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ABSTRACT 

Exciton delocalization plays a prominent role in the photophysics of molecular aggregates, 

ultimately governing their particular function or application. DNA is a compelling scaffold in 

which to template molecular aggregates and promote exciton delocalization. As individual dye 

molecules are the basis of exciton delocalization in molecular aggregates, their judicious 

selection is important. Motivated by their excellent photostability and spectral properties, here 

we examine the ability of squaraine dyes to undergo exciton delocalization when aggregated via 

a DNA Holliday junction (HJ) template. A commercially available indolenine squaraine dye was 

chosen for the study given its strong structural resemblance to Cy5, a commercially available 

cyanine dye previously shown to undergo exciton delocalization in DNA HJs. Three types of 

DNA-dye aggregate configurations—transverse dimer, adjacent dimer, and tetramer—were 

investigated. Signatures of exciton delocalization were observed in all squaraine-DNA 

aggregates. Specifically, strong blue shift and Davydov splitting were observed in steady-state 

absorption spectroscopy and exciton-induced features were evident in circular dichroism 

spectroscopy. Strongly suppressed fluorescence emission provided additional, indirect evidence 

for exciton delocalization in the DNA-templated squaraine dye aggregates. To quantitatively 

evaluate and directly compare the excitonic Coulombic coupling responsible for exciton 

delocalization, the strength of excitonic hopping interactions between the dyes were obtained by 

simultaneous fitting the experimental steady-state absorption and CD spectra via a Holstein-like 

Hamiltonian in which, following the theoretical approach of Kühn, Renger, and May, the 

dominant vibrational mode is explicitly considered. The excitonic hopping strength within 

indolenine squaraines was found to be comparable to that of the analogous Cy5 DNA-templated 
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aggregate. The squaraine aggregates adopted primarily an H-type (dyes oriented parallel to each 

other) spatial arrangement. Extracted geometric details of dye mutual orientation in the 

aggregates enabled close comparison of aggregate configurations and the elucidation of the 

influence of dye angular relationship on excitonic hopping interactions in squaraine aggregates. 

These results encourage the application of squaraine-based aggregates in next generation systems 

driven by molecular excitons. 
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INTRODUCTION 

Exciton delocalization often plays a decisive role in governing the photophysical properties of 

molecular aggregates, ultimately determining their suitability for particular applications. A well-

established framework for understanding exciton delocalization in molecular aggregates, and 

associated excitonic coupling responsible for delocalization, is the molecular exciton model 

developed by Kasha.1 In Kasha’s molecular exciton model, exciton delocalization results from 

the collective excitation of the locally excited states of an array of proximate dye molecules 

forming a molecular aggregate.  

Described in Kasha’s molecular exciton model, the excitonic hopping parameter, Jm,n, is the 

strength of that component of the Coulombic coupling (electrodynamic interactions2) between 

dye m and dye n (within a molecular aggregate) that induces a transition from the excited state of 

one molecule while simultaneously inducing a transition from the ground state to the electronic 

excited state of the other molecule. Thereby an excitation is transferred from one molecule to the 

other. This is a hopping interaction and is referred to in the literature in a number of categorical 

ways in terms of interaction, hopping, and coupling or in the context of a parameter, shift or 

potential. Relative to the former, Jm,n is referred to as an exchange interaction,3-4 instantaneous 

intermolecular interaction,5 resonant interaction or coupling,6-8 resonant exciton hopping,9 

intermolecular Coulombic interaction,10-14 intermolecular dipole-dipole coupling,15 long-range 

dipole−dipole Coulombic interaction,16 excitonic coupling,17 and electronic interaction.18-19 In the 

context of the latter, Jm,n is called a hopping parameter,20 monoexcitonic shift,21 and point-dipole 

interaction potential.22 Although not a complete list, the number of ways Jm,n is described 

suggests that a more thorough description may be useful. The excitonic hopping interaction 

inherent in Jm,n enables exciton delocalization and relaxation.5, 7-8, 11-13 Where intermolecular 
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distances are less than ~ 4 Å (e.g., aggregates with π-stacking or covalently bridged), wave 

function overlap can induce intermolecular charge transfer (also described as superexchange 

coupling or Dexter mechanism, coupling or interaction) and could contribute to the Jm,n term.11-13, 

16, 18-20 In our work, it is assumed that intermolecular charge transfer can be neglected. It should 

be noted that Jm,n is often approximated as the coupling between a pair of transition point dipoles 

and is referred to as such. In our analysis, the point dipole approximation was deemed inadequate 

since the spacing between the dyes is shorter than their length. Instead, an extended dipole 

approximation23 was employed where the dipoles are modeled as two point charges of opposite 

sign separated by nearly the length of the dye core. This extended dipole approximation better 

accounts for the physical charge distribution that spreads out over the length of the molecule 

with the maxima of charge density occurring near the ends of the dye. 

Exciton delocalization in molecular aggregates was first observed in the 1930s by Jelley and 

Scheibe, who independently noted large shifts in the absorption spectra of molecular aggregates 

as compared to that of the respective monomers.24-26 Exciton delocalization has also been 

observed in molecular aggregates present in natural light harvesting systems.27-31 The rational 

control of exciton delocalization in molecular aggregates in synthetic, or artificial, systems has 

significant implications on next generation technologies, such as artificial light harvesting,32 

nanoscale excitonic computing,33-37 solar energy conversion,32, 38-39 and on fundamental studies of 

quantum entanglement40-43 in molecular aggregates, which may benefit potential applications in 

room temperature quantum information systems.44-45   

A rational control of exciton delocalization in molecular aggregates requires the judicious 

selection of the constituent molecules, or dyes, and control of their spatial arrangement. Exciton 

delocalization was originally observed in concentrated solutions (i.e., well above the solubility 
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limit), which promoted the formation of large dye aggregates via their spontaneous precipitation 

out of solution.24-26, 46-48 The ability to rationally control exciton delocalization via the number of 

dyes and their spatial arrangement in dye aggregates formed via spontaneous precipitation, 

however, has significant limitations. In natural systems, in contrast, a protein matrix is used to 

organize a precise number of dyes and maintain precise control of their relative distance and 

orientation.44, 49-53 While the assembly of dye aggregates via proteins affords exquisite control 

over dye aggregation, the intricate design rules of protein folding and dye-protein interactions 

substantially complicates the rational use of protein nanostructures as scaffolds.54-57 The design 

rules associated with an alternative biomacromolecule, deoxyribonucleic acid (DNA), are 

comparatively much simpler. Because there are only four nucleic acid building blocks in DNA 

that associate via Watson-Crick pairing, design rules to rationally and predictably synthesize 

complex DNA nanostructures are increasingly mature and compelling.58-59, 60-61 Critically, the 

controlled assembly of dye aggregates in DNA has been demonstrated. Generally, there are two 

approaches to control the assembly of dye aggregates via DNA, either via noncovalent 

interaction of dyes with DNA62-72 or via direct covalent binding of dyes to DNA.73-85 While 

templating of dye aggregates via their noncovalent intercalation with DNA offers improved 

control over the spontaneous assembly,62-72 the approach still confers limited control over the 

number of dyes in the aggregate and their spatial arrangement since the aggregation is induced in 

concentrated solutions and via noncovalent interactions with specific base pairs in the minor 

groove of long sequences of double-stranded, or duplex, DNA (dsDNA). Direct covalent binding 

of dyes to DNA, in contrast, provides more extensive control of the number of dyes in the 

aggregate and their spatial arrangement. Direct covalent binding of dyes to DNA enables: (i) 

choice of the type of dye,75, 77 (ii) choice of the number of dyes,22, 83 including assembly into large 
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two- and three-dimensional dye aggregate arrays, and (iii) the precise positioning of the dyes 

along the DNA backbone,66, 74-75, 77-79, 81 which confers control over their spatial arrangement. 

Numerous studies have demonstrated exciton delocalization in dye aggregates templated within 

dsDNA structures,74-82, 85-96 even within more complex, higher-order DNA nanostructures.75, 97 

Among the many types of dyes employed in DNA-templated aggregation,74-82, 86-93 cyanine 

dyes, a well-known group of a broader family of polymethine dyes, have established a particular 

prominence. Of especial note is the commercially available cyanine dye Cy5 (Fig. 1a), which is 

a pentamethine dye that exhibits an intense absorption profile in the visible (specifically, the red) 

part of the electromagnetic spectrum. Taking advantage of the optimal photophysical properties 

of Cy5, whose visible electronic absorption exhibits a large peak extinction coefficient of 

~250,000 cm-1 M-1 at ca. 650 nm, our group recently demonstrated exciton delocalization in 

dimers, trimers, and tetramers of Cy5 templated using both dsDNA and a four-armed DNA 

Holliday Junction (HJ)98-99 scaffolds.100-101 Proximate Cy5 dyes at distances of <1 nm in the core 

of the DNA HJ resulted in extensive spectral shifts, evident via significant Davydov splitting102 

(i.e., splitting of the monomer peak – one red-shifted and the other blue-shifted), indicative of 

strong exciton coupling and exciton delocalization. A benefit of employing a DNA HJ as a 

scaffold over lower-order DNA, such as dsDNA, is that it enables the assembly of up to 4 dyes in 

the core of HJ. As a result, different dimer, trimer, and tetramer dye aggregate configurations can 

be selectively accessed by templating via a DNA HJ. At the same time, aggregation beyond the 

desired number of dyes is suppressed. Additionally, Cannon et al. showed that the packing 

behavior of the Cy5 dyes could be controlled, i.e., either J- or H-type aggregate packing 

arrangements could be promoted, when two dyes were positioned on adjacent or opposite arms 

of the DNA HJ, respectively.101 Despite their remarkable spectral properties, concerns remain 
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regarding the general utility of Cy5 aggregates given the dye’s strong susceptibility to 

photooxidation and photoisomerization.103-104 

 

 

Figure 1. (a) A representative example of the chemical structure of cyanine dye Cy5 where R, 

R’ – sites of attachment to DNA through phosphoramidite linkers. (b) A representative example 

of the chemical structure of core-substituted indolenine squaraine dye, where X= O, S, NR1, 

C(CN)2; R – a site of attachment to DNA through a serinol linker and R1 is an alkyl (also see Fig. 

S1). (c) asymmetrical DNA sequences to assemble immobile Holliday junctions; complementary 

regions of ssDNA are color-coded: e. g. a purple region of strand A is complementary to a purple 

region of strand D, and a green region of strand A is complementary to a green region of strand 

B etc. (d) Schematic representation of dye monomer, dimers, and a tetramer in four-armed 
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duplex DNA junctions (Holliday junction) where squaraine dyes are depicted as blue dots. As 

discussed in Sections S3 and S10, the DNA HJ may exist primarily in a stacked conformation. 

ssDNA strands used to assemble DNA HJ are labeled as A, B, C, and D. 

Squaraines (also known as squarylium dyes) are a family of dyes that exhibit improved 

photochemical stability in addition to optical properties similar to cyanines.105-108 Similar to 

cyanines, squaraines are characterized by an intense absorption profile in the visible and near-

infrared regions of the electromagnetic spectrum, with peak extinction coefficients in the range 

of ~200,000 - 250,000 M-1 cm-1. While their optical properties are similar, squaraines structurally 

differ from cyanines due to the incorporation of a squarate moiety in the center of the 

polymethine bridge (Fig. 1b). Though squaraines can contain various aromatic (e.g. aniline, 

phenol, azulene) and heterocyclic (e.g. pyrroline, indolenine, benzothiazole) rings, all derivatives 

of squaraines have in common the central squarate moiety. The central squarate moiety confers 

improved photochemical stability by inhibiting oxidation of the polymethine bridge and limiting 

the ability of the polymethine bridge to undergo photoinduced rotational motion, or 

isomerization. Originally developed in 1965 by Treibs and Jacob,109 squaraines and squaraine 

aggregates have since been utilized in a variety of applications ranging from photovoltaic 

devices110-112 to sensors113 and fluorescent labels in biomedicine.111-112, 114 Aggregation of squaraine 

dyes has been observed in concentrated solution115-116 and upon conjugation to protein.108 The 

excitonic coupling was studied experimentally and theoretically in the covalently linked bis-

squaraine dimers exhibiting J-type behavior.117-118 However, to our knowledge, there is only one 

report describing DNA-induced aggregation of squaraines studied on the one form of an 

indolenine-type (i.e. squaraines containing idolenine rings on both sides of the squaraine moiety) 

squaraine dimer attached to a short DNA duplex.76 The reported squaraine dimer was observed to 
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exhibit an H-type packing with spectral signatures of strong exciton interactions, however, the 

exciton interactions were not evaluated quantitatively.  

In this study, we examine exciton delocalization in a broader range of squaraine aggregates (i. 

e., -mers): two dimer aggregates and a tetramer, templated by a DNA HJ. Given the structural 

similarity of cyanines and squaraines—and given the excellent results observed with aggregates 

of Cy5 templated in DNA HJ100-101—we hypothesized that similar excitonic Coulombic coupling 

and delocalization could be achieved in DNA HJs of squaraine dyes. To facilitate the comparison 

with Cy5 containing indolenine rings at both ends of the penthamethine bridge (Fig. 1a), we 

chose a commercially available squaraine dye featuring indolenine rings on both sides of the 

squarate moiety (Fig. 1b), which we subsequently refer to as indolenine squaraine. As 

representative dye aggregates (i.e., -mers), we assembled a transverse dimer, an adjacent dimer 

and a tetramer in the core of an immobile DNA HJ containing asymmetrical sequences (Fig. 1c) 

to prevent branch migration. Signatures of the exciton delocalization were observed in the 

steady-state absorption and circular dichroism (CD) spectra of the DNA-templated squaraine dye 

aggregates. The steady-state absorption spectra of the DNA-templated squaraine aggregates 

exhibited a significant blue shift (i.e., peak shift and redistribution of oscillator strength toward 

short wavelengths or higher energies) compared with that of the monomer, which is a signature 

of exciton delocalization and indicates an H-type aggregate packing arrangement that is adopted 

in all DNA-templated squaraine dye aggregates. The presence of pronounced exciton-coupled 

CD signals in the circular dichroism spectra represent an additional signature of exciton 

delocalization. Significant fluorescence quenching observed via steady-state fluorescence 

emission spectroscopy provided supporting indirect evidence of exciton delocalization. The 

absorption and CD spectra were modeled theoretically to quantitatively evaluate the excitonic 
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hopping parameter Jm,n, that characterizes the strengths of excitonic Coulombic couplings 

responsible for exciton delocalization in the DNA-templated squaraine aggregates. The modeling 

derived appreciable Jm,n values, comparable in magnitude to Jm,n values responsible for exciton 

delocalization in the analogous DNA-templated Cy5 aggregate. The details of spatial 

arrangement of the constituent squaraines in H-aggerates were extracted from the modeling 

providing insights on how the geometry parameters affect excitonic Coulombic couplings 

strength. 

 

METHODS 

Sample preparation. 

DNA oligomers internally functionalized with Square 660-NHS (K8-1352, SETA 

BioMedicals, Urbana-Champaign, IL) via a non-nucleosidic amino serinol sequence modifier 

and purified via dual high-performance liquid chromatography were purchased from Bio-

Synthesis, Inc. Non-functionilized DNA oligomers purified by standard desalting were 

purchased from Bio-Synthesis, Inc. All DNA oligomers were rehydrated in ultrapure water 

(Barnstead Nanopure, Thermo Scientific) to prepare 100 μM stock solutions. Concentrations of 

DNA samples were determined spectroscopically on NanoDrop One Microvolume UV-Vis 

(Thermo Scientific) using calculated extinction coefficients. DNA Holliday junctions were 

prepared by combining equimolar amounts of complimentary oligomers in 1X TBE, 15 mM 

MgCl2 buffer solution to a final DNA concentration 1.5 μM. All DNA samples were annealed in 

Mastercycler Nexus PCR cycler (Eppendorf) according to the following protocol: 4 min at 94 °C, 

followed by cooling ramps: 0.1 °C per 15 sec from 94 °C to 64 °C, and 10 °C per 1 min from 64 
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°C to room temperature. For the fluorescence measurements, the DNA samples were further 

diluted to 0.5 μM DNA concentration. 

Optical characterization. 

UV-Vis spectra were recorded in triplicates at room temperature on dual-beam Cary 5000 

UV−Vis−NIR spectrophotometer (Agilent Technologies) in a quartz cuvette with 1 cm path 

length (Starna). Absorbance spectra were monitored over a 230-800 nm wavelength range. 

Circular dichroism (CD) measurements were performed on a JACSO-J810 spectropolarimeter. 

DNA samples (120 μL) were transferred into a 1 cm path length quartz cuvette (Jasco). Spectra 

were recorded over a 230-800 nm wavelength range (three scans per sample were averaged) at a 

speed of 200 nm min-1. Steady-state fluorescence spectra were obtained using a Horiba PTI 

QuantaMaster 400 spectrofluorometer (Horiba Scientific) in a 1 cm path length quartz cuvette 

(Starna) and monitored as a function of wavelength when excited at lexc = 650 nm. The 

fluorescence spectra were corrected for the wavelength dependence of the detection system 

response using the correction curve provided by the manufacturer. The fluorescence spectra were 

scaled by the absorptance at the excitation wavelength. 

 

 

RESULTS AND DISCUSSION 

Construct Design and Synthesis 

Three types of squaraine aggregate constructs, an adjacent dimer, a transverse dimer and a 

tetramer, were prepared by templating the dyes in the branch point of an immobile DNA HJ. The 

immobile DNA HJ with arm branch length of 13 base pairs was formed by four asymmetrical 

single DNA strands A, B, C, and D (26 bases each) (Fig. 1c). Because of its large peak molar 
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extinction and narrow absorption bands, Square 660 was chosen as a representative 

commercially available indolenine squaraine dye (Fig. 1b). To functionalize each DNA strand 

with the squaraine dye, the dyes were covalently attached through a non-nucleosidic serinol-

based linker (Fig. S1). Functionalized and non-functionalized strands were used to assemble 

constructs depicted in Fig. 1d. A single Square 660 dye was templated in a DNA HJ to prepare a 

monomer construct as a control. We denote this configuration as SQ-A (Fig. 1d). Aggregation of 

two Square 660 dyes into a dimer was performed using two different configurations. In the 

transverse configuration SQ-AC, two Square 660 dyes were attached to opposing DNA arms A 

and C; while in the adjacent configuration SQ-BC, the two dyes were attached to adjacent DNA 

arms B and C. Complementary oligo strands were combined in equimolar amounts followed by 

annealing to ensure complete hybridization. The Square 660 dye aggregates were analyzed by 

non-denaturing polyacrylamide gel electrophoresis for the presence of remaining single 

functionalized strands. The amount of unreacted functionalized single strands (i.e., A, B, C, and 

D) in the aggregate samples did not exceed 5% as estimated by densitometry analysis (Fig. S2).  

Thermal denaturation experiments were performed to examine the conformation and stability 

of the DNA HJ templating the squaraine aggregates (Section S3). The DNA denaturation was 

monitored by the absorption in the nucleobase region (260 nm). Resulting sigmoidal curves 

indicated the cooperative melting of the stacked DNA HJ conformation templating all the 

squaraine aggregates in the presence of MgCl2 (Fig. S3). The formation of stacked DNA HJ 

conformation was further supported with the comparative melting experiments in the presence of 

NaCl promoting open DNA HJ conformation (Fig. S4). A reference unmodified DNA HJ melted 

at 60.0 °C in 1X TBE 15 mM MgCl2. The insertion of a single squaraine dye in the DNA HJ 

through a serinol linker resulted in a slight decrease in the melting point of the SQ-A monomer (-
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1.7 °C) compared to the unmodified DNA HJ which is equivalent to the dissociation of one 

canonical AT pair. This result suggests that electronic interactions between a squaraine dye and 

surrounding nucleobases are repulsive in nature and rather small. The squaraine dimers melted at 

approximately the same temperature as the unmodified DNA HJ indicating that dye-dye 

interactions compensate for the insertion of two serinol linkers (Tbl. S2). The presence of the 

four dyes in the SQ-ABCD tetramer increased the melting point to 4.5 deg °C compared to the 

unmodified DNA HJ suggesting strong attractive interaction between the four squaraine 

molecules with overall stabilizing effect on the dye-DNA construct.  

 

Steady-State Optical Characterization 

As an individual dye molecule forms the basis of a molecular aggregate, a DNA HJ containing 

a single Square 660 dye was first prepared and characterized. As our dye monomer reference, we 

studied Square 660 attached to the A strand and hybridized with all other unlabeled (B-D) 

strands. The electronic absorption spectrum of SQ-A exhibited two prominent absorption 

spectral bands with peak maxima at 672 and 630 nm (Fig. 2a) respectively assigned to the 0-0 

and 0-1 vibronic transitions of the individual Square 660 dye. The 0-0 band exhibits a peak 

molar extinction of ca. 192,000 M-1 cm-1, indicative of a strongly allowed electronic transition. 

Both the minimal vibronic structure and large extinction coefficient (which suggests a large 

transition dipole moment) are conducive to exciton delocalization and strong excitonic 

Coulombic coupling, suggesting Square 660 is an excellent candidate for DNA-templated dye 

aggregates. Strong fluorescence of monomer SQ-A was observed with a 0-0 band peaking at 687 

nm (Fig. S5). The difference in energy between the 0-0 band in absorption and the 0-0 band in 

fluorescence, i.e., the Stokes shift, is 325 cm-1 (40 meV). This value is on the smaller end than 
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that of Cy5 dye monomers attached to DNA (300-600 cm-1 [37-77 meV]),100-101, 119 indicating a 

smaller change in geometry between the ground state and the excited state in the indolenine 

squaraine, which might result from the more rigid structure of squaraine compared to Cy5 dye. 

The optical characteristics of SQ-A are similar to that of the “free” Square 660 dye not attached 

to DNA, which in a pH 7.0 phosphate buffer, exhibits an absorption 0-0 band peaking at 658 nm 

(182,000 M-1 cm-1 extinction) and fluorescence 0-0 band peaking at 676 nm (Fig. S6a). The 

difference in spectral characteristics between the monomer SQ-A and the “free” dye in solution 

may be attributable to solvatochromic effects, such as differences in the buffer conditions or the 

local DNA environment, or other effects such as electronic interactions with nucleobases. 

However, alternating the functionalized strand in the monomer construct (i.e. a squaraine is 

attached to strand B, C, or D instead of strand A) did not influence the absorption peak maxima 

indicating that a squaraine does not exhibit strong electronic interactions with surrounding 

nucleobases (Fig. S6b). The SQ-A monomer in DNA HJ exhibited high fluorescence quantum 

yield (ΦF) measured to be 0.37 (Section S5) which is slightly higher than that of Cy5 in ssDNA 

reported in the range 0.29-0.33.119 The lower quantum yield in Cy5 may be related to torsion 

motion around the polymethine bridge. Squaraines are less susceptible to torsional motion due to 

the squarate moiety incorporated into the polymethine bridge.  
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Figure 2. (a, c, e, and g) Acquired steady-state absorption spectra of the DNA-Square 660 dye 

constructs in 1X TBE, 15 mM MgCl2 at room temperature (dotted lines) and theoretical 

absorption spectra derived from KRM modeling (solid lines). The DNA-dye construct 

concentration was 1.5 μM. The insets show schematic representation of dye monomer, dimers, 
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and tetramer constructs in DNA HJ. (b, d, f, h) Acquired CD spectra of the DNA-Square 660 

dye constructs in 1X TBE, 15 mM MgCl2 at room temperature (dotted lines), and theoretical CD 

spectra derived from KRM modeling (solid lines). The DNA-dye construct concentration was 1.5 

μM. 

Guided by the inspiring results of Cannon et al. on DNA-templated Cy5 aggregates,100-101 we 

next investigated aggregates of Square 660 in an immobile DNA HJ in the form of adjacent and 

transverse dimers. The electronic absorption spectrum of the transverse dimer SQ-AC exhibited 

its most prominent absorption band at 625 nm along with an additional broad feature peaking at 

661 nm, both blue-shifted with respect to the monomer 0-0 band of 672 nm (Fig. 2c). The 

absorption spectrum of the adjacent dimer SQ-BC was overall very similar, characterized by a 

primary blue-shifted band at 630 nm with another major band at 662 nm (Fig. 2e). Such blue 

shift of the electronic absorption spectrum of the aggregate compared with the monomer is 

indicative of a dominantly face-to-face, or H-aggregate, orientation of the two Square 660 dyes 

in both adjacent and transverse configurations. Similar optical behavior was previously observed 

with the Cy5 transverse dimer templated by an immobile DNA HJ.101 Similar to the squaraine 

transverse dimer (i.e., SQ-AC), the Cy5 transverse dimer formed an H-aggregate with a strong 

excitonic Coulombic coupling. However, the Cy5 adjacent dimer assembled into a J-type 

aggregate. Consistent with these observations, Markova et al. also observed a propensity of 

indolenine squaraines for H-aggregate formation. In their studies, two indolenine squaraines, 

dually-tethered to duplex DNA, formed an H-aggregate,76 while two Cy5 dyes formed a J-

aggregate in the same duplex configuration.74 

Having identified the aggregate type of the transverse and adjacent Square 660 dimers, we next 

proceeded to more incisively evaluate signatures of exciton delocalization in the electronic 
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absorption spectra. To aid in evaluating signatures of exciton delocalization, the absorption 

spectra were fit with four Gaussian features. The four-component Gaussian fit was justified 

mathematically (Section S7), while observations in the CD spectra and theoretical modeling 

provided additional support for the four-component fit (described in subsequent sections). The 

four absorption bands associated with the fit, labeled A1, A2, A3 and A4, exhibit peak maxima for 

the transverse dimer at 690, 660, 624, and 599 nm, respectively, and for the adjacent dimer 

exhibit peak maxima at 700, 663, 629, and 603 nm, respectively (Fig. S7ab; Tbl. 1). We 

attribute the weak, red-shifted absorption band (A1) to the lowest-energy excitonic state of the H-

dimer, with the finite absorption intensity arising from a slight oblique (i.e., non-ideal) 

orientation of the H-dimer. The Gaussian fitting additionally reveals that while the intensity of 

the absorption bands of the monomer varies in the order A1 (0-0) > A2 (1-0), the intensity of the 

absorption bands for both dimers varies in the order A2 > A1 and A3 > A1. Such redistribution of 

oscillator strength in the form of a decreased An / An+1 ratio17 (that contributes to the blue shift in 

the absorption spectrum) is consistent with a large value for the excitonic hopping parameter J1,2, 

and exciton delocalization. Lastly, the magnitude of the energy difference between the low- and 

high-energy excitonic states, i.e., the so-called Davydov splitting, can provide an estimate of the 

value of the excitonic hopping parameter, since for dimers its value is approximately one half the 

Davydov splitting energy. As noted above, the transition to the low-energy excitonic state can be 

readily assigned to the lowest-energy absorption band (A1). Assigning the transition to the high-

energy excitonic state to a specific absorption band, in contrast, is complicated by the strong 

vibronic coupling in the squaraine dyes. As such, and to gain qualitative insight into the 

excitonic Coulombic coupling strengths, we report the Davydov splitting energies (and 

corresponding excitonic hopping parameters) associated with A1 and the next two higher-lying 
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absorption bands (A2 and A3) identified via the Gaussian fitting. For the transverse dimer, the A2-

A1 and A3-A1 Davydov splitting energies are 82 meV (658 cm-1) and 190 meV (1532 cm-1), 

respectively; for the adjacent dimer, the A2-A1 and A3-A1 Davydov splitting energies are 99 meV 

(797 cm-1) and 200 meV (1610 cm-1), respectively. The corresponding excitonic hopping 

parameters estimated from these values for the transverse dimer are 41 meV (329 cm-1) and 95 

meV (766 cm-1), respectively; for the adjacent dimer, they are 49 meV (398 cm-1) and 100 meV 

(806 cm-1), respectively. For comparison, Röhr et al. reported very similar coupling strengths (ca. 

800 cm-1 or 99 meV) in the J-aggregates of indolenine squaraine dimers created by covalent 

coupling of two squaraine molecules.117 While a quantitative analysis of the excitonic hopping 

parameter in this manner is complicated by the strong vibronic coupling in the squaraine dyes 

and associated ambiguity in assigning the transition to the high-energy exciton state to a 

particular high-energy absorption band, the magnitude of the estimated excitonic hopping 

parameters are clearly large and indicative of exciton delocalization in both dimers. 
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Table 1. Steady-State Optical Properties of DNA-Templated Square 660 Constructs. 

construct 

Observed  

Abs maxima 

a  

nm 

Calculated 

Abs maximab 

nm 

Observed 
FL 
maximac 

nm 

FL 

Suppression
d 

% 

ΦF	e 

 

monomer  630; 672 630; 672 687 n/a 0.37  

 

trans dimer  625; 661 599; 624; 660; 690 688 80 0.038 

 

adj dimer  630; 662 603; 629; 663; 700 690 92 0.023 

 

tetramer  618; 662 578; 618; 663; 694 689 98 0.006 

 

aMeasurements were carried out in 1X TBE, 15 mM MgCl2 containing 1.5 μM DNA construct 
at room temperature. bValues for the monomer are obtained from fitting the data with two 
Gaussians, and the values for the aggregates are obtained from fitting the data with four 
Gaussians. cMeasurements were carried out in 1X TBE, 15 mM MgCl2 containing 0.5 μM DNA 
construct at room temperature. Samples were excited at λexc= 650 nm. dFluoresence suppression 
relative to the monomer was calculated for 665-740 nm range as described in SI. eFluorescence 

quantum yield measured in 1X TBE, 15 mM MgCl2. 

 

To further elucidate the excitonic delocalization in the squaraine dimers, CD spectroscopy 

measurements were performed. CD spectra of the monomer, dimer and tetramer constructs 

showed a positive bisignate signal in the UV region between 230 and 280 nm confirming well-

folded B-form DNA duplex of HJ (Fig. S8). The achiral monomer SQ-A did not show an 

induced CD signal in the visible region (Fig. 2b) indicating that the monomer retained 

conformational freedom in the core of the DNA HJ. The transverse dimer SQ-AC exhibited a 

negative exciton-induced CD couplet (down-up shape from right to left) in the visible part of the 
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spectrum (Fig. 2d) indicating chiral disposition of coupled transition dipole moments. This 

bisignate character of the exciton-induced CD couplet and its intensity indicates coherent exciton 

hopping between the dyes.120 The cross-point of the CD couplet at ~ 670 nm corresponds to the 

absorption maximum of the squaraine monomer SQ-A. With an intense negative Cotton effect at 

697 nm (Δɛ =  ̶  360 M-1 cm-1), the obliqueness in dye face-to-face orientation is evident from the 

splitting of positive Cotton effect at 622 nm (Δɛ = 175 M-1 cm-1) and 653 nm (Δɛ = 95 M-1 cm-1). 

This asymmetry of the CD couplet is also predicted by the theoretical model in one configuration 

of coupled dipole moments (discussed below). In analogy, the adjacent dimer SQ-BC exhibits a 

CD couplet with positive sign (i.e., up-down shape from right to left) and asymmetric shape (Fig. 

2f) but of opposite chirality compared to the transverse dimer SQ-AC. The Cotton effects of the 

adjacent dimer SQ-BC at 704 nm (Δɛ = +135 M-1 cm-1), 660 nm (Δɛ =  ̶  70 M-1 cm-1) and 640 

nm (Δɛ =  ̶ 100 M-1 cm-1) appeared to be less pronounced, possibly due to conformational 

flexibility. Thus, the CD spectra provide additional confirmation of excitonic delocalization in 

both squaraine dimers. 

As one of the most promising DNA-templated Cy5 aggregates reported by Cannon et al.100-101 

was the tetramer configuration, we proceeded to prepare and characterize the Square 660 

tetramer aggregates templated by DNA HJs. The electronic absorption spectrum of tetramer SQ-

ABCD exhibited major bands most noticeable at 618 nm and 662 nm (Fig. 2g). The most 

prominent band at 618 nm is further blue-shifted and intensified compared with both adjacent 

and transverse dimers. Analogous to dimer fitting, a 4-component Gaussian fitting confirmed 

two strong spectral bands A2 and A3 with peak positions of 663 nm and 618 nm, and an 

additional, weaker band A1 peaking at 694 nm (Fig. S7d). The energy difference A1-A2 in SQ-

ABCD was determined to be 84 meV (673 cm-1) and the energy difference A1-A3 to be 220 meV 
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(1771 cm-1), which, as per above, correspond to large estimated excitonic hopping parameter 

values of 42 meV (337 cm-1) and 110 meV (886 cm-1), respectively. We also observed continued 

redistribution of the oscillator strength toward higher-energy absorption bands as seen in the 

increase of A2/A1 and A3/A1 intensities. In the CD spectrum, a tetramer SQ-ABCD exhibited a 

strikingly intense exciton-induced negative couplet signal with a couplet amplitude A = 710 M-1 

cm-1 (Fig. 2h). The symmetry of tetramer CD couplet with similarly intense Cotton effects at 621 

nm (Δɛ = 310 M-1 cm-1) and at 688 nm (Δɛ =  ̶  400 M-1 cm-1) indicates the presence of a single 

chiral system composed of strongly coupled Square 660 dyes packing in the form of an H-

aggregate. SQ-ABCD clearly exhibits signatures of strong excitonic Coulombic coupling. 

In addition to strong perturbations to the electronic absorption spectrum and strong CD signals, 

significant fluorescence quenching was observed in the DNA HJ Square 660 dye dimers and 

tetramer (Fig. S5). Specifically, the relative fluorescence intensity for the different DNA Square 

660 dye constructs dropped in the order of SQ-A >> SQ-AC > SQ-BC > SQ-ABCD (Fig. S5) 

with ΦF values of 0.038, 0.023, and 0.006 measured for SQ-AC, SQ-BC and SQ-ABCD, 

respectively (Tbl. 1, Section S5). The significantly reduced fluorescence intensity indicates that 

fluorescence emission is strongly quenched in SQ-AC, SQ-BC, and SQ-ABCD. Fluorescence 

quenching, which is typically due to drastically shortened excited-state lifetimes, has been 

reported previously in squaraine dimers covalently-bound via methylene bridge linkers.121 While 

not a direct indicator of excitonic Coulombic coupling strength, this pioneering report by Liang 

et al. showed that the most strongly-coupled squaraine dimers exhibited the most significant 

excited state quenching. More recently, similar observations were made in strongly coupled Cy3 

and Cy5 aggregates templated in the form of dsDNA and DNA HJs, respectively.84, 119 

 

Page 22 of 38

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

 

Theoretical Spectral Modeling 

In order to determine the values of the excitonic hopping parameters between dye pairs in each 

aggregate and obtain quantitative information about the spatial arrangement of the dye molecules 

in their aggregates, we performed theoretical modeling based on a Kuhn-Renger-May (KRM) 

model122 following the previously described procedure100-101 with some modifications (Section 

S9). This method takes into account the effects of the dominant vibronic mode of each dye in a 

nonperturbative manner. In brief, the model generates theoretical absorbance and CD spectra of 

various dye configurations and compares them with experimental absorption and CD spectra 

(Fig. 2). The theoretical dye configuration that yields best-fit spectra to the experimental 

absorbance and CD spectra is found by a stochastic gradient search. Since the spacing between 

dyes is typically on the order of or smaller than the dye length, an extended dipole approximation 

was employed in which the charge distribution is approximated by point charges separated by a 

distance that is comparable to the dye length.23 The Hilbert space included all configuration basis 

states for which the number of quanta of vibration on any dye belongs to the set {0, 1, 2}. 

Computed eigenvalues and eigenvectors of the Holstein-like Hamiltonian123 showed electronic 

versus vibronic contribution to energy eigenstates (Figs. S9 and S10) confirming the importance 

of considering vibronic interactions. It is important to note that the KRM model treats an 

aggregate system as a pure state system. However, it is possible that some structural 

heterogeneity might be present in squaraine aggregates due to the weak van der Waals forces 

binding the dyes or DNA structure effects such as conformational isomers of stacked DNA HJ. 

Consequently, the KRM model results correspond to the dominant average configuration of the 

dye aggregate. Examination of the alternative transverse dimer SQ-BD (Section S10) revealed 

that conformational isomers of DNA HJ are, however, not a primary source of structural 
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heterogeneity, and that dye-dye interactions play a predominant role in the aggregate packing. 

The goodness of the fit was evaluated with several parameters: integral overlap between the 

corresponding absorbance and CD spectra, a mean-square deviation (MSD) and the weighted 

average of the MSD of the absorbance and CD spectra (Tbl. S8). The dye positions were 

extracted from the fit in terms of the zenith and azimuthal angles, and Cartesian coordinates 

(Tbls. S9 and S10). The dye orientation vectors (Figs. S11 and S12) were visualized by means of 

Avogadro and UCSF Chimera software124 (Fig. 3 and 4). In order to describe dyes’ mutual 

orientation within an aggregate, such geometric parameters as a center-to-center distance R, a 

slip angle qs and an oblique angle a were extracted from the polar coordinates. 
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Figure 3. Molecular models of the Square 660 core region adjacent dimer SQ-BC and transverse 

dimer SQ-AC. The side view shows a center-to-center distance R in Å and a slip angle qs°. The 

top view shows oblique angle a° as an angle between vectors 1 and 2 if their centers are 

superimposed. Note, that the fitting procedure determines the position and orientation of the long 

axes of the Square 660 dyes, but not the rotation of the dye core around its long axis. As such, 

the dye core rotations were arbitrary chosen.  
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In this manner, we first determined a transition dipole moment of monomer SQ-A to be 11.7 D 

by fitting its absorption spectrum thus accounting for the possible electronic interactions between 

the squaraine dyes and neighboring bases. Next, we calculated the characteristic hopping 

parameter constant J0 = 48 meV· nm3 derived from the transition dipole moment of the monomer 

SQ-A following the equation (eq S5). The constant J0 as a numerical coefficient defines the 

distances between the molecules extracted by fitting the absorbance and CD spectra in KRM 

model predictions for dye aggregates. Since J0 eliminates the degeneracy between the excitonic 

hopping parameter and spacing between the dyes, more definite predictions for the mutual 

orientation of the dye molecules are obtained. 

Applying the constant J0 as an input parameter in theoretical fitting of absorption and CD 

spectra, excitonic hopping parameter values J1,2 between dyes in dimer aggregates were obtained 

(Tbl. S11). The excitonic hopping parameter J1,2 between squaraines was found to be 65 meV 

and 68 meV in the transverse and adjacent dimers respectively. Theoretical fitting of the 

transverse SQ-AC and adjacent SQ-BC dimers determined that the dyes are oriented with 

predominant H-aggregate character exhibiting a slip angle of 70° and 72° respectively (Fig. 3). 

The center-to-center distance between squaraine molecules in transverse SQ-AC and adjacent 

SQ-BC dimers were calculated to be 6.5 Å and 6.2 Å respectively. The transverse dimer 

exhibited a slightly larger oblique angle a of  27° likely resulting in an experimentally observed 

more profound CD couplet. Interestingly, the adjacent and transverse dimers show nearly mirror 

symmetry of their 3-D structures. This observation of a chiral relationship between two dimer 

configurations is supported by similarity of absorption spectra, and, particularly by circular 

dichroism showing opposite handedness of analogical spectral line shapes. The optimized 

modeling procedure was also applied to the H-type Cy5 transverse dimer101 in order to obtain its 
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J1,2 value for direct comparison with excitonic Coulombic coupling in squaraine dimers. The 

excitonic hopping parameter in the H-type Cy5 dimer was determined to be 70 meV. The Cy5 

dimer was found to adopt a very similar H-aggregate geometry (Fig. S13) compared to the 

geometry of squaraine dimers SQ-AC and SQ-BC. The Cy5 molecules in the Cy5 dimer were 

found to be 5.3 Å apart and characterized by a 76° slip angle and a 18° oblique angle. A slightly 

higher J1,2 value in Cy5 dimer is attributed to a shorter center-to-center distance between the Cy5 

molecules. These results indicate that squaraines excitonically couple as strong as Cy5 dyes 

within a comparable dimer configuration. 

Theoretical modeling of squaraine tetramer SQ-ABCD afforded a matrix of Jm,n values (Tbl. 

S12, Fig. S14) and revealed geometric details of four molecule positions within the tetramer. 

Three squaraine molecules were found to form an H-stack with a slight zigzag character while 

the fourth squaraine positioned out of the H-stack (Fig. 4). A mutual arrangement of dyes 1 and 

2 closely resembles the adjacent dimer configuration SQ-BC as an internal dimer unit within the 

tetramer. The dyes 1 and 2 in the tetramer are positioned 6.1 Å apart exhibiting an excitonic 

hopping parameter of 66 meV which value is similar to excitonic hopping in the squaraine 

dimers. In contrast, while a mutual orientation of dyes 2 and 3 in the tetramer resembles the 

transverse dimer configuration SQ-AC, the excitonic hopping parameter for the dye pair 2-3 is 

less than in the SQ-AC. The center-to-center distance and the oblique angle in the dye pair 2-3 

corresponds to the transverse dimer configuration SQ-AC, but the slip angle in the dye pair 2-3 

is 15° larger than in SQ-AC (85° vs 70°). The difference in the slip angle might account for a 

smaller J1,2 value observed between dyes 2 and 3 within the tetramer. This observation 

demonstrates how geometric parameters, in particular, a slip angle affects the excitonic 

Coulombic coupling between two dyes. Being positioned further from the 3-dye stack (average 
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18 Å), dye 4 weakly couples with the other three dyes (2.8-6.8 meV). The observed exclusion of 

dye 4 from the stack is presumably due to steric constraints. The nature of these steric constraints 

as well as a position of the tetramer relative to the DNA HJ cavity have not yet been identified. 

For comparison purpose, we determined the values of the excitonic hopping parameters between 

the dyes in the Cy5 tetramer (Tbl. S13, Fig. S15). While the excitonic hopping strengths 

between equidistant Square 660 dyes and Cy5 dyes are comparable, the proximity of all four H-

stacked Cy5 dyes in a parallelogram-like arrangement101 results in a very intense blue-shifted 

absorption of the Cy5 tetramer. Perhaps the parallelogram-like arrangement observed in the Cy5 

tetramer could also be observed in the Square 660 tetramer if Square 660 dyes were tethered to 

the DNA with dual phosphoramidite linkers. 

 

 

Figure 4. Molecular model of the Square 660 core region tetramer SQ-ABCD. The side view 

Jm,n parameter between each pair of dyes in meV and slip angles qs°. The oblique view shows a 

center-to-center distance R in Å and oblique angle a°.  
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CONCLUSIONS 

In this study, we demonstrate that Square 660, a commercially available indolenine squaraine 

dye, exhibits exciton delocalization when aggregated via a DNA HJ. DNA HJs were used to 

template the aggregation of Square 660 in three different configurations: a transverse dimer, an 

adjacent dimer, and a tetramer. Exciton delocalization was evident in all configurations via 

significant blue shifts in the electronic absorption spectra, intense couplets in the CD spectra, and 

strong fluorescence emission suppression. Matrices of the excitonic hopping parameter between 

the dye molecules in dimers and a tetramer were obtained via simultaneous fitting of the 

absorption and CD spectra. Large values of the excitonic hopping parameters characterized the 

strength of the exciton Coulombic interactions responsible for exciton delocalization in 

indolenine squaraine aggregates. The strength of excitonic hopping interactions between 

indolenine squaraines was found to be comparable with the strength of the analogous DNA HJ 

templated aggregate of the more ubiquitous cyanine dye Cy5, previously shown to be highly 

promising for exciton-based applications. An interesting finding of the present work is that DNA 

HJ templated Square 660 aggregates appear to generally favor an H-type packing configuration 

regardless of an aggregate configuration, which contrasts with DNA HJ templated aggregates of 

Cy5 that are capable of adopting both H- and J-type packing arrangements. Based on their 

superior photostability, structural diversity, and promising aggregate optical properties, we 

conclude that indolenine squaraine dyes are viable candidates for next-generation technologies 

where strong excitonic Coulombic coupling and exciton delocalization are desirable, such as 

artificial light harvesting and potentially even room temperature quantum information systems.  
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See Supporting Information (PDF) for details pertaining to gel electrophoresis, spectral 

measurements, thermal denaturation, fitting procedures, and KRM modeling.  
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