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Abstract   

 Stark spectroscopy (electroabsorption) is used to study the variation of electronic 

properties with the size of helical H-aggregates that are formed by the spontaneous non-

covalent assembly of co-facial dimers of the cyanine dye (DiSC2(5)) into the minor 

groove of double helical DNA.  The unique and important property of these aggregates, 

first synthesized and characterized by Armitage and coworkers (J. Am. Chem. Soc. 1999, 

121, 2987), is that their size is controlled by the properties of the DNA template.  

Specifically, the length of the aggregate formed is determined by the length of the DNA 

template and its width along the pi stacking dimension is restricted to that of the dye 

dimer due to steric constraints in the minor groove.  Results for aggregates consisting of 

1, 2, 5, and ~35 adjacent dimers bound to DNA are presented here.  The absorption 

maxima of these species exhibit a large blue shift (1750 cm-1) from that of the monomer 

due to the face-to-face interactions within the dimers.  Relatively weak (330-650 cm-1) 
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secondary splittings are also seen that arise from end-to-end interactions between 

adjacent dimers on the chain.  The average change in polarizability on excitation (<? ? >) 

is found to double when two dyes form a stacked dimer whereas no further increase in 

<? ? > is seen as the chain length is increased.  Semi-empirical (INDO-SCI) calculations 

yield exciton coupling energies that are consistent with experiment.  However, <? ? > is 

predicted to increase towards more positive values on dimerization while the reverse 

trend is seen experimentally.  Nonetheless, both experiment and theory find that <? ? > is 

unaffected by higher aggregation.     
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Introduction   

Molecular aggregates that result from the non-covalent association of similar 

molecules in solution or in a nematic state are important in chemistry, biology,1 and 

materials science.2 For example, aggregates formed from organic and polymeric 

chromophores that absorb and emit light in the visible region have wide applications as 

photographic sensitizers,3 and liquid crystalline displays.4 They have also been used as 

non- linear optical materials due to their large hyper-polarizabilies.5  Nature uses the 

electronic properties of such aggregates in light harvesting systems where arrays of 

chlorophyll chromophores are responsible for the energy transfer in photosynthetic 

reaction centers.6 

Jelly7 and Scheibe8 were the first to identify highly fluorescent J-aggregates that 

show a characteristic red shift in their absorption maxima compared to that of the 

monomer species. H-aggregates on the other hand, are non-fluorescent and show a 

characteristic blue shift in their absorption spectrum relative to the monomer.9,10 In order 

to explain the distinct absorption and fluorescence properties of the H- and the J-

aggregates, Kasha et al.11-15 developed a theoretical treatment for molecular aggregates 

based on the exciton-coupling model of molecular crystals.16 Exciton-coupling theory 

predicts that non-covalent dimerization (or polymerization) of dyes within an aggregate 

lowers the degeneracy of its excited electronic state compared to the uncoupled 

monomers.  For H-aggregates, the higher electronic state carries all of the oscillator 

strength while transitions to the lower electronic (exciton) state are forbidden. As a result, 

the absorption of the aggregate is blue-shifted and its fluorescence is effectively 

quenched because internal conversion to the lowest (forbidden) excitonic state is faster 
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than emission, in accordance with Kasha’s rules.  In contrast, for J-aggregates, the 

transition to the lowest exciton state is allowed.  This, in turn, gives rise to a red shift and 

narrowing of the absorption spectrum relative to that of the monomer and a strong 

fluorescence emission having a negligible Stokes shift.  

The consequence of this coupling on the electronic properties of the aggregate is 

strongly dependent on the relative orientation of the transition moments of the constituent 

molecules and therefore on the stacking pattern that they adopt.17 To produce a blue-

shifted absorption maximum, as for H-aggregates, the arrangement of the stacked dyes 

must be such that the slippage angle, ? ? formed between the (parallel) transition dipoles 

and the line joining the centers of the dipoles, is greater than 54.7?.13,15,18 In contrast, to 

produce the  red shift observed for J-aggregates, the stacked chromophores must be 

laterally shifted with respect to one another such that this angle is less than 54.7?.13,15,18 In 

the literature, H-aggregates are often referred to as having a card-pack structure, while J-

aggregates are said to resemble a brickwork arrangement. For more details see Refs. 13 

and 15. 

Control over the structure and the number of molecules constituting a non-

covalent molecular aggregate is crucial to controlling its resulting electronic and optical 

properties.  This is in turn important to optimizing these materials for applications such as 

those cited above.19 In practice, for non-covalent aggregates formed freely in solution, 

such control is difficult to achieve due to their high degree of sensitivity to environmental 

conditions such as the temperature, polarity, ionic strength and pH of the solution.19-23  

Recently Armitage et al. have shown that a particular class of cyanine dyes 

known as DiSC2(5) (3,3’-diethylthiadicarbocyanine iodide, Fig. 1a), non-covalently 
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assembles into the minor groove of double helical DNA such that two DiSC2(5) 

molecules form a face-to-face dimer.24  Stacking of additional dyes is prevented due to 

the constraint imposed by the walls of the minor groove.  However, because binding of 

one such dimer is thought to widen the minor groove, the assembly of additional dimers 

on the adjacent sites is more favorable. In this fashion, an extended aggregate can be 

formed.  These species display the blue-shifted absorption spectrum and reduced 

fluorescence yield that is characteristic of H-dimers and higher aggregates. When 

assembled in the minor groove of DNA, the dye dimers are forced to acquire a helical 

structure. This model is strongly supported by electronic absorption and circular 

dichroism (CD) spectroscopies.24-26  Fig. 1b shows a model of dye dimers bound to a 

double-stranded DNA, as proposed by Armitage and coworkers.24   

Another desirable feature of using DNA templates is that the number of dye 

molecules present in a given aggregate can be controlled by the length and the sequence 

of the DNA chosen. Because the presence of guanine bases sterically hinders the 

assembly of dyes into the minor groove, introduction of guanine into the sequence 

effectively disrupts the growth of the aggregate.24,25 Replacing guanine bases with the 

artificial nucleo-base inosine allows the dyes to spontaneously assemble onto the DNA.  

Since a single cofacial H-dimer of DiSC2(5) spans about half a turn of the helix (~ 5 base 

pairs), the length of the aggregate can be controlled by changing the length of the inosine 

containing region of the DNA template in increments of 5 base pairs.   

The scaling of important optical properties of aggregates, such as the extinction 

coefficient,14 fluorescence quantum yield,27-30 radiative lifetime,18,31 and line-width of 

absorption and emission,32,33 with respect to the corresponding properties of the 
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monomer, depends critically on the spectroscopic aggregation number, which we 

designate here as NC. NC is the number of chromophores in the aggregate that are 

coherently coupled, or collectively excited upon absorption of a photon.34 NC is expected 

to be smaller than the actual number of molecules constituting the molecular aggregate 

due, most likely, to disorder.18, 35 Collective (coherent) excitation of NC adjacent dipoles 

leads to a NC fold increase of the probability of absorption,14,18 and emission,27,28 which 

in turn enhances non-linear properties such as the first hyper-polarizability of dye 

aggregates.5  

Because NC directly correlates to the important linear and nonlinear optical 

properties of aggregates, there has been considerable effo rt to determine how its value is 

affected by aggregate size, structure, composition, and the presence or absence of defects. 

Radiative lifetime measurements on fluorescent J-aggregates of pseudoisocyanine (PIC) 

performed over a range of temperatures (4-130 K) have estimated NC to be between 10 

and 50,23 while hole burning measurements suggested a value of 100 for the NC of 

aggregates of the same dye.36 Using a photon-echo technique, Wiersma measured a value 

of NC of ~500 for PIC J-aggregates in a glassy matrix.37 Kobayashi et al. performed 

linear dichroism and Stark spectroscopic studies on PIC J-aggregate films.  They 

compared the change in the electronic polarizability on excitation (<? ? >) of the 

monomer to that of the aggregates and inferred that NC ranges from 20 to 100.38,39  Note 

that many of these methods rely on fluorescence and therefore are only suitable for 

measuring the properties of J-aggregates.   

 Important for the current study is that it has been proposed that the ratio of the 

<? ? > of the aggregate to that of the monomer will scale with NC since NC is effectively a 
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measure of the extent of delocalization of the excited state.38,40,41  This ratio, which we 

refer to as the enhancement factor for <? ? >, can be measured using Stark spectroscopy, 

a technique that is equally applicable to J- and H-type aggregates.     

 The work described here follows up on an earlier publication in which we 

examined the scaling of <? ? > with aggregate type (H versus J) in aggregates that were 

not size-selected.  There, <? ? > for the J-aggregate was reported to be 5-6 times that of 

the monomer while <? ? > for the H-aggregate was found to be only twice the monomer 

value.  These results were rationalized in terms of the different structures of these two 

species.  Specifically, the card-pack structure of the H-aggrega tes is expected to afford 

strong coupling within a given dimer but weak couplings between adjacent dimers.  In 

contrast, the brickwork J-aggregate structure should allow stronger interactions between 

dyes adjacent to one another along the aggregate chain.   

 In order to assess whether or not the enhancement factor for <? ? > provides an 

alternative method of characterizing NC for aggregates, as was originally suggested in 

Ref. 38, we compared its value for the J-aggregates to that of NC obtained by the well-

established methods of fluorescence lifetime28,31 and line-width measurements.32,33  

Indeed, the value of NC obtained via these methods agreed with the enhancement factor 

of <? ? > for the J-aggregate to within a factor of 2. This level of agreement is certainly 

reasonable given the spread of values typically found in the literature for NC, several 

examples of which are quoted above.  Based on this comparison, it appeared that 

measurements of the enhancement factor for <? ? > might indeed provide an alternative 

means of characterizing NC for J-type and, by extension, for H-type aggregates.  
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Unfortunately, analogous comparisons for H-aggregates are not possible using 

fluorescence-based methods.   

 The current study exploits the fact that H aggregates of precisely defined size can 

be formed via DNA templating.  Therefore, in principle, NC can be compared to the 

actual physical size of the aggregate, which has not been possible in prior studies in the 

literature.  Similar experiments could not be performed for J-aggregates because, even 

when DNA is used as a scaffold, they do not assemble as small size-selected aggregates.  

This is probably due to the highly cooperative interactions needed to stabilize the 

brickwork structure. 

 This paper summarizes a joint experimental and computational study with the aim 

of understanding how the electronic properties of aggregates vary with aggregate size and 

structure.  First, the absorption and electroabsorption spectra of a series of H-aggregates 

consisting of a single dimer, as well as two, five, and ~ 35 adjacent dimers are presented.  

From the absorption spectrum of each aggregate, the exciton splittings due to end-to-end 

interactions of adjacent dimers are obtained.  The saturation value of this splitting versus 

aggregate size, which we argue is a direct measure of NC for these species, occurs for 

aggregates consisting of more than 6 dimers.  For comparison, the enhancement factor for 

<? ? > for each aggregate is reported.  This quantity is found to be 2 for all of aggregates, 

regardless of size.  Therefore, unlike what had been suggested earlier for J-aggregates, 

the enhancement factor of <? ? > appears to be a poor indicator of the value of NC in H-

aggregates.   

 Following the experimental studies, semi-empirical quantum chemical 

calculations are presented that model the effects of aggregation on the absorption 
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spectrum and on the value of <? ? >.  Modeling of the exciton shifts and splittings 

indicates that both are consistent with the expected structure of the H aggregates on the 

DNA template.  Theory also agrees with the experimental finding that the calculated 

<? ? > changes substantially between monomer and a single H-dimer but is unaffected by 

coupling between two adjacent H-dimers. However, two fundamental and as yet 

unresolved discrepancies between theory and experiment emerge.  The first regards the 

sign of <? ? > of the monomer, which is negative experimentally but is calculated to be 

positive for most reasonable geometric parameters for the dye.  The second is the 

direction of the calculated change in <? ? > upon formation of a single dimer from two 

stacked monomers.   Experiment finds <? ? > of the dimer to be more negative than that 

of the monomer whereas theory finds the opposite. Several efforts to determine the origin 

of these discrepancies are presented but are as yet inconclusive.  

 The paper concludes with a summary of the results that have been obtained for 

both J- and H-type aggregates and relates these to the different stacking geometries 

expected in these two systems.   

Experimental  

Materials and Methods. 98% pure DiSC2(5) (3,3’-diethylthiadicarbocyanine iodide) 

was obtained from Aldrich Chemicals and used without further purification. All of the 

synthetic DNAs were obtained from Integrated DNA Technologies (IDT). The desired 

DiSC2(5) H-dimers and H-aggregates are readily obtained by mixing the solutions of 

duplex DNA, in sodium phosphate buffer, pH 7.2, and the dye in appropriate molar ratio. 

Room-temperature absorption spectra were obtained after allowing the solution to mix 

for 10 minutes. The disappearance of the monomer peak at 655 nm and the appearance of 
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a new band at ~590 nm indicate that the assembly of the dye into the DNA in dimer form 

is essentially quantitative. The shifts in the absorption maxima observed are in agreement 

with that first found by Armitage and co-workers24 and are correlated with the formation 

of H-dimers/aggregates in the DNA minor groove. All experiments were performed in 

35% ethylene glycol-water (EG-water) glass at 77 K. The pH was maintained at 7.2 using 

a 10 mM phosphate buffer.  

It was empirically found that slowly lowering the temperature of the solution 

minimizes the number of monomeric dyes present in the sample cell. This is because the 

binding constant of the dye to the DNA increases as the temperature is lowered.24,25 

Therefore, to optimize aggregate formation, the temperature of the sample cell was first 

held at ~ 200 K for 2 minutes by suspending it just above the liquid nitrogen surface.  

Then, to obtain the Stark spectrum at 77K, the cell was fully immersed into liquid 

nitrogen to form an optically clear glass.  

In order to obtain the 77K spectra of the monomeric dyes and to minimize the 

formation of random aggregates in solution, DiSC2(5) was dissolved in a 80% ethylene 

glycol and 20% methanol solution and the sample cell was immersed into liquid nitrogen. 

the dye concentration was maintained so as to have a sample absorbance of between 0.1 

and 0.8, with the DNA concentration adjusted accordingly.  

A sample of monomeric DiSC2(5) bound to the DNA minor groove was formed 

using an excess of poly(dA)-poly(dT) duplex, such that the DiSC2(5) dye would 

preferentially bind in the monomeric form. While it would be desirable to use 1 dye for 

every 15-20 DNA base pairs, at such low dye concentrations, the absorbance of the 

sample was too low (<0.02) and the Stark signal was below our detection limits. In order 
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to obtain a measurable absorbance (~0.03) and Stark signal, the DiSC2(5) concentration 

was maintained such that there was a single DiSC2(5) molecule for every 6-8 base pairs 

of the DNA.  

Synthetic duplex DNAs of varying lengths were used as templates. Since guanine 

has an amino group that protrudes into the minor groove and sterically hinders the 

binding of dyes, guanine-cytosine base pairs were chosen as terminal bases as well as 

spacers between dye dimers so as to vary the distance between them. An artificial base 

inosine (guanine without an amino group) was used in the templating regions. H-

dimers/aggregates are readily formed in the presence of the inosine-cytosine base pairs.42 

Each H-dimer spans about half a turn of the DNA helix which translates to ~5 base pairs 

for every H-dimer.24 A single isolated H-type dimer of DiSC2(5) was formed using the 

following double stranded (IC)5 DNA template.  

5’-CGC-ICICI-CGC-3’ 

3’-GCG-CICIC-GCG-5’ 

The ratio of the duplex (IC)5 DNA to DiSC2(5) was maintained at 1:2. Two non-

interacting H-dimers of DiSC2(5) separated by three guanine-cytosine base pairs, were 

formed using the 2(IC)5 DNA duplex shown below: 

5’-CGC-ICICI-GCG-ICICI-CGC-3’  

3’-GCG-CICIC-CGC-CICIC-GCG-5’  

(IC)10 (10 inosine-cytosine base pairs) and (IC)25 (25 inosine-cytosine base pairs) 

sequences were used to form two and five adjacent H-dimers respectively. The (IC)25 

DNA template purchased was purified by PAGE electrophoresis in order to remove 

smaller DNA fragments. This proved critical for obtaining well-resolved absorption 
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spectra of these aggregates. Double stranded Poly(dI-dC) containing 150-160 inosine-

cytosine base pairs was used to form multiple adjacent H-dimers of DiSC2(5). It was 

inferred that ~35 ?  5 H-dimers comprise this aggregate because the addition of more dyes 

resulted in the appearance of an absorption band in the monomer region (~ 655 nm). 

Roughly 20 guanine-cytosine base pairs were used as terminal bases on both 3’ and 

5’ends of each DNA.  

Electroabsorption Data Analysis. The electroabsorption apparatus is home built and has 

been previously described in detail.43-45 The analysis of the electroabsorption data follows 

that in the literature.46,47 The equations shown here are appropriate for the experimental 

conditions used, i.e. the sample is isotropically embedded in a rigid glass.  Essentially, 

the change in absorption due to the application of an external electric field is fit to the 

weighted sum of zeroth, first and second derivatives of the zero-field absorption 

spectrum.  The overall change in absorbance caused by the application of an electric field 

can be described as follows: 
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The term ( )A ?? represents the unperturbed absorption as a function of frequency (??) and 

effF
??

represents the field at the sample in V/cm.  This effective field includes the 

enhancement of the applied field due to the cavity field of the matrix.  The subscript 

? ?represents the angle between the direction of the applied electric field and the electric 

field vector of the linearly polarized light. All of the experiments reported here were 

performed ?= 54.7º (magic angle). At ? ??????? ??? the expressions of a?, b?, and c? are 
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related to the change in the transition moment polarizability (Aij) and hyperpolarizability 

(Bijj), the change in the electronic polarizability (?? ? ? ), and the change in the dipole 

moments (|? ? |) respectively, as given in Eqns. 2-4 below.     
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 In this work we quote ?? ? ?  which represents the average change in electronic 

polarizability between the ground and excited state (i.e. ?? ? ?  = 
1
3

Tr(? ? )).  Information 

regarding |? ? | for the molecule is contained in the c????  term (Eqn. 4). It is important to 

emphasize that, for an isotropic sample such as those studied in this work, only the 

magnitude and not the sign of |? ? | is measured.  In the above equations, the tensors A and 

B represent the transition polarizability and hyper-polarizability respectively.  These 

describe the effect of ? effF
??

 on the molecular transition moment: 

? ?eff eff eff effm m A B? ? ? ? ? ?F F F F
?? ?? ?? ??? ? . These terms are generally small for allowed 

transitions and can therefore be neglected relative to other terms in the expression for 

?? ? ?  (Eqn. 3), particularly in those species exhibiting a small value of |? ? |, such as 

those reported here.    

 The coefficients, a?, b? and c?, are extracted by means of a linear least-squares fit 

of the electroabsorption signal to the sum of the derivatives of A(??). If the resultant fit to 
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the absorption line-shape (a single set of a?, b? and c?) is not of high quality, this is an 

indication that there is more than one transition (electronic or vibronic) underlying the 

absorption band, each having different electro-optical properties. This is not found to be 

the case for the systems studied in this work. Our fitting strategies are described in detail 

in Ref. 44. 

Semi-Empirical Calculations.  The geometry of a single cyanine dye was optimized at 

the HF/6-31G** level using the Gaussian software package.48  The resulting geometry, 

shown in Fig. 2 (a), is planar. The difference between the single and double bonds of Fig. 

2(a), defined as the bond length alternation (BLA), is less than 0.001 Å.  In some of the 

calculations shown below, this structure is altered to allow control of the BLA and 

planarity of the system. This is done by dividing the molecule into 7 segments, consisting 

of the two terminal ring structures and the 5 CH groups of the central polyene. The 

molecule lies in the X-Y plane with the X-axis connecting the carbon atoms of the rings 

to which the polyene is attached. The BLA of the polyene was controlled by displacing 

the segments along the X axis to obtain the desired BLA, while maintaining an average 

CC bond length of 1.386 Å (the average bond length obtained from the ab initio 

calculations). The effects of non-planarity are explored by twisting the segments in a 

spiral about the X-axis. The twist is reported as the angle between the rings, with the 

angle between adjacent segments being 1/6th that of the total inter-ring twist.  

 Dimers were made by stacking the monomers face-to-face with a lateral shift, s, 

of one of the monomers along the X-axis and an inter-plane spacing, d, in the Z-direction. 

Fig. 2b shows a dimer with s = 0 and d = 4 Å. A quadramer structure was made by 

placing identical dimers along the X-axis, such that the closest contact between terminal 
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hydrogen atoms is ~2.5 Å (Fig. 2c). This procedure was also used for non-planar 

monomers, with the XY plane positioned to bisect the twist angle between the two rings.   

Finite Field calculations described by Kurtz et al.49 were carried out at the INDO/SCI 

level, using a direct SCI method50 that allows for inclusion of all single excitations. The 

applied field was 5 ?  105 V·cm-1 (9.7 ?  10-5 a.u.), and the polarizability was obtained as 

the first derivative of the calculated dipole moments.  

 The effects of charge transfer between molecules within an aggregate were 

investigated using local orbitals and controlling the SCI basis set. Orbitals localized on 

each of the cyanine dyes were formed using a projection method.51 A Hartree-Fock 

calculation is first performed on each of the dye molecules to obtain “target” local 

orbitals. The delocalized canonical Hartree-Fock molecular orbitals of the aggregate are 

then used to construct projection operators onto the filled and empty orbital spaces of the 

aggregate. These projection operators are applied to the target local orbitals and this is 

followed by Löwdin orthogonalization. This procedure leads to local orbitals that are 

related to the canonical (de- localized) Hartree-Fock orbitals by a unitary transformation 

within the filled or empty orbital spaces. The formation of local orbitals therefore has no 

effect on the results of a SCI calculation that includes excitations between all filled and 

empty orbitals. However, local orbitals allow us to turn off charge-transfer by 

constructing a SCI basis that includes excitations only between orbitals that are on the 

same molecule. 

Results and Discussion    

77K Absorption Spectra. The absorption spectra of monomeric DiSC2(5) in EG-water 

glass and the various H-dimers/aggregates that are formed in the presence of double 
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stranded DNA are shown in the left column of Fig. 3. The monomer (Fig. 3a) has an 

absorption maximum of 15200 cm-1 in this matrix. Below, we show that this spectrum is 

only weakly shifted upon binding of the monomer to DNA. 

 In the presence of the duplex (IC)5  sequence, a single (isolated) face-to-face (H-

Type) dimer is formed, resulting in a ~ 1700 cm-1 blue shift of the absorption maximum 

(Fig. 3b). The origin of the shift can be understood form the energy diagram shown in 

Fig. 4.  This blue shift is a result of the splitting of the excited electronic states in the H-

dimer due to a strong face-to-face interaction (exciton coupling) of the two monomeric 

dyes. It will be referred to as the primary splitting (denoted by 2? H) and it is twice the 

value of the primary (exciton) coupling energy ? H.   

When longer DNA sequences such as (IC)10 or (IC)25 duplex are used, the single 

transition for the single H-dimer, centered at 16930 cm-1, splits into two new transitions 

(Fig. 3c-d), that are highlighted in the second derivatives of the absorption spectrum (Fig. 

3h- i).  For the poly(dI-dC) DNA (Fig. 3e) the absorption maxima of the two transitions 

shift further apart such that two well-resolved bands are observed. This splitting (Fig. 3c-

h), that results from the head-to-tail interaction of two (or more) H-dimers lying adjacent 

to one another, will be referred to as the secondary splitting (denoted by 2?H) and is twice 

the value of the secondary coupling energy (?H).  For all systems studied, 2?H is much 

smaller than 2? H (Table 1).  

Focusing first on the primary coupling energies, ? H is ~1700 ? 50 cm-1 for all the 

H-aggregates studied here though it decreases slightly (by 70 cm-1) for the poly(dI-dC) 

sequence (Table 1) indicating a weaker face-to-face interaction of the two dyes in the 
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individual H-dimers in the extended aggregate. Chowdhury et al. have previously 

observed that the primary coupling is very sensitive to the extent of the face-to-face 

overlap between two dyes in the individual dimers.52  We therefore speculate that, in 

poly(dI-dC), one of the dyes in the individual H-dimers is slightly shifted with respect to 

the other, resulting in a small reduction of  the value of ? H. 

The value of ?H, evaluated directly from the two minima in the second derivatives 

(Fig. 3h-j and Table 1), increases monotonically when the number of the adjacent dimers 

is increased from 2 to 35. We also see that increasing the distance of separation (by three 

guanine-cytosine base pairs) between the adjacent H-dimers by using the 2(IC)5 sequence 

reduces ?H so much that the two transitions due to head-to-tail coupling can no longer be 

observed in the absorption spectrum.  

The exciton coupling model predicts that for W-shaped (alternate-translational 

chain) aggregates,13,53 the value of the splitting energy for N interacting dimers (N >> 1) 

is expected to be twice that of two interacting dimers (N = 2). This effect, which is 

observed in the absorption spectra, is a consequence of there being two neighboring 

dimers for each H-dimer in the polymeric H-aggregate rather than only one adjacent H-

dimer when the short DNA sequence ((IC)10) is used.15  That the observed ?H of the long 

chain (poly(dI-dC)) is roughly twice that observed for two interacting dimers suggests 

that the optical excitation is substantially delocalized.   

To quantify the degree of delocalization we consider a simple exciton coupling 

model and calculate the dependence of ?H on chain length (Fig. 5). The model uses a 

Hückel- like matrix whose dimension is the number of coupled H-dimers. All of the 

diagonal matrix elements are identical and are equal to the excitation energy of a single 
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H-dimer. The coupling between adjacent H-dimers is taken to be the experimental value 

of 165 cm-1 observed for two adjacent H-dimers. ?H is the difference in energy between 

the uppermost and lowermost states obtained from diagonalizing this matrix.  Calculated 

and experimental values are shown in Fig. 5.  Note that the experimentally observed 

doubling of ?H is consistent with a minimum value of the delocalization length of 6-8 

dimers. The fact that the value for (IC)25 (N= 5) is substantially lower than that predicted 

by the model may indicate a somewhat looser packing of dye molecules in this particular 

structure.  That packing is sensitive to chain length is also seen in the small variations of 

exciton splitting with aggregate size described elsewhere in this section.     

Relative Oscillator Strengths of the Exciton Bands . Experimentally we find that, as the 

length of the DNA chain is increased, the oscillator strength of the lowermost exciton 

state gradually decreases with respect to the uppermost exciton state (Fig. 3c-e and Table 

1).  This is due to the fact that the relative oscillator strengths of these two electronic 

transitions are sensitive to the relative orientation of the transition dipole moments of the 

dimers within a given aggregate.13,26,53,54 These differences may therefore reflect small 

distortions in the double helical structure of the short DNA segments as compared to that 

of the polymeric DNA that, in turn, affect the packing of the dimers within each 

aggregate. 

Stark Spectra and Fit. The electronic properties of DiSC2(5) monomers are obtained 

from the analysis of the Stark spectra obtained at the magic angle (?  = 54.7). Fig. 6 shows 

the absorption (dotted) and electroabsorption (solid) spectra of DiSC2(5) monomers in the 

absence of DNA in 80% EG-water glass (Fig. 6a), and when it is bound to a duplex DNA 

in the monomeric form (Fig. 6b). Interestingly, the wavelength maxima and the line-
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shape of the absorption and of the electroabsorption spectra of the monomer in these two 

environments are very similar. The absorbance of the dye monomers bound to DNA is 

very low (~0.04), resulting in a noisy absorption and electroabsorption signal. The fit 

(dashed lines in Fig. 6) to the Stark signal using the derivatives of the absorption spectra, 

for dye monomers bound to DNA yields values of the electronic properties (?? ? ?  = -14 

± 3 Å3 and |? ? | = 0.8 ± 0.1 D) that are similar to that obtained for the monomeric dyes in 

solution (glass) in the absence of DNA templates (see Table 2).  These results 

demonstrate that it is valid to compare the properties of the aggregates bound to DNA 

with those of the monomer in solvent glass as the DNA minor groove appears to only 

weakly perturb the absorption spectrum of this dye.     

 Information regarding how the electronic properties of the helical H-aggregates 

scale both with the extent of exciton coupling and the number of molecules comprising 

the aggregate is obtained from analysis of the Stark spectra shown in Fig. 7.  The solid 

lines in Fig. 7 represent the electroabsorption spectra at the magic angle (?  = 54.7?) and 

the dashed lines represent the fit to the Stark signal using the derivatives of the absorption 

spectrum. In presence of the DNA templates (Fig. 7b-f) there is no significant absorption 

or electroabsorption signal in the monomer region of the spectrum (14000-15500 cm-1), 

showing that the majority of the DiSC2(5) molecules are bound to the DNA in the form of 

aggregates. Likewise, the electric field does not induce additional transitions beyond 

those seen in the field-free spectrum.  Remarkably good fits to the electroabsorption 

signal were obtained for all of the H-aggregate systems (Fig. 7b-f) throughout the full 

absorption range (15500-18500 cm-1). This indicates a uniform field response of the 
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electronic states involved in the transitions therefore suggesting that the DNA templates 

afford very homogenous aggregate structures.   

From the fit to the electroabsorption signal, the change in the average electronic 

polarizability (<? ? >) and the change in the dipole moment (|? ? ?? between the ground and 

the excited electronic states for the monomer and the H-aggregates were evaluated. The 

significance of the values of <? ? > and |? ? ? obtained from the fits (Table 2) are discussed 

below.  

Experimental Values of ?? ? ??of Monomer and Aggregates.  The monomer of 

DiSC2(5) was found to have a negative value of ?? ? ?  (-16 Å3) as has also been seen 

previously for cationic cyanine dyes in polar environments.52,55,56  For a single H-dimer 

((IC)5 sequence, the value of ?? ? ?  is –32 Å3, which is twice that of the value of the 

monomeric dye in solution.  Interestingly, for the (IC)10 sequence, where two adjacent H-

dimers interact in a head-to-tail fashion, the measured value of ?? ? ?  (-30 Å3) does not 

further increase compared to that of the single isolated dimer. This indicates that head-to-

tail coupling between neighboring H-dimers has little effect on the ?? ? ??of the system 

and that the enhancement factor for ?? ? ??is two for all aggregates studied.    

In order to further examine the effect of the secondary coupling on the value of 

?? ? ? , we investigated an aggregate system where two H-dimers are separated by three 

guanine-cytosine base pairs (2(IC)5 duplex DNA), such that the ?H is minimal (i.e. 

splitting is unresolved in the absorption spectrum, Fig. 7c, dotted line). The fit to the 

electroabsorption signal (Fig. 7c, dashed line) for this system yields a value of ?? ? ?  that 

is identical (?? ? ????-33 Å3) to that of the two adjacent H-dimers. Likewise ?? ? ? 
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remains constant (-34 to -36 Å3) even for longer DNA templates ((IC)25  and poly(dI-dC)) 

which have somewhat higher values of ?H (210-320 cm-1). 

Similar results were obtained earlier for H-aggregates of another similar cyanine 

dye (DiSC3+(5)) that can form both H- and J-aggregates in the presence of Poly(dI-dC) 

DNA.52 For these polymeric H-aggregates, the value of ?? ? ?  was also found to be equal 

to twice that of the monomer. In contrast, the value of ?? ? ?  for the polymeric J-

aggregates was found to be 4-6 times that of the monomer. The weaker scaling of 

?? ? ??with size in H-aggregates versus J-aggregates is possibly correlated to the smaller 

value of the exciton coupling  (165-320 cm-1) for the former as compared to the large 

splitting seen in the latter (~ 600 cm-1).52  In Ref. 52, it was argued that this coupling is 

larger for the J-aggregates because their brickwork structure affords better overlap 

between dyes adjacent to one another on the helical chain.   

Calculated Effect of Aggregate Structure on ? H and ?H. To determine whether the 

observed coupling ? H is consistent with the model summarized in Fig. 4, we calculated 

? H between planar cyanine dyes as a function of the face-to-face spacing, d, and the 

lateral shift, s, which are defined in the Experimental Section.   The results are 

summarized as the solid lines in Fig. 8.  The turnover at short distances is due to charge 

transfer between dyes, as shown by the dotted lines which are the results obtained with 

charge transfer suppressed.  The experimental coupling ? H ~1750 cm-1 is reproduced with 

a value of d of about 4 Å and a value of s that is less than 1 Å. Though the DNA template 

is expected to induce a twist in the dimer structure, our calculations indicate that this will 

alter ? H by only 4% (data not shown).57   
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 We next consider the coupling between adjacent H-dimers, ?H.  For reasonable 

dimer parameters (d=3.9 Å and s=0) and with a distance between the H-dimers such that 

the closest approach between hydrogen atoms is 2.5 Å , the calculated coupling between 

the H-dimers is ?H = 550 cm-1.  This is larger than the experimental value of ~ 200 cm-1, 

which we attribute to dielectric screening between the transition moments of the two H-

dimers that is not included in the calculations. Due to the close packing of dyes within a 

single H-dimer, screening is not expected to have a large effect on the calculated ? H. 

 The fact that the calculated ? H and ?H are consistent with the experimental results 

supports the assignment of the electronic transitions of Fig. 4 and suggests that our 

geometric model of the aggregates (Fig. 2) is reasonable.       

Calculations of <? ? > for the Monomer and Aggregates.  Experiments showed that the 

value of <? ? > doubled from -16 Å3 to -32 Å3 on formation of a dimer but did not further 

increase for higher aggregates.  Here we discuss the results of our efforts to model this 

behavior computationally.     

 We begin by examining <? ? > of the monomer.  The transition from a polyene-

like structure to a cyanine- like structure causes <? ? > to go from a value that is large and 

positive to a value that is near zero or small and negative, in certain molecules.55  Such 

changes can be induced experimentally by varying solvent polarity and can be modeled 

computationally by varying the BLA of the system.55,56,58-60    In addition to BLA,  <? ? > 

is expected to be sensitive to twisting of the dye, as the resulting loss of conjugation 

should impact the polarizability of the excited state more strongly than that of the ground 

state.  
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 Fig. 9 shows the calculated <? ? > as a function of the BLA for a planar dye and 

dyes with twist angles of 50o (crosses) and 100o (triangles) between rings (see 

Experimental Section).  As expected, <? ? > decreases with twist angle and has its 

minimum value in the cyanine limit of zero BLA. Although negative values of <? ? > are 

obtained for small BLA and substantial twist angles, the magnitudes are smaller than 

those seen experimentally, particularly as the DNA template is expected to induce a twist 

of only ~20o.  

 In addition to the above structural effects, we also explored two environmental 

effects on <? ? > of the monomer. Environmental disorder was modeled by surrounding 

the system with a lattice of randomly-oriented dipoles.61 We also included dielectric 

screening of electron-hole interactions in the excited states.61 Inclusion of these 

environmental effects increases <? ? > of the monomer toward more positive values, and 

so again cannot account for the observed negative <? ? > for this species.  A nearby 

counter ion does, however, lower the calculated <? ? >. For example, placing a fluoride 

ion in the plane of the dye molecule on the side of the two nitrogen atoms, centered and 3 

Å away from the closest hydrogen in the polyene chain, changes the monomer’s <? ? > by 

–8 Å3. 

 The above lack of numerical agreement between experiment and theory on the 

monomer can perhaps be attributed to slight inaccuracies in the quantum chemical 

treatment of the system (finite field INDO/SCI) especially as the observed <? ? > is at 

most 10% of the ground state polarizability.  Despite this numerical disagreement, we 
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would expect the calculations to be able to reproduce the experimentally observed trend 

in <? ? > with aggregate formation.  However, we will see below that this is not the case.   

 We begin by considering a dimer in which coupling leads to coherence between 

the monomers but has a negligible effect on the state energies and transition moments. 

The fluorescence lifetime of such a dimer is predicted to be half that of the monomer and 

so the lifetime can be considered a direct measure of the coherence length, NC. The 

polarizability of the ground state (GS) and excited state (ES) of such a dimer can be 

expressed in terms of the corresponding quantities of the monomer as shown in Eqn. 5,     

 ' '2 ;Dimer Monomer Dimer Monomer Monomer
GS GS ES GS ES? ? ? ? ?? ? ?   (5) 

where the prime indicates the assumption that coupling between monomers does not 

influence the state energies or transition moments (see Appendix). Unlike the 

fluorescence lifetime, the assumption of coherence alone is not sufficient to alter <? ? > of 

the dimer from that of the monomer. Rather, the effects of aggregation on <? ? > must 

arise from the effects of coupling between the monomers on the state energies and 

transition moments.  These are investigated next.   

   To remove the trivial scaling of the polarizability with the number of non-

interacting monomers (Eqn. 5), we plot effective polarizabilities for the ground and 

excited state, 2Dimer
GS?? ?  and ? ?2Dimer Dimer

ES GS? ?? ? ? ? ? , in Fig. 10. These quantities 

isolate the effects that shifts in the energies and transition moments have on the ground 

and excited state polarizabilities. Results are shown for H-dimers formed from monomer 

structures having either positive or negative values of <? ? > (i.e. planar versus non-

planar).  For both structures, the polarizability of the ground state decreases, while that of 
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the excited state increases. The calculations therefore predict that <?? > will become 

more positive on formation of dimer, independent of the initial sign of <? ? >.  This is in 

contradiction to the experimental results where <? ? > becomes more negative on H-dimer 

formation.     

 The origin of the calculated changes in <? ? > was explored by examining the 

excited state energies and transition moments, which are shown in Fig. 11 for an H-dimer 

consisting of two planar monomers. Since coupling has only small effects on the 

transition moments, we focus on the excited state energies. The decrease in the 

polarizability of the ground state (Fig. 10) can be connected to the increase in the energy 

gap between the ground state and the state that carries most of the one-photon intensity. 

The opposite is seen for the optically excited state, where the gap between this state and 

the higher energy states decreases on formation of a dimer. Since the calculated change in 

<? ? > seems to be a direct consequence of the calculated splittings of Fig. 11, the 

disagreement with the experimentally observed  <? ? > may indicate that these calculated 

splittings are not reliable. It is also possible that the disagreement between experiment 

and theory indicates that <? ? > is influenced by double excitations in a manner that is not 

be captured by finite- field SCI theory.62  

 Another potential origin of the disagreement between the observed and calculated 

<? ? > is the presence of charge transfer between monomers, which is suppressed in Figs. 

10 and 11, but can substantially enhance <? ? > of the aggregate relative to that of the 

monomer.63,64   Fig. 12 shows the calculated ? ? ? along the x, y, and z axes as a function 

of inter-plane spacing, d, both with and without inclusion of charge transfer between 



 26

dyes. The results indicate that the principal effect of charge transfer is to introduce a 

change in polarizability along the axis connecting the two dyes, ? ? zz. Since this 

component is positive, it cannot account for the experimentally observed decrease in 

<? ? >. The magnitude of ? ? zz does, however, provide an experimental handle on the 

degree of charge transfer present in the excited state. Experimentally, ? ? zz is less than 25 

Å3 (assuming ? ? yy to be zero, data not shown), which limits the charge transfer to less 

than 5%.    

 Although the predicted effects of dimer formation on <? ? > are not in agreement 

with experiment, agreement is found with regards to the effects of higher aggregation.  

The experimental results of Table 2 indicate that, while <? ? > changes substantially 

between the monomer and H-dimer, the coupling between H-dimers has little effect on 

<? ? >. Calculations are in agreement with this trend, as the predicted <? ? > for two 

adjacent dimers is the same as that for a single dimer to within 10%.      

 

Change in the Dipole Moment (|? ? ??:  Both in a solvent glass and when bound to the 

DNA minor groove, monomeric DiSC2(5) has a small value of  |? ? |, indicating that the 

excited electronic states have little charge-transfer character. This is not surprising for a 

symmetric cyanine in which a dipole must arise from symmetry breaking either due to 

non-zero BLA or disorder.  Comparably small values of |? ? | has been reported by 

Grewer et al. for symmetric cyanines of similar structure.65  

 The values of |? ? | for the different H-aggregates (0.45-0.9 D) are found to be 

slightly smaller than that of the monomeric DiSC2(5) (1.1 D).  That |? ? | for the H-
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aggregates is smaller than the value for the monomeric dye is in agreement with the 

theoretical predictions by Dubinin,66 who showed that the |? ? | for the aggregate is less 

than or equal to the value for the constituent monomers. In the special case of dimers, the 

|? ? | for the monomer and the dimer can be directly related using Eqn. 6, derived in Ref. 

66:  

| |
2

| |
Dimer

Monomer

cos
?

?
?

? ??
? ? ??? ?

????
????                                     (6) 

where ?? is the angle between the transition moments of the individual monomers.  Eqn. 6 

predicts that the maximum value of the |? ? | for an aggregate is that of the monomer if all 

the constituent dyes in the aggregate are parallel to each other.  Since the transition 

moments of the monomers within the dimer should be roughly parallel, we expect |? ? | of 

the dimer to be roughly equal to that of the monomer as is found to be the case (Table 2).  

Due to the structure of the helical template, we expect ???to be ~90 degrees between 

adjacent H-dimers.26 We then expect coupling between adjacent H dimers to lower |? ? |, 

as is seen experimentally. 

It is noteworthy that the value of |? ? | of DiSC2(5) monomers bound to the DNA 

minor groove (~ 0.8 D) is slightly smaller than that of the monomers in 80% EG-water 

glass in the absence of DNA (1.1 D). It is possible that the dipoles of the adjacent 

monomers on the DNA strand experience a weak head-to-tail interaction with one other, 

resulting in a reduction of the value of the |? ? | relative to the value in the solvent glass. 
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Summary and Conclusions  

 The primary goal of this work was to assess whether the enhancement factor for 

<? ? > provides an alternative method of characterizing NC for aggregates, as was 

suggested in Ref. 38. For both H and J type aggregates, independent measures of NC have 

been obtained here and in Ref. 52, respectively. Due the different photo-physical 

properties of these two types of aggregates, the source of the independent measure is 

necessarily different. We have previously seen that, for J aggregates, the value of NC 

obtained from line-width and fluorescence lifetime measurements agrees with the 

enhancement factor for <? ? > to within a factor of 2.52 For H-aggregates, the saturation of 

the spectral splitting due to interaction between H-dimers (2?H) can be taken as a direct 

measure of NC.  This saturation occurs at an aggregate size of greater than 6 adjacent H 

dimers, implying NC>12. This value for NC differs considerably from the enhancement 

factor for <? ? > of 2 observed for these systems.   

 The different relations between the enhancement factor for <? ? > and NC for J and 

H aggregates may be rationalized on a geometric basis. In J aggregates, the brickwork 

geometry leads to strong coupling of each dye with two neighbors, while the geometry of 

the H aggregate leads to strong coupling within a dimer and much weaker coupling 

between adjacent dimers. This is reflected in the ratio of intra-dimer (? ) to inter-dimer (?) 

coupling strengths, which is 2:1 in J aggregates52 and 10:1 in H aggregates. Because the 

intra-dimer and inter-dimer interactions are quite similar in J aggregates, the  

enhancement of <? ? > can be expected to be sensitive to both types of coupling and so 

dependent on the overall coherence, NC. In H aggregates, <? ? > is dominated by intra-

dimer couplings as evidenced by its enhancement factor saturating at a single H-dimer. 
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Since the enhancement factor of <? ? > depends only on the intra-dimer coupling, it is not 

surprising that it is equal to two, which is the number of strongly coupled monomers, 

rather than the overall coherence length, NC, which is established by the much weaker 

inter-dimer coupling. 

 The results presented here and elsewhere52  indicate that the enhancement of 

<? ? > is related to the number of strongly coupled dyes in the aggregate. The observation 

of this scaling behavior is particularly interesting, as an explanation in terms of simple 

models or quantum chemical calculations remains elusive. 
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Appendix 

This section considers the polarizability of a dimer in which coupling leads to 

coherence between the monomers but has a negligible effect on the state energies and 

transition moments. The fluorescence lifetime of such a dimer is predicted to be half that 

of the monomer and so the lifetime can be considered a direct measure of the coherence 

length. Here, we show that ? ?  of such a dimer is the same as that of the monomer, and so 

this property does not have a direct dependence on coherence length that is analogous to 

that of the fluorescence lifetime. 

 The polarizability of the ground state (GS) and excited state (ES) of such a dimer 

can be expressed in terms of the corresponding quantities of the monomer by beginning 

with the sum over states expression for the polarizability, 

 
2

ˆ
i

j i j i

j i

E E

?
?

?

?
??                               (A1) 

where Ei is the energy of state i , ?̂  is the dipole operator, and i?  is the polarizability of 

state i . For convenience, we consider only a single tensor component of i?  such that ?̂  

of Eq. A1 can be viewed as the x component of the dipole operator with i?  being the xx 

component of the polarizability.  

 The following notation is introduced for the properties of the monomer. The 

transition moments of the monomer are defined as, 

 ,b ab a? ??                                (A2) 

such the polarizability of the ground state and ath excited electronic state are, 
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? ? ?                               (A3) 

and  
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b
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? ?
?

?
?

? ? ?
??                             (A4) 

where the index 0 refers to the ground state. 

 The relevant, parity-adapted, states of the dimer are 

 0,0GS ? ?                                 (A5) 

 
1

, 0 0,
2

a a a? ? ? ? ?? ?                               (A6) 

 ? ? 1
, , , ;

2
a b a b b a a b? ? ? ? ? ?? ?                             (A7) 

 ? ?, ,a a a a
?

?                                (A8) 

where ,a b  denotes a state of the dimer in which the first monomer is in state a and the 

second monomer is in state b, and the superscripts indicate parity. Eqn. A5 is the ground 

state of the dimer, Eqn. A6 represents the states in which only one monomer is excited 

and Eqns. A7-A8 are the states in which both monomers are excited. The relevant 

transition moments of the dimer can be expressed in terms of those of the monomer as, 

 0,2 aGS a? ?? ?                                (A9) 

 ,a ba b? ?? ? ?                               (A10) 

 ? ? 0,, ba b a? ?
? ? ?                               (A11) 
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 ? ? 0,, 2 aa a a? ?
? ? ?                              (A12) 

The polarizability of ground state of the dimer may then be written as, 

2 2

,0dimer monomer
GS GS

0

2 2a

a aa a

a GS

E E

? ?
? ?

?

?

? ? ?? ?  

The polarizability of the optically allowed a?  excited state may then be written 

as, 

? ? ? ?
2 22 2

dimer
ES

2 2 2 2

,0 , ,0 ,0 monomer monomer
GS ES

0 0

, ,

2 2

b a b aa b a b a

a b a b a

b a b aa b a b a
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a b a a a aGS a b a
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? ? ? ?
? ?

? ?? ?? ? ?

? ?

? ?
? ?

? ? ? ? ?
?

? ? ? ? ? ? ?
?

? ?

? ?
(A13) 

Thus dimer monomer? ?? ? ? , and the assumption of coherence alone is not sufficient to alter 

the change in polarizability.        
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Table 1. Coupling Energies and Relative Oscillator Strengths of H-Aggregates 

 

H-Aggregates of DiSC2(5) Coupling Energya Relative Oscillator Strengths b 

DNA 

Templates 

Number of 

H-dimers 
? H ?H Lower State Upper State 

(IC)5 1 1740 --- --- --- 

(IC)10 2 1750 165 1 (0.02) 1 

(IC)25 5 1735 210 0.9  (0.02) 1 

Poly(dI-dC) 35? 5 1680 320 0.8 (0.02) 1 

aFrom the second derivative spectrum, in cm-1, errors are ?  25 cm-1. bFrom 77K absorption spectrum 

 

 

Table 2. Electroabsorption Results for the Cyanine Monomer and H-Aggregates 

 

 DiSC2(5) DNA templates used to form H-Aggregates 

 Monomera (IC)5 (IC)10 (IC)25 Poly(dI-dC) 

Number of 

H-dimers  
0.5 1 2 5 35 ?  5 

Absorption 

Maximab 
15200 16930 

16810 

17100 

16800   

17100 

16580 

17200 

?? ? ? c? -16 (2) -32 (4) -30 (4) -34 (4) -36 (4) 

?? ??d? 1.1 (0.1) 0.9 (0.1) 0.7 (0.1) 0.55 (0.05) 0.45 (0.05) 

  aIn the absence of DNA in a 77K glass,  bin cm-1, cin Å3,din Debye. Errors are shown in parenthesis 
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Figure Captions  

Fig. 1. (a) 3,3’-diethylthiadicarbocyanine iodide (DiSC2(5)), (b) a model of three adjacent 

H-dimers of  DiSC2(5) bound to double helical DNA. 

Fig. 2. Model structures of (a) the DiSC2(5) monomer, (b) an isolated H-dimer of 

DiSC2(5), and (c) two interacting adjacent H-dimers of DiSC2(5) that were used for semi-

empirical (INDO-SCI) calculations. 

Fig. 3. Normalized 77K absorption spectra (left panels) and the corresponding second- 

derivative of the normalized absorption spectra (right panels) of, from top to bottom, the 

monomer DiSC2(5), an isolated H-dimer, two adjacent H-dimers, five adjacent H-dimers 

and an H-aggregate of DiSC2(5) having approximately thirty five adjacent H-dimers.  

Fig. 4. Proposed energy level scheme for various H-aggregates formed by the assembly 

of DiSC2(5) onto duplex DNA.  Cartoon structures of the dye monomer, H-dimer and H-

aggregates are shown for illustration purposes.  The allowed transitions to the exciton 

states observed in the absorption spectra are shown by arrows.  The primary splitting 

(2ßH) results from the stacking interaction between cyanine dimers and the secondary 

splitting (2?H) arises from head-to-tail interactions between neighboring H-dimers.  

Fig. 5. The calculated secondary coupling energies (?H, filled squares) obtained via a 

Hückel-type calculation and scaled with respect to the experimental value of ?H (165 cm-

1) for two adjacent dimers, plotted against the number of H-dimers in the aggregate.  The 

experimental values of ?H (filled circles) for 2, 5 and ~35 interacting H-dimers are also 

shown.  The error in the measured value of ?H is ?  25 cm-1. 
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Fig. 6.  (a) The electroabsorption spectrum (solid line) and fit (dashed line) for the 

monomer in EG/water glass.  (b)  The electroabsorption spectrum (solid line) and fit 

(dashed line) for the monomer bound to DNA in EG/water glass.  The resulting electronic 

parameters are reported in the text.     

Fig. 7. 77K absorption spectra (dotted), electroabsorption signal (solid) and the fit 

(dashed) to the electroabsorption signal at ? = 54.7° for (a) DiSC2(5) monomer in the 

absence of duplex DNA duplex, (b) a single isolated H-dimer, (c) two H-dimers 

separated by three guanine-cytosine base pairs, (d) two adjacent H-dimers, (e) 5 adjacent 

H-dimers, and (f) ~35 adjacent H-dimers. 

Fig. 8. The coupling energy ? H resulting from H-dimer formation as a function of inverse 

spacing 1/d, calculated from the shift of the dominant one-photon state from its location 

in the monomer. Five different shifts, s = 0, 1 Å, 2 Å, 3 Å and 4 Å, are shown in order 

from top to bottom.  The solid (dotted) lines show the results obtained with (without) 

inclusion of charge-transfer between monomers. 

Fig. 9. The average polarizability change, <? ? >??as a function of bond- length alternation 

(BLA) for a planar monomer (?  — ?), and monomers with a twist of 50°  (+ · · · +) and 

100° (? – –? ) between the rings on either end of the dye (see Experimental Section).?

Fig. 10. The effective average polarizabilities of the ground state 2Dimer
GS?? ?  (dotted 

lines) and the dominant one-photon excited state ? ?2Dimer Dimer
ES GS? ?? ? ? ? ?  (solid lines) 

as a function of the inverse interplane spacing 1/d.  The crosses (? ) are for the planar 

structure of Fig. 2(a), and the circles (?) are for monomers with a twist of 50° between 

the rings.  
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Fig. 11. The energies of the excited states as a function of inter-plane separation, d, for 

H-dimers with no lateral shift, s=0, and with a SCI basis that does not allow charge 

transfer between monomers. The size of the symbols corresponds to the magnitude of the 

transition moments, with diamonds for the transition between the ground state and one-

photon excited state; and circles for the transition between the dominant one-photon state 

and the two-photon states. 

Fig. 12. The change in polarizability between excited and ground electronic states, ? ? ?? 

as a function of interplane separation, d. The dotted-dashed line (— · —) shows ? ? xx, the 

dotted line (· · ·) shows ? ? yy, and the solid line shows ? ? zz. The monomers are parallel to 

the xy plane and displaced from one another along the z-axis..  The crosses (circles) show 

the results obtained with (without) inclusion of charge  transfer between monomers. The 

top axis shows the percent charge transfer in the excited state. The principle effect of 

charge transfer is an increase in the polarizability along the axis connecting the 

monomers, ? ? zz. 
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