3, respectively.
Additional details regarding optical spectroscopy measure-
ments and associated sample preparation can be found in
Supporting Information, section S.2.

The constructs were characterized via steady-state absorp-
tion spectroscopy, which provides information regarding the
type and extent of electronic coupling induced by aggregation.
The absorption spectrum of a single-stranded Cy5-labeled
oligonucleotide, which forms the basis for both aggregate
constructs, is displayed in Figure 2 (top). This CyS monomer
spectrum exhibits a single electronic absorption band, with the
vibronic origin (i.e., 0—0) band peaking at ca. 647 nm. The J-
dimer (Figure 2, middle) exhibits both a blue-shifted peak at
ca. 597 nm and a more intense red-shifted peak at ca. 666 nm,
while the H-tetramer (Figure 2, bottom) exhibits a very intense
blue-shifted peak (ca. 563 nm) and suppressed absorption
intensity at longer wavelengths, both signatures of strong
electronic coupling in the aggregate samples (Figure 1). With
the exception of the J-dimer solution’s absorption spectrum,
which exhibits signatures of a small amount of structural
heterogeneity due to slight variations in sample preparation
(see Supporting Information, section S.3), these results are
consistent with Cannon et al,”® who also provided the dye
packing geometries associated with each of these constructs as
determined via a detailed theoretical analysis of the absorption
spectra.

Steady-state fluorescence spectroscopy provides additional,
complementary information about the electronic structure of
the samples. The CyS monomer fluorescence emission is
readily measured given its appreciable fluorescence quantum
yield (@ = 0.29, see Supporting Information, section S.4), and
the resultant emission spectrum is essentially a mirror image of
the absorption spectrum (Figure 2, top). On the basis of the
difference in energy between the absorption and fluorescence
origin bands (with the latter peaking at 667 nm), the Stokes
shift for the monomer was found to be ca. 440 cm™. These
values are generally consistent with prior literature reports.”’
Initial attempts to measure the fluorescence emission of the J-
and H-aggregate samples were thwarted by their highly
suppressed emission intensity as compared to the monomer
(fluorescence quantum vyields for the J- and H-aggregate
solutions were ca. 1 X 107 and 3 X 107* respectively). Upon
further inspection, fluorescence excitation measurements
indicated that an additional, extremely low concentration
monomer component (i.e., a subpopulation of structures that
exhibited optical signatures of monomers) contributed non-
negligibly to the observed fluorescence emission of both
PAGE-purified aggregate solutions (Supporting Information,
section S.5). Accordingly, a procedure was developed to extract
the “pure” emission spectrum of each aggregate component
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from the corresponding as-measured fluorescence data
(Supporting Information, section S.6). The resultant extracted
J-dimer emission spectrum is displayed in Figure 2, middle.
The origin band of the J-dimer emission peaks at ca. 677 nm,
which is slightly red-shifted with respect to the origin band of
the J-dimer absorption (ca. 666 nm). The corresponding
Stokes shift of ca. 240 cm™" for the J-dimer is much smaller
than the 440 cm™ Stokes shift measured for the monomer,
consistent with J-aggregation.” Due to the even more highly
suppressed fluorescence emission of the H-tetramer construct,
it was not possible to extract the H-tetramer’s “pure” emission
spectrum in the same manner as the J-dimer, although a broad,
featureless, red-shifted emission band was observed at ca. 800
nm (Supporting Information, section S.7). Similar broad,
featureless fluorescence emission, reminiscent of that seen
from molecular “excimers”,** has been observed previously for
H-aggregates of other cyanine-based dyes.*"** Critically, the
fluorescence quenching observed in the aggregate solutions
suggests the presence of a significant nonradiative decay
pathway in the aggregates that is not present in the monomer.
With the steady-state behavior of the aggregate constructs
characterized, the exciton dynamics were investigated using a
time-resolved fluorescence method, time-correlated single
photon counting (TCSPC). On the basis of each construct’s
respective absorption spectrum (Figure 2) and available
excitation wavelengths, an excitation wavelength of 653 nm
was selected for the monomer and J-dimer samples, while 507
nm was chosen to excite the H-tetramer sample. The
fluorescence was then monitored near the maximum emission
wavelength for each sample, corresponding to detection
wavelengths of 667, 680, and 800 nm for the monomer, J-
dimer, and H-tetramer samples, respectively. The detection
wavelengths of 680 and 800 nm for the J-dimer and H-
tetramer, respectively, were chosen to maximize the aggregate
contribution and minimize the monomer contribution to the
overall fluorescence decay. The resultant fluorescence decays
are shown as open circles in Figure 3, with corresponding
exponential decay fits shown as lines. The fluorescence decay
of the monomer (Figure 3, green) was well described by a
single exponential with a time constant of 7 = 1.3 ns, in
excellent agreement with previously reported excited-state
lifetimes for CyS.**>** Interestingly, the J-dimer and H-
tetramer both exhibited much faster decays than the monomer.
Because of the additional subpopulation of monomers present
in these samples, a biexponential function was necessary to
properly fit the data (Supporting Information, section S.8).
The TCSPC data for the J-dimer and H-tetramer samples fit in
this manner yielded a long time component of ca. 1.3 ns,
consistent with a monomer contribution to the fluorescence,
and a second short, instrument response limited decay
component with a time constant less than ca. 250 ps. The fit
parameters obtained are displayed in Table 1. The larger
monomer subpopulation component contribution (A, in Table
1) in the J-dimer experiment is due to the fact that the
monomer and J-dimer exhibit similar optical properties (i.e.,
absorption and emission spectra, Figure 2) and so there is poor
contrast between these components at the excitation and
emission wavelengths, whereas the H-tetramer absorption and
emission are well separated from that of the monomer.
Insight into the nature of the accelerated fluorescence decay
of the aggregates, i.e, whether radiative or nonradiative
relaxation plays a dominant role, can be gleaned by considering
the TCSPC results in the context of molecular exciton theory.
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Figure 3. Time-resolved fluorescence decays of solutions of the
monomer (green), J-dimer (red), and H-tetramer (blue). The
instrument response function (IRF) is shown in solid gray. Open
circles correspond to the experimental data, while the solid lines
represent exponential decay fits convolved with the IRF. Inset: The
observed (black trace) versus expected (red trace) fluorescence
decays for the J-dimer. The expected decay assumes classical (Kasha-
type) J-aggregate behavior, and that aggregation only affects the
radiative decay rate (i.e., it assumes that k,,; = k,,,,). For the purpose
of illustrating the limiting case of full superradiance, it also assumes
the maximum radiative rate possible, which for a dimer is k,; = 2 X
k,,. Full details of the derivation are reported in Supporting
Information, section S.9.

Table 1. Excitation Wavelengths and Biexponential Fitting
Parameters for TCSPC Decays”

construct Aexe (nm) A, (%) 7, (ns) A, (%) 7, (ns)
monomer 653 N/A 1.3 N/A N/A
J-dimer 653 87 <0.25 13 13
H-tetramer 507 99.8 <0.25 0.2 13

“The decays corresponding to the aggregate constructs were fit with
the following biexponential function: I(t) = Ale_t/r1 + Aze_t/rz. See
Supporting Information, section S.8 for additional details regarding
the mathematical and physical justification of these biexponential fits.

First, it is instructive to consider that the observed decay rate,
ks is equal to the sum of the radiative, k,, and nonradiative,
k,,, decay rates (i.e., k= k, + k,,).*> The first of these terms,
k, can be evaluated according to molecular exciton theory.'”*®
For example, k, is enhanced in a J-aggregate, an effect known
colloquially as superradiance.*” In an ideal J-aggregate (Figure
1, middle left), k,; is equivalent to the product of the number
of molecules comprising the aggregate, N, and the radiative
rate of a single molecule (ie., k,; = N X k,,,).""** Conversely,
for an H-aggregate, k,y is suppressed and, for an ideal H-
aggregate (Figure 1, middle right) where the optical transition
between the lowest excited state (S;S,’) and the ground state
(SoSo) is forbidden, k,;; = 0. Because molecules typically pack
in an oblique manner (Figure 1, right) or in a manner that is
neither pure ] nor H, these ideal limits generally are not
realized. More typically, mixed J- or H-like behavior is
observed, as in the present case (Figure 2). For these real
systems, insights into the radiative decay rate can be gleaned
from the experimentally measured extinction spectrum. For
example, Strickler and Berg showed that the radiative rate is
directly related to the intensity of absorption into the lowest-
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energy singlet excited state.”” While a quantitative analysis of
the radiative decay rate of the J- and H-like constructs is
complicated by several factors, including structural hetero-
geneity and overlapping transitions to (S;S;)" and (§,S)”
states, we know from prior work™ that the extinction of their
lowest-energy singlet absorption band is increased and
decreased, respectively. Relative to the monomer (k,,,), we
can therefore expect the radiative rate to be enhanced for the J-
dimer (k,;) and suppressed for the H-tetramer (k, ;;), where m,
J, and H, indicate the monomer, J-dimer, and H-tetramer,
respectively.

Considering that exciton theory predicts an enhanced and
suppressed k, for the J-dimer and H-tetramer, respectively, and
employing the previous assumption that k,, is uninfluenced by
aggregation (i.e., Ky agaregate = Kyem), we expect k,, for the J-
dimer and H-tetramer to be enhanced and suppressed,
respectively. Figure 3 shows that the fluorescence decay of
the H-tetramer is significantly accelerated with respect to the
monomer. Since an aggregation-induced decrease in k, should
serve to increase the fluorescence lifetime of the H-tetramer,
this unexpected observed decrease in the fluorescence lifetime
can only be accounted for by a significant increase in the
nonradiative rate for the H-tetramer, k,, ;. Figure 3 shows that
the fluorescence decay of the J-dimer is also significantly
accelerated with respect to the monomer. Here, we can place
bounds on the extent to which superradiance contributes to
the overall enhanced decay. By covalently tethering two Cy$
dyes to the DNA template, we can guarantee that two, and
only two, dye molecules interact. This means that we can
expect a k,; rate enhancement of at most 2 X k, .. The inset of
Figure 3 shows the fluorescence decay expected for the J-dimer
according to these assumptions, which yields a time constant of
1.0 ns (red curve; see Supporting Information, section S.9).
Also shown in the Figure 3 inset is a single exponential decay
generated for the J-dimer based on the measured, instrument
response-limited fluorescence lifetime (black curve), which
decays considerably faster than the decay expected for solely
radiative enhancement (red trace). This discrepancy between
the expected and actual fluorescence decay rates shows that
new and significant nonradiative decay channels emerge in the
J-dimer. Hence, for both types of aggregates, the TCSPC
measurements confirm that significantly enhanced nonradiative
relaxation is introduced upon aggregation.

In order to better understand the nonradiative relaxation in
the aggregate constructs, we turned to ultrafast transient
absorption spectroscopy (TAS). Significantly, TAS provides
information on both bright and dark states, such as triplets and
photoisomers, and can additionally elucidate whether the
initial photoexcitation returns directly to the ground state and,
if so, on what time scale. Furthermore, since the response time
of the TAS system is nearly 3 orders of magnitude faster than
the TCSPC system (Supporting Information, section S.10), we
can potentially directly time resolve the excited state decay and
quantify the extent of the nonradiative relaxation contribution.
For the TAS measurements, each sample was excited and
probed near its respective absorption maximum for maximal
signal-to-noise, with wavelengths of 650, 675, and 565 nm used
for the monomer, J-dimer, and H-tetramer, respectively
(Supporting Information, section S.11). Note that to improve
contrast with the underlying subpopulation of monomers, the
J-dimer sample was excited and probed at 675 nm, which is
slightly red-shifted relative to its absorption maximum (see
Figure 2).
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The transient absorption (TA) decays for the monomer and
aggregate samples are displayed in Figure 4. All samples show a
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Figure 4. Transient absorption measurements on solutions of the
monomer (green), J-dimer (red), and H-tetramer (blue). The open
circles correspond to the experimental data, while the solid lines
represent single or biexponential fits to the data (see main text for
additional details). The data are scaled to unity with a positive scalar
to preserve the sign of the signal.

positive ground state bleach signal that decays with time. A
single exponential fit described the monomer TA decay well
and returned a time constant of 1.5 ns, in good agreement with
the lifetime measured by TCSPC. Furthermore, the recovery of
the ground-state bleach signal to baseline indicates that the
monomer relaxes directly to the ground state with very low
probability of photoisomerization or intersystem crossing.*’
For the aggregate solutions, a significantly more rapid initial
recovery of the ground state bleach is observed. As with the
TCSPC data, an additional long-time component consistent
with a subpopulation of monomers was observed, and hence a
biexponential fit was necessary to accurately model these data.
Significantly, the short time constants corresponding to ground
state recovery of the aggregate species were found to be 11 and
35 ps for the J-dimer and H-tetramer, respectively. Wave-
length- and fluence-dependence measurements (Supporting
Information, sections S.12 and S.13) indicate that the
measured lifetimes are representative of the intrinsic exciton
lifetimes; that is, the measurements are not complicated by
additional decay pathways, such as internal conversion from
high-lying excited states or exciton—exciton annihilation, nor
the structural heterogeneity identified in Supporting Informa-
tion, section S.3. Quantitative analysis of the TA data
(Supporting Information, section S.14) reveals the excited-
state dynamics of the aggregate constructs are nearly
exclusively governed by nonradiative processes, with 99.6%
of ground state recovery being nonradiative in nature for the J-
dimer and 99.96% nonradiative for the H-tetramer.

Having quantified the nonradiative contribution to the
overall decay, the underlying microscopic decay mechanism
can be examined. In view of the rapid nature of the
nonradiative relaxation of the aggregate constructs (i.e., tens
of picoseconds), both intersystem crossing and photoisome-
rization can be ruled out as contributing significantly to the
nonradiative decay. While intersystem crossing and photo-
isomerization can be rapid in certain systems, these processes
occur on a microsecond time scale for Cy5 attached to DNA,*
and it is difficult to envision how aggregation would accelerate
their kinetics by nearly 6 orders of magnitude. For example,
there are no “heavy atoms” in this CyS derivative (Supporting
Information, section S.1) to facilitate intersystem crossing in
the aggregate constructs, and steric hindrance due to the
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presence of adjacent molecules would tend to decrease rather
than increase the rate of photoisomerization. Additionally,
charge transfer is ruled out for reasons discussed in the
Supporting Information, section S.15. A seminal contribution
by Sundstrom and Gillbro studying dithiadicarbocyanine, a
compound structurally very similar to CyS, also observed
drastically accelerated nonradiative decay in aggregated
systems.”’ In that work, the authors concluded the non-
radiative decay was facilitated by an electric dipole—dipole
coupling mechanism; this, however, was later disputed52 on the
basis that the trend the authors observed for the exciton
lifetime with respect to the dielectric constant of the medium
was inconsistent with a decay mechanism based on electric
dipole—dipole coupling. These previous studies®”*” indicate
that, in addition to nonradiative decay via photoisomerization
and intersystem crossing, nonradiative decay via electric
dipole—dipole coupling can be ruled out. This indicates direct
relaxation to the ground state via strong nonadiabatic coupling,
i.e., internal conversion, must be the dominant mechanism
governing the short exciton lifetimes of the CyS aggregates.
Given that such rapid nonradiative relaxation is observed in
both H- and J-aggregates of even more structurally rigid
compounds (e.g., cresyl violet,””** methylene blue,’"”* and
structurally very similar thionine,”** Nile blue,*® porphyr-
and phthalocyanines®”®') where photoinduced
isomerization is not possible, we further conclude that
radiationless, nonadiabatic transitions from S,S; directly to
S¢So (and, in the present case, the thermally stable trans
isomer®” form of SyS,) may represent a general decay pathway
that emerges in systems comprising excitonically coupled dye
aggregates.

In conclusion, we have investigated the excited-state
dynamics of strongly coupled J-aggregate (dimer) and H-
aggregate (tetramer) constructs formed through covalent
attachment of cyanine-based (CyS) dyes to DNA. Steady-
state absorption and fluorescence spectroscopy indicated that
fluorescence emission was strongly quenched in the aggregate
solutions, and the majority of this emission arises from a small
subpopulation of highly emissive monomers. Quenched
fluorescence emission suggests that a new nonradiative decay
pathway is introduced upon aggregation, which was confirmed
via an analysis of TCSPC measurements in the context of
molecular exciton theory. Finally, the extent to which
nonradiative decay contributes to the relaxation dynamics
was quantified with TAS. The exciton lifetimes of the J-dimer
and H-tetramer were measured to be ca. 11 and 3S ps,
respectively, indicating that nonradiative decay is largely
(>99%) responsible for the relaxation dynamics of both
types of aggregates studied here, which we attribute to a rapid
nonadiabatic transition between S;S; and S,S,. Identifying the
dominant relaxation mechanism in DNA-templated dye
aggregates as direct internal conversion to the ground state
presents the tantalizing possibility of optimally tuning exciton
lifetimes for optoelectronic and nanoscale computing applica-
tions by rationally modifying either the DNA backbone or dye
structure.
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