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ABSTRACT: Structural DNA nanotechnology is a promising approach to create
chromophore networks with modular structures and Hamiltonians to control the
material’s functions. The functional behaviors of these systems depend on the
interactions of the chromophores’ vibronic states, as well as interactions with their
environment. To optimize their functions, it is necessary to characterize the
chromophore network’s structural and energetic properties, including the
electronic delocalization in some cases. In this study, parameters of interest are
deduced in DNA-scaﬀolded Cyanine 3 and Cyanine 5 dimers. The methods
include steady-state optical measurements, physical modeling, and a genetic
algorithm approach. The parameters include the chromophore network’s vibronic
Hamiltonian, molecular positions, transition dipole orientations, and environmentally induced energy broadening. Additionally, the
study uses temperature-dependent optical measurements to characterize the spectral broadening further. These combined results
reveal the quantum mechanical delocalization, which is important for functions like coherent energy transport and quantum
information applications.

■

INTRODUCTION
Nature has overcome complex challenges, such as photosynthesis and solar water oxidation,1,2 using organic chromophore
networks scaﬀolded by proteins. Analogously, organic molecules can be templated onto DNA scaﬀolds with nanoscale
accuracy3−5 and, in some cases, orientational control.5,6 As a
result, applications have been proposed for DNA-scaﬀolded
dye networks, such as light harvesters7 and quantum gates.3,8
The properties of these scaﬀolded systems can be very sensitive
to the chemical structure, and sometimes even the presence of
one or two atoms can rewrite their dynamics and functions.9,10
Nonetheless, applications like these could beneﬁt from
coherent processes if they were well optimized,11 though
examples in biology are subject to the fragility of coherent
states in organic systems.12,13 Disruptions to the electronic
delocalization and coherence occur through sources of
disorder, like static inhomogeneities and dynamic structural
motions, leading to eﬀects like localization and dephasing.14,15
Low-frequency intramolecular vibrational modes contribute
most signiﬁcantly to dephasing in organic aggregates due to the
transient disorder they induce in the electronic energy levels.13
Despite these challenges in organic chromophore networks,
particular molecular aggregates were reported to support
excitons delocalized across hundreds of molecules.16,17
Furthermore, protein scaﬀolds were reported to tune the
transient disorder and its dephasing eﬀects, which are
responsible for transient excitonic localization.18−20 However,
some protein scaﬀolds do not have much eﬀect.21 It is not yet
© XXXX American Chemical Society

known whether DNA-scaﬀolded chromophore networks yield
signiﬁcant delocalization as well. However, before considering
extended systems, ﬁrst it is necessary to understand these
eﬀects in smaller scaﬀolded systems.
For this study, Cyanine 3 (Cy3) and Cyanine 5 (Cy5) dyes
were chosen for their relatively strong peak molar absorption
coeﬃcients (1.5 × 105 and 2.5 × 105 M−1 cm−1, respectively)
and large transition dipole moments (12.822 and 13.4 D,23
respectively), as well as for their well-known spectral signatures
on DNA scaﬀolds that have been described experimentally and
computationally.22,24−26 Cyanine dyes are also popular
ﬂuorescent labels for biological imaging. In part, this popularity
is due to the tunability of their absorption and ﬂuorescence
peak maxima by the chemical modiﬁcation of their
polymethine or aromatic moieties.27
This study has several aims. First, it analyzes the spectral
peak-shifting characteristics as a function of temperature and
discusses nonradiative decay eﬀects that occur as a function of
temperature in the scaﬀolded Cy5 dimers. Second, it describes
the extent of vibronic delocalization in the DNA-scaﬀolded
dimer systems. Third, it compares the photophysical characterReceived: August 13, 2021
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sample holder that was attached to the cold ﬁnger of a Janis
ST-100 cryostat. Circular dichroism (CD) measurements were
performed at room temperature using a JASCO J-1500 CD
spectrophotometer. The samples were placed in a 1 cm
pathlength quartz cuvette (150 μL volume) at a concentration
of 2 μM in double-stranded DNA.
Steady-state ﬂuorescence spectra and ﬂuorescence excitation
spectra were measured using a Fluoromax-3 spectroﬂuorometer (Horiba Scientiﬁc). These measurements were corrected
for the response of the lamp, grating, and detector. The
excitation and emission slits were set to 2 nm unless speciﬁed
otherwise. For temperature-dependent ﬂuorescence measurements, the samples were loaded in a 1 mm pathlength
cryogenic quartz cell (FireﬂySci) and mounted on a Janis
STVP-100 sample-in-vapor cryostat. Liquid nitrogen was used
as the cryogen, and the sample temperature was measured
using a model 331 temperature controller (Lake Shore
Cryogenics). The sample concentration for the ﬂuorescence
measurements was between 0.5 and 1.0 μM in double-stranded
DNA, keeping the peak optical density below 0.1. Unless
otherwise stated, for the Cy3 dimer ﬂuorescence, excitation
and emission frequencies were 19,417 cm−1 (515 nm) and
16,667 cm−1 (600 nm), respectively. Likewise, for the Cy5
dimer, these frequencies were 16,529 cm−1 (605 nm) and
13,699 cm−1 (730 nm), respectively.
Time-resolved ﬂuorescence measurements were performed
using time-correlated single-photon counting (TCSPC).
Cyanine dimer samples were placed in 1 mm pathlength
quartz cells at a peak optical density of ≲ 0.1 and mounted on
the Janis ST-100 cryostat, as described above. For Cy3 dimers,
the excitation source was an 80 MHz repetition laser (High Q)
producing 8 ps pulses at 532 nm. For Cy5 dimers, the
excitation source was a home-built synchronously pumped and
cavity-dumped dye laser producing 2 ps pulses near 600 nm at
a repetition rate of 4 MHz. Photons were collected at the
magic angle from the excitation polarization and detected using
a thermoelectrically cooled microchannel plate photomultiplier
(Hamamatsu R3809) mounted to the exit port of a
monochromator. For Cy3, the detection frequency was
17,390 cm−1 (575 nm), and for Cy5, the detection frequency
was 14,815 cm−1 (675 nm). Time-resolved ﬂuorescence signals
were recorded using a Becker & Hickl SPC-630 TCSPC card.
The instrument response function was determined for each
excitation frequency using a scattering solution and it was
typically between 30 and 40 ps full width at half maximum.
Spectral Modeling. Hamiltonian. The following model
describes the calculation of linear absorption and CD spectra
for a monomer or dimer system. This model simulates the
spectra based on a vibronic Hamiltonian25,31−36 in the
presence of environmental (“bath”) perturbations. No
electronic structure properties were simulated in this study;
rather, the Hamiltonian elements were obtained by comparison of the computed and measured spectra.
In the Hamiltonian used here, one bright electronic excited
state per chromophore was included. The Hamiltonian
corresponding to the monomer Ĥ mono is shown in eq 1. For
the electronic monomer state |n⟩ and the corresponding
vibrational state |m⟩, the monomer’s vibronic states are |n, m⟩
= |n⟩|m⟩. The diagonal elements of the Hamiltonian
correspond to the excited-state energies En, m. For the
calculations discussed in this study, only the ﬁrst three
vibrational levels corresponding to a single vibrational mode
were included. This limitation has been made in similar

istics of DNA-scaﬀolded aggregates to those of other
previously published aggregated chromophore networks. And
fourth, it describes a genetic algorithm approach to extract the
positions, orientations, energy levels, and spectral broadening
characteristics from steady-state optical measurements. Because of their chemical modularity and relatively controllable
aggregation structures, DNA-scaﬀolded chromophore networks are a good ﬁt for a genetic algorithm approach. For
this analysis, this study examines the temperature-dependent
linear absorption, excitation, and ﬂuorescence spectra of DNAscaﬀolded Cy3 and Cy5 monomers and dimers over a
temperature range between 78 and 298 K. By using genetic
algorithms to compare the measured and calculated spectra,
the molecular positions, orientations, vibronic Hamiltonians,
and energetic disorder are generated. The energetic disorder in
the cyanine dimers is deduced by comparing the measured and
calculated linear absorption and circular dichroism spectra and
by examining temperature-dependent spectral measurements.
These results are used to describe the system’s vibronic
delocalization through its inverse participation ratios,28
determine the spectral broadening contributions, and glean
the roles of temperature, solvent, and interchromophore
interactions on these parameters.

■

METHODS
Sample Preparation. DNA strands that were labeled with
Cy3 or Cy5 dyes were obtained from Integrated DNA
Technologies (Coralville, IA). They were puriﬁed using highperformance liquid chromatography. All DNA strands were
rehydrated with ultrapure water to produce stock solutions at a
concentration of 100 μM. DNA duplexes containing Cy3 or
Cy5 monomers, or their homogeneous dimers, were prepared
in a 2.5× phosphate-buﬀered saline buﬀer (PBS; 342.4 mM
NaCl, 25 mM phosphate, and 6.75 mM KCl) by combining
the constituent DNA strands at a concentration of 25 μM (in
each DNA strand) and thermally annealing the solution from
95 to 4 °C at 1 °C/min. Higher ionic strength buﬀers like PBS
are generally used to shield DNA’s charges and optimize the
formation eﬃciency. This eﬀect is not vital when the structures
are based on simple double-stranded DNA, but for the sake of
eventual direct comparison with more complex structures that
would require this stabilization, it was used here as well. The
ﬁnal pH was adjusted to 7.4 with HCl and NaOH, as required.
See Section 1 and Figure S1 in the Supporting Information for
the strand sequences and a discussion on sample purity. The
solutions were used without further puriﬁcation. In addition to
the standard PBS buﬀer solution, cyanine homogeneous
dimers were also prepared in a 2:1 glycerol/water mixture
containing 2.5× PBS, which yield an optical-quality glass at
cryogenic temperatures and resist cryodamage.29,30 Working
stock solutions were prepared at double-stranded DNA
concentrations of 2 μM and diluted as necessary. For the
dimers, the Cy3 or Cy5 dyes appear in the same comparative
positions on the complementary strands within the DNA
duplexes.
Optical Spectroscopy. Steady-state absorption spectra at
room temperature were recorded for 150 μL samples in a 1 cm
pathlength cuvette using an Agilent 8453 diode array UV−vis
spectrophotometer at a concentration of 2 μM in doublestranded DNA. For low-temperature measurements at 78 K,
absorption spectra were recorded using a PerkinElmer Lambda
750 spectrophotometer. These measurements were obtained in
a 1 mm pathlength quartz absorption cell mounted in a copper
B
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models37 and is justiﬁed in the Results and Discussion section
by the good match of the calculated and measured monomer
spectra. As a result, the monomer Hamiltonian contained three
diagonal elements, corresponding to the vibrational levels
within the single excited electronic state.
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Ĥ
∂
ÑÑ
ÅÅÅ
Ñ
ÅÅ 0 μ EN , M ÑÑÑ
(1)
ÅÇ
ÑÖ

v

δ(v − η) − (m − ξ)

m

ξ

∑ (−1)
ξ=0

ij γ
1 yz
+ zzz + z
S = jjj
est
j 2ΔEv
4 z{
k

η ! ξ!

S(η + 1)v ! m!
(v − η ) ! (m − ξ )!
(5)

(6)

The chromophores within the dimer systems in this study
are usually within close proximity, often less than one
molecular length apart. Due to this close proximity, we do
not use the point-dipole approximation. Instead, we use the
extended dipole approximation, which is better because it has a
1/r dependence at short distances but reduces to the pointdipole approximation (1/r3 dependence) at long distances. In
practice, it was found to give superior results to the pointdipole approximation at close distances and equivalent results
at larger distances.38 The extended dipole approximation was
found to be valid when the chromophores’ transition dipole
strengths were suﬃciently large (>4 D), so that the dipolar
interactions dominate the higher-order multipolar contributions even at short distances.38 The systems discussed in this
study meet this requirement. In the extended dipole
approximation, two oppositely charged point charges are
simulated on each monomer, on each end of the chromophore
along the direction of its transition dipole.24 For longer
systems such as polymers, an eﬀective coherence length would
need to be set; however, the monomers used here are
individually only 1−2 nm long, which is within the typical
coherence lengths for organic systems.13 Therefore, the present
model assumes that the transition dipole spans the entire
length of each molecule. Within this model, the partial-charge
magnitude qn is determined by eq 7, where e is the elementary
charge, μn is the transition dipole norm, and Ln is the
molecular length along its longest conjugated dimension. The
Cy3 and Cy5 monomer lengths are 15.3 and 16.1 Å,
respectively, across the longest conjugated dimension. These
lengths (Ln) were obtained by energy optimization using the
Generalized Amber Force Field in the Avogadro program.40

Meanwhile, the dimer system Hamiltonian Ĥ dimer is
described by eq 2. The states are |n, m, k, l⟩ = |n, m⟩|k, l⟩
for a dimer system with the molecules in states |n, m⟩ and |k, l⟩.
However, these |n, m, k, l⟩ states are no longer necessarily
eigenstates of the dimer Hamiltonian because the intermolecular vibronic coupling elements can be nonzero. The
diagonal elements contain energies En, m, k, l corresponding to
basis states where exactly one site’s electronic state is excited
though both may be vibrationally excited. For En, m, k, l, exactly
one of n and k is equal to 0. The number of diagonal elements
in the dimer Hamiltonian scales as NMN, where N and M are
the total number of electronic states and vibrational sublevels,
respectively. For example, a dimer Hamiltonian that includes
three vibrational sublevels has 18 diagonal elements.
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The coupling elements are determined by eq 3.
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(2)

(3)

The Coulombic couplings C n, k are determined by
Coulomb’s law interactions (eq 4) between these point
charges for chromophores at sites α and β, up to the total
number of states Α and Β, respectively.24,38 In eq 4, ϵ00 is the
permittivity of free space. Here, r+α and r−α are the positive and
negative partial charges’ positions, respectively, on site α, and S
is the Huang−Rhys factor. Fv, m are the Franck−Condon
factors (eq 5) for the vibrational state overlap between the
ground-state vibrational level v (approximated to be 0 in this
study) and the excited-state vibrational state associated with |n,
m⟩.25 In eq 5, δ is the Dirac delta function. Huang−Rhys
factors are estimated using eq 6 based on the experimentally
determined Stokes shift γ and the estimated vibrational energyest
level spacing ΔEest
v . ΔEv is estimated by a multiple Gaussian ﬁt
of the absorption spectrum. Subsequently, an additive term z is
further optimized to accurately reproduce the peak heights in
the monomer’s linear absorption spectrum. These further
optimizations are needed because the Stokes shift method is
only accurate to |z| ≤ 0.25,39 so z is restricted to this range.
qq
Cn , k = n k
4π ϵ0
(4)

qn =

eμn
Ln

(7)

Spectral Broadening. The model uses a correlation
function approach41 that treats the bath eﬀects as a
perturbation on the vibronic states. In a multimode harmonic
oscillator approximation for the nuclear bath’s vibrational
modes, the line shape function g(t) is described in the time
domain by eq 8.41
ÄÅ
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In eq 8, ωj and Ξj are the frequency and corresponding Ohmic
spectral density magnitudes, respectively, for bath vibrational
mode j. The scalar factor Ξj(ω) is shown in eq 9, where ωc is
the cutoﬀ frequency and λ is the reorganization energy. We
assume 200 cm−1 for the cutoﬀ frequency.
C

https://doi.org/10.1021/acs.jpca.1c07205
J. Phys. Chem. A XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry A
ij ω yz
λ
expjjj− zzz
ωc jk ωc z{

Ξj(ω) =

pubs.acs.org/JPCA

Article

particular numbers within the parameter sets according to a
Gaussian distribution. In the process, the algorithm also
performs niching procedures, which resist local optima. Here,
niching techniques are used, such as clearing and Delaunay
triangulation.45 Clearing operations delete nearly identical
parameter sets, so that small regions of the search space do not
become overrepresented in the ensemble. Delaunay triangulation is used to reassign these deleted sets to empty regions of
the search space. Finally, genetic algorithms beneﬁt from a
gradually reducing search scope. Initially, large random
mutations are used to perform a coarse search of the parameter
space, while the mutations in subsequent iterations have
smaller standard deviations to perform a ﬁne search.
Figure 1 presents an overview of the genetic algorithm
procedure. A set of initial parameters is supplied to the

(9)

This study distinguishes the dynamic and static broadening
contributions to the spectra. The dynamic contributions are
those that can be explained by eq 8. The static contributions
are due to the diﬀerences in the local environment or nuclear
arrangement across the sample ensemble, which either do not
vary on average or vary so slowly that they are eﬀectively
unchanging within the relevant time scales for the spectral
measurement. These contributions are obtained by optimizing
the linewidth of a Gaussian function convoluted to the
calculated spectral peaks. These Gaussian linewidths are
assumed to be equal for all peaks within a spectrum and for
all the corresponding monomer and dimer spectra.
Oscillator and Rotational Strengths. After the system
interacts with light, it emits a time-domain signal ϱ(t) (eq 10)
with eigenenergy ωα and line shape function gα(t) for each
eigenstate α (of A total eigenstates). The term Pα represents
rot
the oscillator strength Posc
α (eq 11) or rotational strength Pα
(eq 12) for the linear absorption or CD spectra, respectively.
A

ϱ(t ) =

∑ Pαexp[−iωαt − gα(t )]
α

(10)

The oscillator or rotational strengths determine the peak
heights within the linear absorption or CD spectra,
respectively.42 Here, μα is the transition dipole and Fa are
the Franck−Condon factors associated with the Hamiltonian’s
αth eigenstate, while a and b refer to these parameters in the
vibronic site basis. Fα are the Franck−Condon factors for the
nuclear overlap between the ground-state vibrational level v
within the ground state (assumed to be 0 in this case) and the
excited-state vibrational state associated with |n, m⟩ or |k, l⟩,
whichever is electronically excited in state α (eq 10).
Additionally, ra, b is the distance between sites a and b, and
ca, α is the overlap between the vibronic state a and the αth
eigenstate. The angular brackets indicate expectation values
with respect to energy disorder, which is estimated using a
Gaussian convolution. This energy disorder is due to
inhomogeneities in the sample ensemble, such as rotations
about single bonds, which can perturb the energy levels.
Equation 12 applies to dimers only; the monomers have no
optical CD signal. In eqs 11 and 12, coeﬃcients such as
Planck’s constant and the speed of light43 have been omitted
by convention.42 In fact, the oscillator and rotational strengths
are dimensionless.
Pαosc = ⟨|Fαμα |2 ⟩
Pαrot =

∑ ∑ ca ,αcb ,αFaFb(ra ,b·(μa × μb ))
a

b>a

Figure 1. Flow chart of the genetic algorithm. The algorithm starts at
the initial parameters box. Solid arrows represent the main path, while
dotted arrows represent if statements that take precedence if the listed
condition is true. The “Increment Standard Deviation” box refers to
incrementing the width of the standard deviation used for random
perturbations of the guesses.

algorithm, which is used to generate 200 sets of guess
parameters. After these sets of guesses are generated, they are
used to calculate the linear absorption and CD spectra. The
spectra are scored using a method described subsequently.
Based on the scores, the individuals within the ensemble are
selected, and occasionally randomly mutated, and then merged
to generate the next generation of 200 guess sets.
The initial parameter sets assign the following variables for
each monomer: transition dipole orientations, electronic and
vibrational energy spacings, Cartesian coordinates, and
Gaussian static linewidth broadening. Because homogeneous
dimers are used in this study, the energy levels and linewidth
parameters are assumed to be identical for each monomer
within the dimer. To generate the initial guess sets, the ﬁrst
monomer is always oriented along the z-axis and its position is
set to the origin. For the second monomer, transition dipole
orientations are initially generated by systematically sampling
the inclination (θ) and azimuthal (φ) angles. These angles are
restricted to ranges of 0−π and 0−2π, respectively. Standard
deviations to determine the Gaussian linewidths are systematically generated in a range of approximately 200−500 cm−1
with a constant step size, and an assumption is made that all
spectral peaks have the same linewidth. The energy and
position terms from the input parameters are randomly varied
for each generated guess. The energy terms were restricted to a

(11)

(12)

Genetic Algorithm. The purpose of this approach is to ﬁnd
the optimal set of sample parameters which results in the
calculated spectra that are the best simultaneous match to the
measured absorption and CD spectra. The genetic algorithm
performs this optimization stochastically. In overview, given
the initial sets of guess parameters, the genetic algorithm
continually splices and resplices the most optimal parameter
sets together until no better-scoring one can be found.44
During this process, random mutations are introduced to
expand the search space. These mutations change the values of
D
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process preserves multimodal searching; however it reduces
the number of members in a given generation and therefore
reduces the search eﬃciency. In the method we employ, rather
than deleting these members, they are instead randomly
reassigned to empty regions of the search space. To ensure that
they are not assigned to occupied regions, the empty regions of
the search space are calculated using Delaunay triangulation
according to the following reference.45
To reduce the computational cost, we employed three
strategies: (a) the number of uncleared members included in
the Delaunay triangulation was limited to 100, in the order of
descending score; (b) Delaunay triangulation and reassignment were only performed on every third iteration of the
genetic algorithm; and (c) four degrees of freedom were
considered at a time per iteration (e.g., a particular orientation
or energy parameter), which were randomly chosen for each
iteration. The reassignment threshold was 30 individuals
within a critical distance of 10−10, which is eﬀectively intended
to reassign approximate duplicates only. This distance within
the search space was calculated using the distance formula on
the four parameters selected for each iteration.

range that encompasses the spectra, which for Cy3 and Cy5
was 16,000−23,000 cm−1 and 14,000−19,000 cm−1, respectively.
In subsequent generations, the ensemble of guess sets is
generated by selecting and merging guess sets from the
previous generation, but new values are also introduced by
random mutations. The mutations are performed by
reassigning parameters of randomly selected guess sets using
a Gaussian distribution with a varying standard deviation.
Earlier iterations use a larger standard deviation to perform
coarse optimization, while subsequent generations use a
smaller standard deviation to more ﬁnely tune the parameters.
As the algorithm progresses, systematically smaller Gaussian
standard deviations (σ) are used for these mutations,
advancing whenever no higher-scoring individual was
produced for 40 iterations in a row. For this study, these
standard deviations were 500, 100, 10, 3, 1, 0.4, 0.1, 0.01, and
0.001. Incrementation of the standard deviation from this list is
referred to in the “Increment Standard Deviation” box in
Figure 1.
To score the guesses, the calculated spectra were compared
to the corresponding experimentally measured linear absorption and (if not a monomer) CD spectra as well as their ﬁrst
derivatives. Within each generation, the kth guess set was
scored according to the cost function Fk (eq 13). Here, f k,i are
the summed diﬀerence square between the calculated and
experimental spectra and i refers to absorption, CD, and their
respective derivatives (i = 1−4, respectively). In this equation,
the summed terms tabulated the diﬀerences between the
spectra, and the product terms were empirically determined to
prevent the algorithm from sacriﬁcing lower-scoring spectra
entirely to better ﬁt higher-scoring ones. The result was a
balanced scoring outcome that optimized all of the spectra
simultaneously.
ij
yzji 4
1
1 zy
j
zzjj
zzjj∑ zzzz
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RESULTS AND DISCUSSION
Deducing Chromophore Parameters from the Optical Spectra. The Cy3 and Cy5 chromophores used in this
study are shown in Figure 2a. Cy5 has one additional double
bond in its methine bridge, compared to Cy3. Other than this
diﬀerence, the chemical structures are identical. The dyes
attach to the DNA’s phosphate groups by two propyl linkers,
occupying the positions of DNA nucleotides (Section 1 of the
Supporting Information). These linkers are intentionally short
as longer linkers would invite increased nuclear motions that
introduce disorder and strengthen decoherence. In the dimer
samples, the two chromophores are inserted in conjugate
positions on each strand of the DNA duplex. Molecular
dynamics (MD) simulations in previous studies indicate that in
this conﬁguration, the chromophores tend to interact with the
base-stacking region of the DNA. MD simulations of similar
Cy325 and Cy546 DNA−chromophore dimer complexes show
representative structures. Figure 2b−d shows the measured
linear absorption and ﬂuorescence spectra for the Cy3 and Cy5
monomers and dimers and CD spectra for the Cy3 and Cy5
dimers. These spectra were measured at room temperature
with the chromophore-scaﬀolded DNA structures in the
glycerol buﬀer solution. Compared to Cy3, the larger πconjugation length in Cy5 results in lower-frequency
ﬂuorescence and absorption peaks in both the monomer and
dimer spectra. The nonzero CD spectra indicate coupling
between the dye molecules. The dimer spectra show Davydov
splitting in the bands, including J-like and H-like bands that are
red- or blue-shifted, respectively, from the peak positions in
their corresponding monomer spectra.47 The Cy5 dimer shows
an H-like band near 15,460 cm−1 in its linear absorption
spectrum. For the Cy3 dimer, the equivalent H-like band
appears as a blue shoulder compared to the monomer’s 0−0
band. The peak molar absorptivity in the Cy3 dimer increases
by a factor of approximately 1.85 compared to the Cy3
monomer, whereas the peak molar absorptivity of the Cy5
dimer increases by about 1.5 with respect to that of the Cy5
monomer.
These experimental spectra were compared to those
calculated using the model discussed in the Methods Section.
These calculations include the linear absorption spectra for the

(13)

To generate the next generation of guess sets, the highestscoring set was conserved without alteration, and then the
remaining guess sets were generated using pairs of guess sets
from the previous generation. The pairs were selected using a
probability function P(k) (eq 14). The selections were
performed with replacement, so that the same guess set
could be chosen more than once.
P(k) =

Fk
200
∑ j = 1 Fj

Article

(14)

The next generation’s guess sets were assigned values from
either of the two parents with equal probability, determined
independently for each element.
In practice, this algorithm tended to cause the guesses to
converge to local optima. This convergence wastes computational resources by making many of the guesses redundantly
search the same region of the combination space. To address
this problem, multimodal searching was implemented by using
a clearing technique based on Delaunay triangulation.45
Multimodal searching is a niching protocol that preserves the
diversity of the population, typically by deleting or reassigning
redundant guess sets. In a genetic algorithm, a basic clearing
technique saves the highest-scoring unique guess sets, while it
deletes slightly lower-scoring, nearly identical guess sets. This
E
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Figure 3. Measured and calculated linear absorption and CD spectra
are shown for the Cy3 (a−c) and Cy5 (d−f) monomers and dimers at
298 K. The calculated spectra were optimized using a genetic
algorithm as described in the Methods section. The corresponding
parameters are shown in Table 1. Panels (g, h) show the structures of
the Cy3 and Cy5 dimers obtained using the genetic algorithm,
respectively. The oscillator or rotational strengths are shown as red
bars, as indicated. In the physical model (eqs 11 and 12), these
structures are ensemble averages. The energetic distribution across
the ensemble is assumed to be Gaussian and quantiﬁed by the
HWHM term, as shown in Table 1. More molecular images from
diﬀerent perspectives are shown in Figure S2 in the Supporting
Information.

Table 1. Position, Transition Dipole Orientation, and
Energy Parameters of the Second Site in the Cy3 and Cy5
Dimersa
θ (deg.)
ϕ (deg.)
x (Å)
y (Å)
z (Å)
E0 − 0 (cm−1)
ΔEv (cm−1)
HWHM (cm−1)

Figure 2. Spectra are shown for Cy3 and Cy5. The chemical
structures are shown in (a). They represent one possible resonance
structure because either nitrogen atom can be positively charged. The
R-groups in this ﬁgure are propyl groups, which attach to the
phosphate groups in DNA. When attached onto DNA, these dyes take
the place of a nucleotide residue. The monomer (b) and dimer (c)
ﬂuorescence (dashed) and linear absorption (solid) spectra are shown
as well as the dimer CD spectra (d). To aid in the comparison of the
peak positions, the vertical lines on the top of panel (c) indicate the
ﬂuorescence (dashed) and linear absorption (solid) peak maxima for
the monomers. In all cases, the dye−DNA structures are in glycerol
buﬀer. All measurements were made at 298 K.

Cy3

Cy5

99.3
8.27
−6.3
−0.9
−1.5
18,104
1144
126

104.6
87.4
−2.9
−4.6
−9.0
15,412
1082
135

For comparison, the ﬁrst site has its inclination angle (θ), azimuthal
angle (ϕ), and position coordinates (x, y, z) set to zero, while the
optical gap (E0 − 0), vibrational spacing (ΔEv), and peak-broadening
HWHM are assumed to be equal for both sites. The HWHM is also
assumed to be equal for all peaks within a spectrum.
a

component of the spectral linewidths. For the dimers, a
convention is adopted that the ﬁrst site’s transition dipole has
θ, ϕ, x, y, and z set to zero.
The average positions and orientations for the Cy3 and Cy5
dimers are shown in Figure 3g,h. Note that the model does not
account for the possibility of multiple, highly distinct stable (or
metastable) conformations and instead treats an average
conformation with Gaussian energy deviations. Though not
done here, in principle, the algorithm’s cost function could be
extended to consider multiple conﬁgurations at once if the
present treatment could not eﬀectively reproduce the spectra.

DNA-scaﬀolded monomers and dimers and the CD spectra for
the dimers (Figure 3a−f). Table 1 shows the molecular
parameters used to calculate the spectra obtained using the
genetic algorithm described in the Methods Section (Table 1).
Here, θ is the inclination angle; ϕ is the azimuthal angle; x, y,
and z are Cartesian coordinates of the molecule’s central
position; E0 − 0 is the optical gap between the lowest
vibrational modes in the ground state and the ﬁrst excited
state; ΔEv is the vibrational spacing for the vibrational mode
included in the vibronic bases; and HWHM is the wavenumber
half width at half maximum for the static inhomogeneous
F
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The coincidence of the measured and calculated linear
absorption spectra suggests that the present treatment is
suﬃcient for the systems studied here. The coincidence of the
monomer spectra also conﬁrms that the energy parameters are
a good match for the isolated chromophore and that three
vibrational levels must be included within each electronic state
to produce a match of the experimental spectrum.
The Huang−Rhys factors were determined by analysis of the
Stokes shifts (see the Methods section).39 The Stokes shifts for
Cy3 and Cy5 at room temperature were 385 and 296 cm−1,
respectively. However, the Huang−Rhys factors obtained from
1
these Stokes shifts are only accurate to a range of ± 4 .39 To
optimize the estimates, the values were optimized until the
peak heights coincided for the calculated and measured
monomer linear absorption spectra. As a result, the Huang−
Rhys factors were determined to be SCy3 = 0.55 and SCy5 = 0.27.
Characterizing the Sources of Disorder. The disorder
discussed here refers to the distribution of vibronic state
energies within the sample population, which contributes to
the line widths of the sample’s spectroscopic peaks. This
disorder arises from static and dynamic sources. Static sources
are those that are eﬀectively invariant compared to the signal’s
dephasing rates,41 such as some structural inhomogeneities,
distinct local electrostatic ﬁelds, and chemical defects. In
contrast, dynamic sources of disorder occur quickly enough to
coincide with dephasing, and therefore, also the localization of
vibronic superpositions. An example is stochastic perturbations
of the vibronic states caused by rapid nuclear rearrangements.13 It is useful to distinguish these sources of disorder to
provide direction for how to further optimize the system. If the
goal is to use DNA-scaﬀolded systems for coherent quantum
mechanical phenomena, for example, it is helpful to understand
how much the individual chromophore motions are contributing to the decoherence and how much of the spectral
broadening is due to ensemble-level eﬀects like sample
polydispersity. Here, these sources of disorder are parsed
using the genetic algorithm results as well as the spectral
temperature- and solvent-dependencies.
To characterize the sources of disorder in the DNAscaﬀolded chromophore structures, we measured temperaturedependent ﬂuorescence excitation and emission spectra for
Cy3 and Cy5 dimers, as shown in Figure 4 (for normalized
spectra, see Figure S3). For the Cy3 dimers, both the excitation
and emission spectra continuously narrow as the temperature
is lowered to 78 K, especially in the region near the 0−0
transition (approximately 17,850 cm−1; see Figure S4). In
addition, both the excitation and emission spectra undergo a
blue shift as the temperature is lowered. In contrast, the Cy5
dimer exhibits red shifts for both the excitation and emission
spectra as the temperature is initially lowered. Notably, the
Cy5 dimer excitation spectrum near room temperature
resembles that of the Cy5 monomer. As the temperature is
lowered, the excitation spectrum evolves into a band shape
with the coupled electronic features (as distinct from the
monomer spectra) observed in the absorption spectrum
(Figure 4). For both the Cy3 and Cy5 dimers, there is a
strong increase in the ﬂuorescence emission intensity as
temperature is lowered, suggesting that relaxation processes
that cause ﬂuorescence quenching become suppressed at lower
temperatures. This result is consistent with the previous report
that a fast (<60 ps) nonradiative decay channel is deactivated
in DNA-scaﬀolded Cy5 dimers as temperature decreases.48 For
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Figure 4. Measured temperature-dependent ﬂuorescence (dashed)
and excitation (solid) spectra are shown for the Cy3 (a) and Cy5 (b)
dimers in glycerol buﬀer. The line colors indicate the temperature
(K). A single number listed in the temperature legend indicates that
the excitation and ﬂuorescence had the same temperature. However,
some of the spectra were measured at slightly diﬀerent temperatures,
as indicated in the color bar in the order of excitation, and
ﬂuorescence temperature.

comparison, Figure S5 shows the temperature-dependent
emission properties of DNA-scaﬀolded Cy3 and Cy5
monomers. The monomer emission spectra also exhibit line
narrowing and blue shifting as the temperature is lowered to 78
K.
Figure S6 shows the temperature-dependent integrated
ﬂuorescence yield and the excited-state lifetimes for Cy3 and
Cy5 dimers. The vertical red lines indicate the approximate
temperature where the sample formed a solid glass. This
transition was typically accompanied by the formation of
cracks in the solidiﬁed glass-like sample. The formation of the
solid glass introduced some nonuniformity in the sample cell,
which overlapped with the illumination footprint. Therefore, it
was diﬃcult to calibrate the integrated ﬂuorescence from the
sample at temperatures below the glass formation. Above the
critical temperature for glass formation, it was possible to
quantify the ﬂuorescence increase. For the Cy3 dimer at
approximately 175 K, a threefold increase in integrated
ﬂuorescence was found relative to room temperature.
Considering that the ﬂuorescence quantum yield is approximately 33% for the Cy3 dimer (in glycerol buﬀer) at room
temperature, the quantum yield increases to nearly unity for
temperatures below about 175 K.
This increase is explained by the deactivation of nonradiative
relaxation pathways. Figure S7a shows that the Cy3 dimer
ﬂuorescence decay curve lengthens from an average lifetime of
1.4 ns at room temperature (assuming a biexponential decay)
to a nearly single-exponential decay time of 2.6 ns. The Cy5
dimer (in glycerol buﬀer) showed an 11-fold increase for the
integrated ﬂuorescence intensity at approximately 175 K,
relative to that measured at room temperature (Figure S7b).
The ﬂuorescence decay curve at room temperature contains
approximately 80 ps, 700 ps, and 2 ns time constants when ﬁt
to a triexponential decay function. The ﬁrst two of these time
constants are associated with twisting or rotations about the
single bonds in the cyanine dyes under diﬀering steric
constraints,49,50 indicating that the sample ensemble is subject
G
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to a distribution of steric hindrances. This distribution is
possible if there is a diversity of nuclear conﬁgurations
involving dimer interactions.51 The 80 ps relaxation time is
consistent with rapid internal conversion in the strongly
coupled Cy5 dimers.52 Furthermore, the 700 ps component is
consistent with the time constants of these structural
rearrangements measured in cyanine chromophores under
more extreme steric hindrance. In a previous study,51 bulky
substituents provided this hindrance; however, in the present
samples, it can be provided by the interaction of the two
chromophores within the dimer and/or interactions between
these chromophores and the DNA scaﬀold. Furthermore,
cyanine systems with strong steric hindrance due to rotation
about single bonds were reported with ﬂuorescence decay rates
of several nanoseconds.50 Alternatively, the 700 ps or 2 ns
components may be related to monomer species from defects
(e.g., photobleaching products) and/or dimers with imperfect
hybridization.
The 78 K Cy5 dimer emission spectrum (Figure 4) shows
that the leading edge of the spectrum contains a small tail at
the red edge near 650 nm. This feature may be due to emission
from monomer-like species. To further examine this possibility,
Figure S8 shows numerical superpositions of the measured 78
K Cy5 dimer and 78 K Cy5 monomer spectra containing up to
15% added Cy5 monomer to the experimental spectrum,
which results in an increased amplitude in the tail on the blue
side of the emission. Conversely, subtracting 7% of the Cy5
monomer from the experimental spectrum results in the
leading edge of the dimer peak being well ﬁt by a Gaussian
function. This result coincides with an impurity analysis
conducted using a PAGE gel (Figure S1), which resulted in an
upper-bound estimate of approximately 8% double-stranded
DNA dissociation.
At 78 K, the Cy5 dimer ﬂuorescence decay curve lengthens
to 2.5 ns and is nearly described by a single-exponential
function. This observation is consistent with the dramatic
lengthening of Cy5 dimer time constants observed in ultrafast
pump−probe measurements of Cy5 dimers when cooled to
100 K.53 The saturation of the integrated ﬂuorescence from
Cy5 dimers in Figure S6 shows that the excited-state relaxation
channel is quenched at temperatures near 200 K, corresponding to an activation energy of approximately 140 cm−1.
Figure 5 shows the temperature dependence of the 0−0
linewidth (HWHM) and peak frequency. The HWHM is used
to describe the 0−0 band linewidth because the overlapping
vibronic peaks limit visibility of the blue side of the peak
(Figure S9). For the Cy3 monomer and dimer, the linewidth
narrowed by approximately a factor of two at 78 K. In both
cases, the ﬂuorescence peaks blueshift and narrow. For the Cy5
monomer and dimer, the linewidth also narrows by
approximately a factor of two at 78 K; however, as noted in
Figure 4, the peak frequency for the dimer ﬁrst redshifts until
the temperature reaches about 260 K, whereupon the peak
frequency reverses and gradually blueshifts as the temperature
is lowered to 78 K. For both Cy3 and Cy5, the width of the
dimer peaks is consistently narrower than the linewidth of the
corresponding monomer due to an exchange-narrowing
eﬀect.54 In the case of dimers, the rapid excitation energy
exchange between the two sites has the eﬀect of averaging over
inhomogeneous site energies and can narrow the 0−0 dimer
absorption (ﬂuorescence) up to 1 the width of the monomer.
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Figure 5. Temperature dependencies of the central peak energies and
HWHM are shown for the measured ﬂuorescence spectra as a
function of temperature. For Cy3 (a, b) and Cy5 (c, d) dimers, the
0−0 peak energies (a, c) and HWHMs (b, d) are shown. The
uncertainties in HWHM and peak energy are estimated to be ±15
cm−1 for the Cy3 dimer and ±11 cm−1 for the Cy5 dimer.

Figure 6 compares the linear absorption and ﬂuorescence
spectra of the Cy3 and Cy5 dimers at 78 K. The narrower

Figure 6. Measured ﬂuorescence (dashed) and linear absorption
(solid) spectra are shown for the dimers at 78 K. The samples were
measured in a glycerol buﬀer mixture.

spectra can be explained by the system−environment coupling
strength per unit time Δ2 (eq 15). This term describes the
energy-level perturbation magnitudes by interactions with an
external vibrational environment, which cause the Hamiltonian’s eigenvalues to ﬂuctuate and introduce spectral broadening contributions to the time-integrated spectra. These
eﬀects depend on the temperature T and reorganization energy
λ (eq 15).
2λkBT
(15)
ℏ
This coupling strength, which corresponds to the standard
deviation of the Gaussian spectral peaks in the inhomogeneous
broadening limit, decreases with temperature.41 At 78 K, the
Cy3 and Cy5 dimers’ Stokes shifts are 55 and 51 cm−1,
respectively. For reference, the dimers’ shifts are smaller than
the monomers’ excitation shifts of 164 cm−1 for Cy3 and 165
cm−1 for Cy5 at 78 K (Figure S5e). This diﬀerence between
the dimers and monomers at 78 K suggests that the
chromophores within the dimer cause steric hindrance upon
each other, which lowers their reorganization energy.
Δ2 =

2

H
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ature increases from 260 K to room temperature. Meanwhile,
the Cy5 dimer’s 0−0 peak blueshifts toward this same
wavenumber value as the temperature increases past 260 K.
However, at the same time, the excitation spectra (Figure 4)
did not exhibit this abrupt change at 260 K. This mismatch in
the excitation and ﬂuorescence spectrum behaviors as the
temperature is increased past 260 K suggests that diﬀerent
subensembles within the sample are responsible for the
absorption and emission. Either multiple subensembles exist
within the sample only at temperatures above 260 K, some of
which dominate the absorption but not the ﬂuorescence, or
these subensembles exist at all temperatures, but certain ones
in the dimer mixture become nonﬂuorescent at temperatures
over 260 K. A previous study supports the latter explanation
involving nonﬂuorescent subensembles.52
Comparison to Other Organic Chromophore Networks. It is useful to compare the degree of inhomogeneous
broadening in the cyanine dimer−DNA systems to inhomogeneous broadening found in other well-known organic
aggregates. Here, the present results are compared to those
of the thiacarbocyanine-triethylammonium salt (THIATS) Jaggregate55 and perylene diimide (PDI) J-dimers.35 The
THIATS monomer is structurally similar to Cy3. The
absorption and ﬂuorescence spectral linewidths of the
THIATS J-aggregate narrow to a HWHM linewidth of about
40 cm−1 near 78 K. This value is four times narrower than the
HWHM reported here for the Cy3 dimer. However, the
exciton coherence length for THIATS is estimated to extend
over 20 molecules, implying a threefold greater exchangenarrowing eﬀect compared to Cy3. Thus, the inhomogeneous
broadening for the Cy3 dimer on DNA, while larger than for
THIATS J-aggregates, is still within approximately a factor of
two. In the case of the covalently formed PDI J-dimer, the
HWHM’s static inhomogeneous broadening contribution was
determined to be ∼180 cm−1 from single-molecule ﬂuorescence measurements at 1.6 K where the dimer was
dispersed in a host polymer matrix,35 which is similar to the
200 cm−1 estimate for our Cy3 and Cy5 dimers on DNA
obtained by using the peak width values in Figure S9 and
multiplying by 2 to correct for the exchange-narrowing
eﬀect.
Sample Inhomogeneities. The excitation and emission
spectra were measured at diﬀerent detection and excitation
frequencies, respectively, to characterize possible inhomogeneities in the dimer−DNA ensembles. Figure 7a shows that the
excitation spectra for the Cy3 dimers show only small
variations in the peak frequency as the detection wavenumber
is varied from 18,349 to 19,417 cm−1. There is a slight redshift
of the edge of the 0−0 band over the same range of detection
frequencies. The ﬂuorescence emission spectra (Figure 7b)
show equivalent peak wavenumbers and band shapes as the
excitation frequencies is varied between 16,667 and 17,544
cm−1. In the case of the Cy5 dimer, there is a greater
dependence of the excitation spectrum on the detection
wavenumber. For example, as the detection frequency is varied
from 13,699 to 14,493 cm−1, the peak frequency varies by
approximately 150 cm−1 with a proportional redshift of the
edge of the 0−0 band (Figure 7d). In addition, for detection at
14,085 cm−1, the excitation spectrum shows a relative
enhancement of both the bands near 15,500 and 16,525
cm−1. Similar to the case of the Cy3 dimer, the Cy5 dimer
emission spectra are relatively constant as the excitation
frequency is tuned from 15,504 to 16,529 cm−1 (Figure 7c).

Compared to the previously studied chromophore networks,
the Stokes shifts of the dimers are approximately two times
larger than those observed in well-ordered J-aggregates,55 and
they are much smaller than the 600 cm−1 shift observed in
disordered perylene bis-imide J-aggregates.56
DNA-scaﬀolded systems have been observed to support
vibronic coherences with decoherence time constants of 300 fs
at room temperature,46 which are similar to those observed in
pigment−protein complexes.57 These dynamics can involve
both static and dynamic broadening (or equivalently,
dephasing) contributions. The dynamic contributions occur
when the environment’s nuclear motions cause the system’s
vibronic energy levels to ﬂuctuate. These dynamics are
inﬂuenced by Δ2 (eq 15). In the inhomogeneous limit, the
reorganization energy can be estimated as half of the Stokes
shift.39 The Stokes shifts observed in the room-temperature
spectra allow the estimation of 2λ. For the room-temperature
monomer measurements, λCy3 = 192 cm−1 and λCy5 = 148
cm−1. For comparison, the Stokes shift for the Cy3 dimer
sample at room temperature is 368 cm−1, yielding a similar
reorganization energy of 184 cm−1. The Cy5 dimer’s
reorganization energy is not estimated using this method
because its ﬂuorescence appears to be monomer-like, so it is
likely that the dimer ﬂuorescence is signiﬁcantly quenched.
These values are similar to those found in bacteriochlorophyll
a, which span 160−340 cm−1 depending on the choice of
solvent.58 Using these values, Cy3 and Cy5 yield Δ2 values of
3.87 and 3.39 cm−1 fs−1, respectively.
The 0−0 peak widths are likely dominated by static
broadening eﬀects, such as sample polydispersity or diﬀerences
in their local environments within the ensemble. For instance,
previous measurements of the temperature-dependent homogeneous peak width of the 0−0 absorption line in
pseudoisocyanine (PIC) J-aggregates were performed using
the photon echo technique,59 which can extract the dynamic
homogeneously broadened signal even from a sample whose
ﬂuorescence and linear absorption measurements would be
dominated by static inhomogeneous broadening.60 In that
work, the homogeneous linewidth was less than 5 cm−1 at
temperatures near 78 K. Furthermore, Figure 5 shows that, as
temperature decreases, the reduction in HWHM ﬂattens out
substantially by 78 K. In comparison, we achieve ﬂuorescence
0−0 peak HWHM values no smaller than 162 nm even if the
exit slit widths are reduced to 0.5 nm to minimize any
instrument broadening eﬀects (Figure S9). The diﬀerence in
peak widths suggests that the 0−0 linewidths observed for Cy3
and Cy5 dimers at 78 K are dominated by static broadening.
The genetic algorithm model (described previously) distinguishes both the dynamic and static homogeneous broadening
components, and its outputs assign static inhomogeneous
broadening HWHM contributions of 126 cm−1 (Cy3) and 135
cm−1 (Cy5). The algorithm uses the same value for both the
monomers and dimers. These values comprise the majority of
the observed peak widths and therefore support this assessment.
The ﬂuorescence spectra of the Cy3 monomer and dimer
exhibit monotonic redshifting and peak-broadening behaviors
as the temperature increases (Figure 5). The Cy5 monomer
and dimer spectra follow a similar pattern at lower temperatures, but aberrations occur as the temperature rises past a
threshold of approximately 260 K. The Cy5 monomer’s peakshifting pattern diﬀers from that of the Cy3 monomer by
ﬂattening out asymptotically toward 14,970 cm−1 as temperI
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dimers, which are held by relatively weak van der Waals
interactions, creating a highly disordered ensemble of dimers.
Vibronic State Delocalization. The vibronic delocalization in the dimers will be discussed using the Hamiltonians
obtained from the genetic algorithm. The vibronic basis states
are themselves delocalized if at least one ground-state site is
vibrationally excited. While the electronic excitation is localized
to a particular site (see Methods Section), it can accompany
nuclear distortions in neighboring sites.61 Aside from that kind
of delocalization, any vibronic coupling in the Cy3 and Cy5
dimer Hamiltonians indicates delocalization among the
vibronic excited states. In that case, the vibrons are no longer
eigenstates of the system, and the eigenstates will delocalize
among them. Only this delocalization among vibronic states is
quantiﬁed by the inverse participation ratio.
The inverse participation ratio Ni describes the distribution
of the Hamiltonian’s eigenstates among its vibronic basis states
(eq 16). This metric has been used previously to analyze the
extent of excitonic delocalization in protein-scaﬀolded organic
chromophore networks.28 In eq 16, Umi = ⟨n = 1, m | Ψi⟩ is the
overlap between the vibronic state and the ith eigenstate Ψi of
the vibronic Hamiltonian. The lower limit of Ni is 1, which
describes localization of the eigenstate on a single vibronic
state. In contrast, the upper limit (equal to the total number of
vibronic states) denotes evenly distributed delocalization
across all the vibronic states.

Figure 7. Normalized ﬂuorescence (a, c) and excitation (b, d) spectra
are shown for the Cy3 (a, b) and Cy5 (c, d) dimers measured at 78 K.
For the ﬂuorescence spectra, the color key indicates the excitation
wavenumber, whereas the key in the excitation spectra indicate the
detection wavenumber.

The variations in the Cy5 dimer excitation spectra that are not
replicated in the ﬂuorescence spectra suggest that the dimer
ensembles contain subpopulations with diﬀerent geometrical
conﬁgurations of the chromophores and/or diﬀerent local
environments. The stronger variations in the Cy5 dimer
excitation spectra suggest that this ensemble contains greater
variation in dye conﬁgurations than does the ensemble of Cy3
dimers. One possible explanation is there may be increased
strain in the local dye−DNA structure from the larger size of
the Cy5 molecule that causes the Cy5 dimer conﬁguration to
be less robust than the Cy3 dimer conﬁguration. The 0−0
ﬂuorescence linewidths for the Cy3 and Cy5 dimers remain
independent of the excitation frequency, which indicates that
the subpopulations have similar inhomogeneous broadening.
The wavenumber-dependent excitation spectra are consistent
with MD simulations of Cy3 dimers and Cy5 dimers on DNA
duplexes, which show that Cy3 and Cy5 dimers doubly
attached to DNA duplexes tend to ﬂuctuate between diﬀerent
dye orientations, though they have certain strongly dominant
conﬁgurations.25,46
The line-narrowing eﬀect and ﬂuorescence excitation and
emission band shapes for the cyanine dimers on DNA depend
on the solvent. The spectra shown in the previous ﬁgures have
been measured in a glycerol−water buﬀer, which forms a fairly
high-quality glass. Figure S10a−d shows the temperaturedependent excitation and emission spectra for the Cy5 dimer
in PBS buﬀer without any glycerol. Here, the solution was
observed to freeze near 260 K into a polycrystalline matrix.
Under these conditions, the excitation and emission spectra do
not narrow when cooled to 78 K. The spectra remain very
broad with a 0−0 HWHM linewidth of approximately 370
cm−1, which is nearly twice as large as the HWHM for the Cy5
dimer in the glycerol−water buﬀer at 78 K. In addition, Figure
S10e shows that the Stokes shift at 78 K is 540 cm−1, which is
approximately 8 times larger than the Stokes shift observed in
glycerol. These observations demonstrate that the crystallization of the solvent disrupts the orientation of the Cy5

Ni =

1
N
∑m = 1 (Umi)4

(16)

Based on the Hamiltonians obtained from the genetic
algorithm (Tables S3 and S4), the eigenenergies and inverse
participation ratios for Cy3 and Cy5 are given in Table 2. The
three lowest-energy eigenstates are delocalized across approximately 2.2−4.7 vibronic states for both dimer systems, and the
eigenstates of Cy5 are slightly more delocalized than those of
Cy3. Conversely, Cy5’s higher-energy eigenstates are more
localized than those of Cy3. The relatively low inverse
Table 2. Cy3 and Cy5 Dimers’ Vibronic Eigenstate
Frequencies (ω) and Inverse Participation Ratios (Ni) Are
Listed
Cy3
−1

J

Cy5

ω (cm )

Ni

ω (cm−1)

Ni

17,829
18,256
19,035
19,249
19,249
19,457
20,300
20,393
20,393
20,393
20,393
20,499
21,352
21,536
21,536
21,835
22,680
22,681

2.22
2.12
4.53
2.21
2.21
4.45
6.26
2.00
2.16
2.07
2.16
6.39
4.21
2.06
2.06
4.30
2.00
2.00

14,965
15,640
16,329
16,494
16,494
16,652
17,401
17,576
17,576
17,576
17,576
17,761
18,465
18,659
18,659
18,983
19,687
19,878

2.32
2.21
4.70
2.99
2.99
4.59
2.96
1.57
1.27
1.88
1.17
3.04
4.43
2.00
2.00
4.95
2.05
2.24
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out with a relatively mild temperature decrease. For the Cy3
dimer, a ﬂuorescence quantum yield of nearly unity was
inferred from the integrated ﬂuorescence spectra. Both the Cy3
and Cy5 dimers displayed small Stokes shifts at 78 K, which is
a feature of approaching the temperature-dependent homogeneous broadening limit, as discussed in the Methods Section.
Meanwhile, the vibronic energy structure deduced by the
genetic algorithm indicates that delocalization of the lowestlying eigenstates spans 2−5 vibronic states in the dimers. This
is a low-to-moderate delocalized result that could beneﬁt from
further optimization. For reference, the excitons (not vibrons)
in a photosynthetic pigment−protein complex (the Fenna−
Matthews−Olson complex) are delocalized across 1−3
states.28 However, the approach reported here provides a
baseline for further optimization in future work. For instance,
stronger vibronic coupling was shown to yield greater
delocalization of the three lowest eigenstates though it also
caused more localization of the higher-wavenumber eigenstates. In practice, many degrees of freedom exist for further
optimization that were not explored here, such as the transition
dipole orientations, site energies, and scaﬀold structures.
Recent work suggests that the environmental correlations at
each site may even be optimized by arranging the
chromophore networks into particular spatial patterns,
providing another way to control the coherent dynamics and
therefore also the broadening characteristics.20 Future studies
must be conducted to optimize these properties using the
molecular and scaﬀold characteristics.

participation ratios compared to the theoretical maximum of
18 indicate room for improvement. Greater delocalization
bolsters applications such as quantum information technologies62−64 and, in concert with decoherence mechanisms, can
also bolster energy transport.65−67 Nonetheless, this method
sets a baseline for future studies to optimize the delocalization
of the vibronic Hamiltonian’s eigenstates.
The inverse participation ratios depend on the vibronic
coupling strengths compared to the vibronic frequencies. To
ﬁnd the basic contours of how the delocalization depends on
the coupling, we construct a basic example where the vibronic
frequencies are held constant while the coupling terms are
multiplied by a scalar variable. Select dependencies are shown
in Figure S11, and the full table is presented as Table S2 of the
Supporting Information. As the coupling terms are multiplied
by a number increasing from 0.25 to 10, the inverse
participation ratio of the lowest-energy eigenstate increases
from 2.22 to 8.87 in Cy3 and 2.32 to 8.47 in Cy5, suggesting
that greater vibronic delocalization can be achieved by
increasing the vibronic coupling strength. The delocalization
also increases in the second-lowest eigenstates, while the thirdlowest eigenstates saturate at the maximum at a multiple of
approximately 5 and then decrease again. In principle, this
scalar multiple could be achieved by shifting the intermolecular
distance within the dimer while preserving the orientations;
however, this example is intended as a minimal one to establish
that it is possible to obtain substantial vibronic delocalization
in principle. In practice, there are many degrees of freedom to
search to ﬁnd the optima, including the bases in the DNA, the
choice of chromophores, the positions and orientations, and
energy-level characteristics. While these results establish that
such optimization can signiﬁcantly inﬂuence the inverse
participation ratio, a full investigation of how the vibronic
delocalization can be optimized by realistic parameters of
molecular systems, and how to achieve this optimization on
the lab bench, is the subject of future work.
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■

CONCLUSIONS
Vibronically coupled, DNA-scaﬀolded Cy3 and Cy5 systems
were studied based on their measured and computed optical
spectra. The particular focus was on their structures, energetics,
and system−environment interactions. The system−environment interactions were initially probed using temperaturedependent spectral measurements. The spectra exhibited linenarrowing by approximately a factor of 2 as the temperature
was reduced from room temperature to 78 K. At 78 K, upper
HWHM limits of approximately 162 cm−1 (Cy3) or 166 cm−1
(Cy5) were found for the static inhomogeneous broadening
contributions of the 0−0 ﬂuorescence peak. This estimate was
further reﬁned by using physical modeling and a genetic
algorithm approach, which was able to distinguish the static
inhomogeneous broadening contributions from the dynamic
contributions. The results obtained were 126 and 135 cm−1 for
Cy3 and Cy5, respectively. These results indicate that static
broadening contributions were the majority contributor to
spectral broadening in these systems. This result is relevant for
applications that rely on mixing of the electronic
states.62−64,66,67
Over a narrower temperature range from room temperature
to about 180 K, the ﬂuorescence emissions were observed to
increase several fold, most dramatically in the case of Cy5.
These results indicate that nonradiative decay processes
dominate at higher temperatures but can largely be frozen
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