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Abstract

Coherent exciton delocalization in dye aggregate systems gives rise to a variety of intriguing 

optical phenomena, including J- and H-aggregate behavior and Davydov splitting. Systems that 

exhibit coherent exciton delocalization at room temperature are of interest for the development of 

artificial light-harvesting devices, colorimetric detection schemes, and quantum computers. Here, 

we report on a simple dye system templated by DNA that exhibits tunable optical properties. At 

low salt and DNA concentrations, a DNA duplex with two internally functionalized Cy5 dyes (i.e., 

dimer) persists and displays predominantly J-aggregate behavior. Increasing the salt and/or DNA 

concentrations was found to promote coupling between two of the DNA duplexes via branch 

migration, thus forming a four-armed junction (i.e., tetramer) with H-aggregate behavior. This H-

tetramer aggregate exhibits a surprisingly large Davydov splitting in its absorbance spectrum that 

produces a visible color change of the solution from cyan to violet and gives clear evidence of 

coherent exciton delocalization.
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INTRODUCTION

Coherent exciton delocalization, the process by which excitons (i.e., electron–hole pairs) 

spread in a wavelike manner over spatially separated molecular dyes,1–5 is an intriguing 

phenomenon that has attracted the interest of quantum computational theorists for the role it 

might play in photosynthesis.5–11 Frenkel, Davydov, and Kasha12–15 pioneered the 

theoretical description of exciton delocalization within molecular crystals and aggregates. 

Exciton delocalization in dye aggregate systems has been shown to exhibit itself in a wide 

variety of optical phenomena, including Dicke super-radiance,16–18 Davydov splitting,
12,13,19–21 and its more specific manifestations: J- and H-aggregate behavior,22–39 

superquenching,28,40 exchange narrowing,41,42 superfluorescence,43,44 resonance 

fluorescence,45–47 and excitonically coupled circular dichroism (EC-CD),26,48 many of 

which depend strongly on the geometrical configuration of the dye aggregates. Shown in 

Figure 1, coherent coupling between two dyes results in a splitting of the excited state 

energy levels for which the allowed energy transitions, and thus optical properties are 

strikingly different depending on whether the dye molecules undergo head-to-tail stacking 

(referred to as J-aggregates, Figure 1a) or parallel stacking (referred to as H-aggregates, 

Figure 1b). In particular, J-aggregates, first observed by Jelley49,50 and Scheibe,51–53 exhibit 

a bathochromic (red) shift in absorbance, while H-aggregates exhibit a hypsochromic (blue) 

shift in absorbance relative to the monomeric dye. J-aggregates have been shown to produce 

a nearly resonant fluorescence emission (i.e., very small Stokes shift), yielding a high-

intensity, sharp emission peak that can be exploited for the development of nonlinear optical 

devices,30 light-harvesting systems,54 and biological probes.22,54 Conversely, H-aggregates 

have been used primarily as biological markers35,37,55,56 due to a significantly reduced 

fluorescence emission intensity accompanied by a very large Stokes shift that arises from an 

optically forbidden energy transition. Intermediate geometrical configurations, termed 

oblique, exhibit a resonant band (Davydov) splitting of the absorbance spectrum that reflects 

a mixture of J- and H-aggregate optical properties resulting from the dye stacking geometry.
20

Currently, coherent exciton delocalization is being explored in naturally occurring 

photosynthetic systems as a highly efficient energy transfer mechanism at ambient 
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temperatures.6,10,11,57–59 Within these light-harvesting systems, proteins organize groups of 

chromophores (i.e., optically active dye) into aggregates with nearest-neighbor distances of 

1–2 nm or less, which is necessary to induce and sustain coherence.59 Mimicking intricate 

protein and dye interactions found within photosynthetic light-harvesting systems to 

assemble dye aggregates in a manner that promotes exciton delocalization has proven 

difficult owing to the complexity of protein folding mechanisms and dye–protein 

interactions.8,60 An alternative approach is to use DNA as the biomolecular scaffold. Largely 

because of Watson–Crick base pairing and the linear structure of DNA oligomers, DNA 

assembly follows simple design rules. In addition, DNA can be easily labeled (i.e., 

functionalized) with an assortment of dye species using various dye attachment methods that 

enable proximal positioning of the dyes, thereby facilitating coherent interactions.40,61

Covalent attachment of dyes onto DNA oligomers26,48,62–65 enables precise control of 

aggregate size and specificity of the covalent attachment site as well as offers a simple 

method for investigating the effects of dye surroundings on dye−dye interactions and the 

preferred aggregation stacking arrangement. As already established by Markova et al., two 

cyanine-based Cy5 dyes (see Supporting Information S1) covalently bound within a DNA 

duplex form a J-dimer while in the presence of 100 mM sodium chloride (NaCl).26 In our 

work, we investigate the transition of J-type to H-type aggregate constructs at high salt 

and/or DNA concentrations through theoretical fitting of the spectral data, gel 

electrophoresis, and reaction kinetics studies, which supports the coupling of two J-dimers 

to form an H-tetramer by the combination of two DNA duplexes into a four-armed junction 

(4AJ). Strictly speaking, the DNA-templated J-dimers and H-tetramers are chiral oblique 

aggregates, as evidenced by our circular dichroism (CD) data, but exhibit predominantly J- 

or H-characteristics, respectively. Within the bulk solution, the equilibrium population ratios 

between the two aggregate states (i.e., J-dimer/duplex and H-tetramer/4AJ) are adjusted by 

varying the salt and DNA concentrations, thereby enabling control of the optical properties. 

In particular, for this two-state system, the large Davydov splitting (103 nm, 336 meV) 

manifested in the absorption spectra gives rise to vivid color changes as a result of the large 

separation between the two absorption peaks, establishing a distinct and visible signature of 

exciton delocalization.66 Exploiting this unique DNA-templated method for discretely 

switching between aggregate states and precisely controlling the optical properties of the 

system provides a viable platform for the development of excitonic-based optoelectronic 

devices toward artificial light-harvesting systems, novel colorimetric detection schemes, and 

quantum computation.8,9

THEORETICAL ANALYSIS OF OPTICAL SPECTRA FOR STRUCTURAL 

MODELING

To extract structural information from the experimental data, theoretical absorbance and CD 

spectra were computed for various dye configurations and compared with the experimental 

spectra. The theoretical calculations proceeded by constructing a system Hamiltonian 

following a generalized approach guided by Kühn, Renger, and May that considers the case 

of N dye molecules having arbitrary positions and orientations.67–71 This approach, which 

we will term the Kühn–Renger–May (KRM) model from here on, avoids any perturbational 
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treatment of the exciton–vibrational coupling. The energy eigenvalues and eigenvectors of 

this Hamiltonian were computed on a truncated Hilbert space. The construction of the 

Hamiltonian and the truncation of the Hilbert space are described in Supporting Information 

S2. Since the distance between the dyes is expected to be less than the length of the 

molecules, to achieve a better approximation rather than model the exciton exchange 

interaction as that between a pair of point dipoles, each dipole is modeled as a pair of 

opposite charges separated by a distance comparable to that of the length of the molecule 

(Supporting Information S2). The optical transition probabilities were computed for each 

eigenstate, and smooth absorption and CD spectra were obtained by convolving the 

transition probability line spectra with a Gaussian line shape, thereby approximating the 

effect of the vibronic continuum on spectral line shape. The absorbance and CD data were 

simultaneously fit to match the two dominant peaks of the absorption and CD spectra and 

obtain a generally good qualitative agreement for the shape of the spectra. The purpose of 

the KRM modeling is to obtain quantitative information regarding the dye stacking positions 

and orientations. From a qualitative inspection of the experimental data, it may be apparent 

that the dyes do not stack strictly in head-to-tail J-aggregate or face-to-face H-aggregate 

configurations, but it is not possible to determine the actual configurations that the structures 

will adopt.

Kinetics and Thermodynamics of the Two-State Model.

As will be highlighted when discussing the results of the reaction kinetics and 

thermodynamic studies of the system, the model that best describes the data is a second-

order reaction in which two J-dimers reversibly combine to form an H-tetramer. This model 

is also corroborated by the theoretical fitting of optical spectra, which shows two J-dimer 

duplexes that couple together to form a 4AJ with four dyes (i.e., a tetramer) exhibiting 

predominantly H-aggregate behavior. Here, the model is described in detail.

Two-State Second-Order Reaction Kinetics Model.

The system in this study can be characterized by the following isothermal chemical reaction:

J + J
kH J

kJ H H (1)

where [J], [H], kJ→H, and kH→J represent J-dimer and H-tetramer concentrations, the 

reaction rate constant for J-dimers combining to form H-tetramers (i.e., forward reaction), 

and the reaction rate constant for H-tetramers dissociating into pairs of J-dimers (i.e., reverse 

reaction), respectively. A schematic illustration of the J-dimer to H-tetramer states is given 

in Figure 2. The transition occurs via a four-way branch migration process to form a 

Holliday junction-like structure with dyes located at the junction core.72–82 Figure 2 also 

indicates that although the H-type configuration is treated as a single state in the two-state 

reaction kinetics model, it is depicted as undergoing internal rearrangements due to 

breathing and restacking of the DNA bases near the Holliday junction core. These 

arrangements occur on 1 μs to 1 s time scales and are fast compared to interconversion of J-

dimers and H-tetramers.79,80 The internal rearrangements in Figure 2 are shown as causing 
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either a horizontal or vertical displacement, or separation of the dyes, resulting in the 

formation of dye dimers. We hypothesize that the existence of these multiple internal states 

(i.e., dimers that result from horizontal or vertical displacement) largely accounts for the J-

aggregate like feature of the H-tetramer absorbance spectrum that appears at 665 nm.

Here, we derive the equations following from eq 1 that were used to fit the experimental 

kinetics and thermodynamic data. The rate equations for such a system are

d J
dt = − 2kJ H J 2 + 2kH J H (2)

and

d H
dt = kJ H J 2 − kH J H (3)

From eqs 2 and 3, it follows that

d J
dt + 2d H

dt = 0 (4)

If, at time t = 0, [J] = [J]0 and [H] = [H]0, then upon integrating eq 4, the conservation of 

mass equation is found:

H = 1
2 DNA − J (5)

where [DNA] represents the total double-stranded DNA (dsDNA) concentration, which is 

constant and approximately equal to the sum of [J]0 and 2[H]0. Solving for [J] in eq 5 and 

substituting into eq 3 gives a rate equation in terms of [H]:

d H
dt = kJ H DNA − 2 H 2 − kH J H (6)

Integrating the rate equation83 and solving for [H] yields

H = 1
2 DNA − q

4c
1 + αe− qt

1 − αe− qt + b
4c (7)

where the constants in eq 7 are given in terms of the rate constants and DNA concentration 

by
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a = − kH J DNA
b = kH J
c = 2kJ H

(8)

and

q = − 4ac + b2 = 8kJ HkH J DNA + kH J
2 (9)

α =
2c J 0 + b − q
2c J 0 + b + q

(10)

Details pertaining to the full derivation can be found in Supporting Information S3.

Fitting Reaction Kinetics Data.

To reduce the number of parameters used when fitting the reaction kinetics data, the rate 

equations were examined in the long time limit (i.e., t = ∞) at which the reaction 

equilibrium is reached. Thus, from eq 7, one obtains the following:

H t = ∞ = 1
2 DNA − q

4c + b
4c (11)

Solving for 1/2[DNA] in eq 11 and substituting into eq 7, the b/4c term is eliminated. 

Analyzing the newly simplified eq 7 at t = 0, one finds

H t = 0 = H t = ∞ − q
2c

α
1 − α (12)

Rearranging eq 12 to solve for the √q/2c term and substituting into eq 7, the √q/2c term is 

eliminated, thus yielding the following:

H = H t = 0 − H t = ∞
1 − α e− qt

1 − αe− qt + H t = ∞ (13)

Because the α term is nearly zero (see Supporting Information Tables S4.1 and S4.2), eq 13 

can be rewritten as

H = H t = 0 − H t = ∞ e− qt + H t = ∞ (14)
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Thus, the fitting equation is equivalent to a decaying exponential function. To more 

accurately determine the rate constants, absorption spectra were obtained for completed 

reaction kinetics experiments performed at a variety of temperatures to ascertain the final 

concentrations of J-dimers and H-tetramers, thereby providing the equilibrium constant, Keq, 

for the reaction at a series of temperatures. Expressing α in terms of Keq and substituting 

into eq 13 eliminates one of the unknown variables in the fit, such that only three parameters 

(q, [H]t=∞, and [H]t=0) are varied during the fitting procedure (eq 14).

The temperature-dependent rate constants appearing in eq 1 can be determined by evaluating 

reaction kinetics data obtained at different temperatures using eq 14. Assuming the reactions 

exhibit Arrhenius behavior, the activation energy and frequency factor for the forward (J → 
H) and reverse (H → J) reactions can then be calculated.

Effects of DNA Concentration on J- and H-Aggregate Populations.

Because of the second-order nature of the proposed reaction mechanism (eq 1), the direction 

of the reaction will be dependent on the DNA concentration, with formation of H-tetramers 

favored at high DNA concentration. Note that the effective dye concentration is proportional 

to the DNA concentration. Additionally, one can solve for a single population (i.e., [J] or 

[H]) by relating eq 5 to the equilibrium constant, Keq:

Keq J 2 = H = 1
2 DNA − J (15)

Rearranging eq 15 gives

2Keq J 2 + J − DNA = 0 (16)

Solving for [J] and disregarding the negative solutions leads to

J =
1 + 8Keq DNA − 1

4Keq
(17)

Similarly, [H] can be found to be

H = 1
2 DNA −

1 + 8Keq DNA − 1
4Keq

(18)

Thus, using eqs 17 and 18, while conserving mass, the following relationships expressing 

the relative fractions of J-dimers and H-tetramers in solution can be obtained:
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J
J + 2 H =

1 + 8Keq DNA − 1
4Keq DNA (19)

2 H
J + 2 H = 1 −

1 + 8Keq DNA − 1
4Keq DNA (20)

RESULTS AND DISCUSSION

Optical Analysis of Dye-Aggregate States.

To optically characterize each dye-aggregate state and identify key coherent exciton 

delocalization spectral signatures, the absorbance, fluorescence, and CD spectra were 

measured for Cy5-DNA systems in 1× TAE buffer with 0 mM MgCl2 (J-dimer) and 155 mM 

MgCl2 (H-tetramer) added at a DNA concentration of 1.5 μM (Figure 3). Spectral analysis 

of the dye monomer (Figure 3a) shows absorbance and emission peaks at 646 and 672 nm, 

respectively, yielding a 26 nm Stokes shift, which is in accordance with the literature values.
26,84 The full width at half-maximum (FWHM) of the absorbance (Abs) and fluorescence 

(FL) spectra were determined using a Gaussian fit to the data, as described further in 

Supporting Information S5. As expected, the monomer did not produce an observable CD 

signal in the visible region of the spectrum (Figure 3b), indicating molecular achirality and 

the absence of excitonic coupling. In contrast, the right-handedness of the β-DNA 

macromolecule structure gives rise to an anticipated chiral induced CD signal in the UV 

region.85 Figure 3c, visualized using the UCSF Chimera software package,86,87 depicts a 

possible representation of the monomer Cy5 internally functionalized onto a DNA duplex.

The J-dimer optical spectra presented in Figure 3d show similar spectral properties to those 

previously reported.26 The J-dimer absorbance spectrum showed a peak at 665 nm that is 

red-shifted nearly 20 nm relative to that of the monomer (λmax = 646 nm). Additionally, the 

J-dimer fluorescence maximum occurred at 667 nm, corresponding to an almost 

imperceptible (2 nm) Stokes shift relative to the absorption maximum. Both the absorbance 

and fluorescence peaks underwent a narrowing of the FWHM by ~20% compared to the 

monomer. The narrowing of the J-dimer absorbance peaks can be attributed to exchange 

narrowing (i.e., motional narrowing),41 while the small Stokes shift and narrowing of the 

fluorescence peak are indicative of resonance fluorescence and consistent with J-aggregate 

behavior.22,46,47 Both exchange narrowing and resonance fluorescence are optical responses 

consistent with excitonic delocalization. To further corroborate the nature of the J-dimer, 

Figure 3e reveals a biphasic visible CD spectrum indicative of an EC-CD phenomenon, 

which is also characteristic of exciton delocalization. The observed +/− of the CD peaks, 

moving from long wavelength (i.e., low energy) to short wavelength (i.e., high energy), 

indicates right-handedness.48 The handedness of the J-dimer is most likely influenced by the 

right-handed β-DNA macromolecule.
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From fitting of the absorbance and CD data to the KRM model, the relative distances and 

orientations between the Cy5 dyes can be predicted, thus providing the information 

necessary for visualizing the dye stacking arrangement of the J-dimer (Figure 3f). Fitting 

determined that the dyes are indeed stacked in a head-to-tail arrangement, as would be 

expected in a J-type aggregate, and oriented with a slight obliqueness that manifests itself in 

the optical spectra as an increase in the vibronic peak at 598 nm. Additionally, it was 

determined that the center-to-center distance between the two dyes is ~1.51 nm, with the 

closest distance between the two dye molecules being 0.37 nm. Fitting input parameters and 

output dye angles and positions are listed in Supporting Information Tables S2.1 and S2.2, 

respectively. The H-aggregate (Figure 3g) exhibited a substantially blue-shifted absorbance 

peak at 562 nm as compared to the monomer (646 nm). Because of the semimobility of the 

4AJ, the H-tetramer is in rapid equilibrium with each of the asymmetrical four-armed 

structures composed of two J-dimers (Figure 2). The simultaneous presence of both the 

blue-shifted (H-aggregate behavior) and red-shifted (J-aggregate behavior) peaks, with 

respect to the monomer peak, is hypothesized to result from the combination of the rapid 

equilibrium between the two aggregate states (i.e., H-tetramer and J-dimers) and an 

obliqueness in the dye stacking arrangement. Though the obliqueness of the dye stacking is 

akin to Davydov splitting, the aggregate exhibits predominantly H-aggregate behavior. Here, 

the splitting is greater than 100 nm (~336 meV), which is quite large, leading to an observed 

color change of the solution from cyan (monomer/J-dimer) to violet upon formation of H-

tetramers. Additionally, with an emission peak maximum at 666 nm, the system has a 104 

nm Stokes shift relative to the blue-shifted absorbance peak. Similar to the J-dimer 

spectrum, the H-tetramer absorbance peak at 562 nm exhibited spectral narrowing (18 nm 

FWHM compared to the monomer peak’s FWHM of 29 nm) as a consequence of exchange 

narrowing. The fluorescence peak intensity, when excited at the H-tetramer absorbance 

maximum (562 nm), was reduced by a factor of 4 relative to both the monomer and the J-

dimer, as would be expected based on Kasha’s molecular exciton theory for H-aggregates.
14,15

Theoretical fitting of the H-tetramer absorbance and CD spectra (green dashed curves, 

Figure 3g,h) using the KRM model also provides insight into the orientation of the four 

dyes, which is schematically visualized in Figure 3i. The fitting input parameters and output 

dye angles and positions for the best fit are listed in Supporting Information Tables S2.1 and 

S2.2, respectively. It was found that the dyes are positioned such that three dyes stack in a 

nearly parallel fashion with ~0.4 nm separation, while the fourth dye stacks at an angle 

relative to the other dyes and with a somewhat greater nearest-neighbor separation. The 

variation in the orientation and spacing of the dyes relative to one another may occur due to 

strain within the 4AJ core. The best fit absorbance spectrum displays two peaks: one at 462 

nm, which matches the experimental absorbance peak, and the other at 650 nm, which does 

not quite match the experimental red-shifted peak at 665 nm (Figure 3g). The obliqueness of 

this stacking arrangement enables a good fit of the KRM model to the observed EC-CD 

signal (Figure 3h). Interestingly, the CD spectrum reveals a −/+ biphasic signal, which is 

indicative of a left-handed excitonically coupled structure. The left-handedness of the dye 

stacking arrangement suggests that the dye aggregate is not influenced directly by the 

immediate DNA macromolecule structure, which is right-handed. Rather, the handedness 
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most likely arises from the formation of the larger 4-armed DNA construct. Curiously, a 

positive Cotton effect88 (i.e., right rotation of circularly polarized light) also appeared at 317 

nm, within the range of the DNA signal, for the H-tetramer. This may be related to 

interactions between the DNA and Cy5 dyes or result from the formation of the 4-armed 

structure.

The shape of the experimental absorbance spectrum in the 650–700 nm range is similar to 

that of the dimer absorption spectrum, which suggests that the contribution at this end of the 

spectrum is due to internal rearrangements of the Holliday junction core in which dyes are 

paired as depicted in Figure 2. The experimental absorbance spectrum is a sum of the 

absorbance spectra of the individual core states. The discrepancy between the experimental 

and best fit absorbance spectra in this spectral region may thus be the result of attempting to 

find a single structure that best fits the spectrum produced by an ensemble of structures. A 

more rigorous test of the KRM model would require a reliable means by which to determine 

what the individual contribution is of each core state to the absorbance and CD spectra.

Investigation of Aggregation State Reaction Kinetics and Thermodynamics.

To enhance our understanding of the reaction by which H-tetramer formation occurs, the 

kinetics and thermodynamics of the transition between J-dimer and H-tetramer states were 

investigated. The procedure used to obtain reaction kinetics spectra as a function of time and 

temperature is illustrated in Figure 4a,b and described in detail in Supporting Information 

S4. Reaction kinetics data (Figure 4c,d) were obtained by exploiting the H-tetramer 

absorbance peak at 562 nm to monitor aggregate state changes with minimal spectral 

interference from the monomer absorbance centered at 645 nm. Data were collected at 

several temperatures and fit to eq 14 to extract the rate constants. The average rate constants 

(kJ→H and kH→J) at each temperature were computed and are listed in Supporting 

Information Tables S4.3 and S4.4. Figure 4c,d shows representative data sets (circles, 

squares, etc.) fit to eq 14 using the averaged rate constants (black curves). Our extracted rate 

constants were found to be relatively slow and on the order of 10−2−10−4 s−1 and 10−5−102 

M−1 s−1 for kJ→H and kH→J, respectively. Additionally, it was observed that increasing the 

temperature of the system by 10 °C led to a 2 orders of magnitude increase in the reaction 

rate constants, which exhibited Arrhenius-type behavior. The slow rate of the reaction would 

be expected for a case in which two DNA duplexes undergo four-way branch migration to 

form a 4AJ. Specifically, the magnesium ions present in solution, as opposed to monovalent 

sodium ions, have been shown to slow the rate of reaction.77,89

Plotting the log of the averaged rate constants against the inverse of temperature, the 

activation energies (listed in Table 1) for the aggregation state transitions were calculated 

using a linear fit (Figure 4e,f). The reported values for activation energies of the 

dimerization of free-floating dyes are typically a factor of 4 smaller than what we report in 

Table 1.90 However, this composite two-state system consists of both dyes and DNA 

oligomers and thus is expected to exhibit strong temperature dependence due to physical 

processes such as DNA breathing and macromolecular rearrangement. A deeper 

understanding of the activation energy and frequency factor values will require structural 
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and molecular dynamic information on the process leading to the transformation of a pair of 

J-dimers into an H-tetramer.

To calculate the free energy of the system, the Gibbs Free energy (ΔG°) was computed as 

described in Supporting Information S7. The J0 → H93.75 reaction, in which two J-dimers 

(duplexes) combine to form an H-tetramer (4AJ), has a ΔG° of −22.5 kJ/mol, while the H100 

→ J6.25 reaction, in which an H-tetramer dissociates into two J-dimers, has a ΔG° value of 

+7.1 kJ/mol (Table 1). Because the system’s entropy decreases with the formation of an H-

tetramer and increases with the dissociation of H-tetramers into J-dimers, we can extrapolate 

that the enthalpy of the system must be negative for J0 → H93.75 transitions and positive 

for H100 → J6.25 transitions in the temperature range studied. The relatively small ΔG° 

values are consistent with our hypothesis of 4AJ formation due to similar base-pairing 

energy of the two states. Thus, the differences in the free energy arise primarily from dye

−dye interactions and the change in configurational entropy.77

On the basis of the outcome of the spectral fitting using the KRM model (Figure 3) and the 

success of the second-order reaction kinetics model in fitting the reaction kinetics data 

(Figure 4), it was hypothesized that the H-tetramer consisted of a complex having four 

duplex arms extending from the central core, and thus should exhibit mobility, under 

nondenaturing gel electrophoresis conditions, comparable to that of a four-armed Holliday 

junction with arms of the same length (Figure 4g,h). These expectations were confirmed by 

gel shift experiments in which the mobility of the H-tetramer was compared with that of a 

Holliday junction and an assortment of controls. Details of the experiments and multiarmed 

DNA structure designs are provided in Supporting Information S6.1. The results show (0 

mM MgCl2, Figure 4g) that the J-dimer (lane 4) migrates through the gel at a mobility rate 

similar to that of the duplex structures (lanes 1–3), indicating that a duplex persists without 

higher-ordered aggregation. As expected for high salt concentration (100 mM MgCl2, Figure 

4h), the transport of the H-tetramer (lane 4) mimics the mobility of a four-armed structure 

(lane 6)—as opposed to smaller structures such as the duplexes (lanes 1–3) and three-armed 

construct (lane 5) or a larger structure such as the six-armed construct in lane 7. This 

structural information supports our hypothesis that the H-tetramer consists of two DNA 

duplexes combined to form a four-armed construct, stabilized by the four centrally located 

Cy5 dyes. The identities of the J-dimer (red box and corresponding absorbance curve) and 

H-tetramer bands (blue box and corresponding absorbance curve) were confirmed by 

excising the bands, eluting their contents, and measuring their respective absorbance curves 

(Figure 4i).

Overall, it was found that the proposed reaction kinetics model (eq 1) described the 

experimental reaction kinetics data extremely well (Figure 4c,d). An implication of the 

goodness of the fits of the data to a two-state second-order reaction kinetics model (eq 1) is 

that the size (i.e., order) of the dye aggregation is explicitly 2-fold and that higher-ordered 

aggregation (i.e., formation of multimers beyond H-tetramers) is not observed. Thus, unlike 

free-floating dyes that form large aggregates,91–93 our dye−DNA system only forms small 

H-tetramer aggregates. The formation of H-tetramers, as opposed to larger aggregates such 

as H-hexamers, is further substantiated by the PAGE characterization (Figure 4g,h), which 
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explicitly correlates the mobility of the H-tetramer construct to that of a four-armed 

structure.

Effects of Salt and DNA Concentrations on J- and H-Aggregate Populations.

Precise arrangement of dye aggregates is essential for controlling excitonic delocalization 

behavior. Because it has been shown that both dye and salt concentration affect the 

aggregation of free-floating dyes,49–53,91,92,94,95 we explored the effects of both salt and 

DNA concentrations on the preferred Cy5 dye stacking arrangements within our DNA-

templated system to test the proposed reaction model (eq 1). Note that the DNA 

concentration is proportionate to the dye concentration and the salt concentration is 

explicitly added salt to a TAE buffer solution. After collecting the UV−vis absorbance 

spectrum of each sample (Figure 5a,b), the spectra of PAGE purified controls (see 

Supporting Information S8) were used to calculate the relative percentage of J- and H-

aggregate populations present in solution at various salt (0–100 mM added MgCl2) and 

DNA (0.1–10 μM) concentrations. Figure 5a,b shows that with changes in salt or DNA 

concentration the locations of the absorbance peaks remain constant within the selected 

MgCl2 and DNA concentration ranges, respectively. The absence of variation in the position 

of the absorption peaks implies that the relative orientations between the two dyes are 

constant for the two populations, suggesting that the dyes do not continuously rearrange 

their configuration as a function of salt concentration or DNA concentration but instead exist 

in one of two geometrically distinct states, as a J-dimer (duplex) or an H-tetramer (4AJ). 

Accordingly, the relative concentration of each aggregate state varies with salt concentration 

and/or DNA concentration as indicated by the change in relative peak intensities for the J-

dimer (λmax = 665 nm) and the H-tetramer (λmax = 562 nm). Furthermore, as shown in 

Supporting Information Figure S8.2, absorption spectra at intermediate salt or DNA 

concentrations are well approximated using a linear combination of the PAGE purified J- 

and H-aggregate spectra. Thus, the observed spectra are a manifestation of spectral overlap 

between J- and H-aggregates.

Using the fitting procedure described in Supporting Information S8.2, the relative 

populations of J- and H-aggregates can be determined. Figure 5c shows the changes in 

aggregate populations (taking into account conservation of mass) as a function of salt (i.e., 

added MgCl2) concentration. Plotting the changes in ratio of J- to H-aggregates as a function 

of salt concentration revealed a sigmoidal-like trend in which higher MgCl2 concentrations 

produced a favorable environment for H-tetramer formation (Figure 5c). The dye studied, 

Cy5, has been found to naturally arrange into H-aggregates at high salt and dye 

concentrations,96 and recent studies from Mooi et al. show that the addition of ionic species 

can promote higher-ordered aggregation of cyanine-based dyes.91,92 Furthermore, it is also 

known that an excess of Mg2+ can aid with neutralizing the negative charge of the DNA 

backbone, thereby decreasing the charge repulsion between adjacent DNA duplexes and 

allowing two J-dimers to interact within proximal distances. Thus, it is not surprising that 

the dye−DNA constructs tend to assemble into H-tetramers at these high ionic strengths. 

Figure 5d displays how the aggregate population composition changes with increasing DNA 

concentration. If the transformation between J- and H-aggregates were simply first order (as 

expected for dye conformational changes within a DNA duplex), changes would not be 
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observed in the relative concentrations of J-dimers ([J]) to H-tetramers ([H]) as a function of 

the DNA concentration, [DNA]. Furthermore, the percentages of J-dimers and H-tetramers 

present in solution, defined as [J]/([J] + 2[H]) and 2[H]/([J] + 2[H]), would be constants 

independent of [DNA]. The dependence of the relative populations of J- and H-aggregates 

on [DNA] provides a strong indication that a second-order reaction mechanism is involved, 

and agrees with previous studies that show aggregation is concentration dependent.
51–53,93,96,97 As shown by the fit line in Figure 5d, the observed trend correlates well with 

eqs 19 and 20, lending support for the proposed second-order reaction described by eq 1 and 

used to fit the data as demonstrated in Figure 4.

Distance Dependence of Coherent Exciton Delocalization.

Exciton delocalization results from strong excitonic coupling between neighboring dyes 

located with a spatial proximity of less than a few nanometers.59 Because the dimensions of 

the DNA helix are well-known, varying the number of bps separating the Cy5 dye pair 

within the DNA construct provides a means for examining the dependence of the dye 

coupling strength on spatial separation (Figure 6).

In Figure 6, the absorbance spectra of the variable bp-separated dye-pairs are compared to 

the monomer (i.e., control), which shows a single peak at 646 nm with a small vibronic 

shoulder at 599 nm. At high salt concentration and 0 bp separation, the monomer peak at 

646 nm is absent, while both a blue-shifted peak at 562 nm (characteristic of an H-

aggregate) and a red-shifted peak at 665 nm (characteristic of J-aggregate behavior) appear 

simultaneously, consistent with Davydov splitting. The large Davydov splitting (103 nm) 

results in an observable color change of the solution from cyan (monomer) to violet, which 

is a visible indication of coherent exciton delocalization. Upon increasing the dye pair 

separation to 1 bp, the H-aggregate peak completely disappears, while the J-aggregate peak 

is only shifted slightly to 659 nm (i.e., 13 nm relative to the monomer rather than 19 nm as 

in the case of 0 bp separation), suggesting that H-tetramer formation is no longer favorable, 

and the coupling between the J-dimer dyes has weakened. The increase in the vibronic peak 

at 598 nm correlates well to the vibronic effects discussed by Spano with the formation of J-

aggregates.98 Increasing the distance to 2 bp separation returns the spectrum to that of the 

monomeric form, implying that coupling of the dyes has ceased. While these data test the 

variability of spatial separation along with dye orientation (i.e., resulting from the helical 

nature of the DNA template) and the local chemical environment (i.e., due to differences in 

neighboring base pairs), overall we find that the absorption spectrum profile of the dye 

aggregates with 2–4 bp separation reflect the shape of the monomer spectrum, indicating 

that spatial proximity has the greatest effect on the Davydov splitting. Moreover, the 

extremely large band splitting at relatively small (<2 nm) distances, in combination with 

both J- and H-aggregate optical behavior, corresponds well with models described by 

Kasha14,15 and provides strong evidence for coherent exciton delocalization.

CONCLUSION

In this study, we have investigated excitonic delocalization in a DNA-templated dye 

aggregate system. Specifically, it was found that a Cy5 dye–DNA dimer construct, which 

Cannon et al. Page 13

J Phys Chem A. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exhibits primarily J-aggregate characteristics at low salt and DNA concentrations, can 

couple with a second dimer to form a tetramer with predominantly H-aggregate 

characteristics at higher salt and/or DNA concentrations. Characterizing the reaction kinetics 

and subsequent thermodynamic equilibrium behavior of this two-state system combined 

with performing gel electrophoresis studies suggested that the H-tetramer formed through a 

branch migration process in which a four-armed DNA construct was assembled with four 

Cy5 dyes located centrally. The oblique stacking of these arrangements, as evidenced by 

EC-CD signals and validated by fitting the spectral data with the KRM model, results in a 

large Davydov splitting of the absorbance spectrum as well as a significant change of the 

solution color from cyan to violet. Furthermore, we show that the relative concentration of 

the two aggregate states (i.e., J-dimer versus H-tetramer) can be controlled by changing the 

salt and/or DNA concentrations, such that H-tetramer aggregates are favored at high salt 

and/or DNA concentrations. The large deviation we have observed in the absorption spectra 

of the J-dimer and H-tetramer configurations compared to that of the monomer indicates that 

further investigation of the use of DNA-templated dye aggregates with controlled structure is 

warranted. The development of precisely assembled dyes that exhibit exciton delocalization 

may enable the construction of aggregates in configurations that are not easily accessible in 

simple dye–solvent systems. The delocalization of excitons over such dye aggregates may 

allow the tailoring of absorption and fluorescence spectra for application in light harvesting, 

analysis of chemicals, and biological imaging. Advancing the development of DNA-

templated dye aggregate systems even further by assembling complex networks of dyes to 

propagate exciton signals via coherent exciton exchange may enable information processing 

and perhaps quantum computing.
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Figure 1. 
Energy diagram illustrating the different excitation and relaxation pathways possible within 

(a) J-dimer, (b) H-dimer, and (c) oblique systems. Allowed absorption transitions are 

represented as solid black arrows, while dashed arrows indicate optically forbidden 

transitions. Blue and red arrows signify observed emission processes and nonradiative 

relaxation, respectively. The small arrows adjacent to each excited energy level represent the 

transition dipole moment of the corresponding molecules. Adapted from Kasha with 

permission.14
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Figure 2. 
Schematic illustration of the constituents of the two-state second-order reaction kinetics 

model in which two J-dimers couple together to form an H-tetramer through a four-way 

branch migration process. Also illustrated are the internal rearrangements within the core of 

the H-tetramer due to DNA breathing. As shown, dye dimers result when four-way branch 

migration steps cause the horizontal arms to become either longer or shorter than that of the 

dye tetramer, where all four dyes are located at the junction core.
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Figure 3. 
(a) Relative visible absorbance (black traces and ordinate axes), fluorescence emission (blue 

traces and ordinate axes), and (b) CD spectra of the monomer (15 mM MgCl2). (c) 

Illustration depicting one possible representation of a single Cy5 dye internally 

functionalized onto a DNA duplex. (d) Relative visible absorbance, fluorescence emission, 

and (e) CD spectra for the J-dimer (duplex, 0 mM MgCl2). (f) Illustrative representation of 

the J-dimer stacked in a head-to-tail arrangement within a DNA duplex. (g) Relative visible 

absorbance, fluorescence emission, and (h) CD spectra of the H-tetramer (155 mM MgCl2) 

stacking arrangements. (i) Illustrative representation of the H-tetramer formed within a four-

armed DNA construct. Fluorescence spectra were acquired by exciting the dye constructs at 

their respective absorbance maxima. The FWHM of the absorbance (Abs) and fluorescence 

(FL) spectra were determined using a Gaussian fit, as described further in Supporting 

Information S5. Theoretical fits (green dashed curves) were produced using in-house 

software as described further in Supporting Information S2. All samples were prepared at 

1.5 μM DNA concentrations.
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Figure 4. 
Schematic illustrations of the reaction kinetics setup for solutions transitioning from (a) 

duplexes (J-dimers, 0 mM MgCl2) to 4AJs (H-tetramers, 93.75 mM MgCl2) and (b) 4AJs 

(H-tetramers, 100 mM MgCl2) to duplexes (J-dimers, 6.25 mM MgCl2). Initial dye–DNA 

solutions were prepared at DNA concentrations of 20 μM to yield final concentrations of 

1.25 μM after dilution. Colors shown represent actual experimentally observed color 

changes. The depicted dye stacking arrangements are schematic representations and are not 

meant to imply specific geometric configurations. Corresponding reaction kinetics data of 

the time-dependent transitions: (c) J0 → H93.75 (0 mM → 93.75 mM MgCl2) and (d) H100 

→ J6.25 (100 → 6.25 mM MgCl2). Shown are representative data sets fit to eq 14 using the 

averaged rate constant measured over multiple runs for a given temperature. The log of the 

averaged forward (kJ→H) and reverse (kH→J) rate constants obtained from a total of three 

independent measurements are plotted versus the inverse temperature for (e) J0 → H93.75 

and (f) H100 → J6.25, respectively, to determine the activation energies of the forward 
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(EJ→H) and reverse (EH→J) reactions based on the best fit to the data (black line). Error bars 

were determined using the standard deviation. Structural characterization of the aggregates 

using electrophoresis to monitor the migration of (g) J- and (h) H-aggregates, prepared at 0 

and 100 mM added MgCl2, respectively, relative to a variety of DNA constructs 

(schematically represented). Absorbance spectra (i) of the excised and eluted bands were 

obtained for the J-dimer (red box) and the H-tetramer (blue box).
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Figure 5. 
Observed UV–vis absorbance spectra with varied (a) salt (DNA concentration held constant 

at 1.5 μM) and (b) DNA (added MgCl2 concentration held constant at 15 mM) 

concentrations. Changes in J-dimer (black squares and ordinate axes) and H-tetramer (blue 

circles and ordinate axes) fractions (based on their respective absorbance peaks) as a 

function of (c) salt (i.e., MgCl2) and (d) DNA concentrations. The dashed lines connecting 

the points in panel c are for visual aid only, while the curves in panel d were obtained by 

fitting the data according to eqs 19 and 20. Each spectrum was acquired at room 

temperature.

Cannon et al. Page 25

J Phys Chem A. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
UV–vis absorbance spectra documenting changes in the optical properties of the dye 

aggregate as the number of bps separating the dye pair is increased. Samples were prepared 

at 1.0 μM ds-DNA concentration with 15 mM MgCl2 added. Spectra are normalized by 

DNA concentration.
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