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A series of studies is presented to characterize the photophysical properties of a novel type of aggregate
formed by the spontaneous noncovalent assembly of numerous cofacial dimers of cyanine dyes (DiSC3+(5))
to the minor groove of poly(dI-dC) DNA. The dimensions of these helical aggregates, first synthesized and
characterized by Armitage and co-workers (J. Am. Chem. Soc.2000, 122,9977-9986), are restricted to the
width of the dye dimer because of steric constraints in the minor groove, though the length of the aggregate
can extend essentially for the full length of the DNA template. These unique species exhibit both H- and
J-type absorption bands that are shifted from the absorption maximum of the monomeric dye by+1650 and
-1275 cm-1, respectively, because of the stacking interactions between the dyes composing the dimers.
Additional splittings are seen because of head-to-head interactions between adjacent dye dimers. Here, we
present the low-temperature (77 K) absorption, fluorescence, and electroabsorption spectra of these aggregates
as well as measurements of the fluorescence lifetime of the monomer and of the J-type emission at 10°C.
The electroabsorption measurements yield values of the average difference polarizability on excitation,〈∆r〉,
for the H and J bands of-74 and-34 Å3, respectively. These are between 2 and 6 times larger than that of
the monomer. Both bands exhibit similar values for the difference dipole moment on excitation (|∆µB|) of
between 0.6 and 0.7 D that are somewhat smaller than that of the monomer (1.1 D). The absorption and
fluorescence experiments show that the line width of the J band is∼4 times narrower than the experimental
fwhm of the DiSC3+(5) monomer while the fluorescence decay of the aggregate is roughly a factor of 2
faster. Implications of all of these measurements for determining the number of dyes that are excited
cooperatively upon light absorption are discussed.

Introduction

Molecular aggregates are important to materials science,
chemistry,1 and light-harvesting biological systems.2 Dye ag-
gregates bound by noncovalent interactions are frequently used
as photographic sensitizers3 and are predicted to have strong
nonlinear optical responses.4

Many of the unique properties of aggregates arise from the
fact that the constituent molecules are strongly electronically
coupled so that optical excitation of the chromophore produces
a state that is delocalized over several monomer units. In
fluorescent aggregates, this coherent coupling produces the
phenomenon of superradiance (fluorescence intensity scaling
with N whereN is the number of coupled chromophores), which
is useful from the standpoint of optical imaging and laser
development.5-9 Likewise, delocalization of the initial excitation
frequently causes aggregates to have line widths that are
considerably narrower than their constituent monomers (mo-
tional narrowing), making them attractive for high-density
information storage.10,11

Recently, Armitage and co-workers have shown that the
spontaneous noncovalent assembly of cyanine dyes such as
DiSC3+(5) (Chart 1a) within the minor groove of double-
stranded DNA creates helical dye aggregates the size and shape

of which are defined by the DNA template.12,13 Their model
for the formation of these structures can be summarized as
follows. These dyes initially bind to the minor groove of the
DNA as face-to-face dimers because the walls of the groove
restrict further expansion (formation of stacked trimers, etc.)
along this direction. Binding of a pair of dyes in the minor
groove forces the groove to widen, making it energetically
favorable for a second pair of dyes to bind adjacent to the first
dimer along the long axis of the minor groove. Cooperative
assembly of multiple dyes results in the formation of helical
dye aggregates that exhibit large circular dichroism (CD) signals,
indicative of right-handed chirality. For a detailed discussion
of the structure of DNA-dye aggregates, see refs 12 and 13.

One important advantage of this class of aggregates is that,
unlike those assembled in solution, their structure and potentially
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CHART 1: The Cyanine Dyes (a) DiSC3+(5) and (b) PIC
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their size can be controlled by the properties of the DNA
template used to form them through the binding mechanism
described above. Our initial studies, presented here, were
performed on DiSC3+(5) bound to a polymeric strand of DNA
(see Experimental Section). As a result, the length of the
aggregates formed is not known exactly. However, work is
ongoing toward the goal of creating aggregates of well-defined
length using DNA oligomers.

A second unique feature of DiSC3+(5) aggregates bound to
DNA is that their absorption and CD spectra show transitions
characteristic ofboth H- and J-type aggregates. A schematic
energy level diagram, adapted from ref 13, that illustrates how
H- and J-type transitions arise from the excitonic interactions
between electronically coupled chromophores is shown in Figure
1. For the aggregates studied here, it is presumed that the face-
to-face interaction of the dyes in the minor groove produces
the primary energy splitting of the monomer level. This
generates two bands, with the upper one being an allowed
transition from the ground state for an H-type structure while
the lower level is allowed for the J-type species. Their positions
relative to the monomer are denoted asâH andâJ, respectively,
in Figure 1. An important consequence of this energy level
structure is that only the J-type structure is fluorescent.
Additional, weaker splittings are seen in both the H- and J-type
bands because of end-to-end interactions between dimers along
the length of the aggregate. These are denotedγH and γJ in
Figure 1.

One possible reason that both H-type and J-type transitions
have been seen in DiSC3+(5) aggregates bound to DNA is that
both types of structures (shown schematically in Figure 1) are
present as distinct subpopulations within the sample or that they
exist in equilibrium. The latter is thought to be the case for
aggregates at room temperature, though it is unlikely at low
temperatures.13 Armitage et al. have suggested that, at lower
temperature (5-30 °C), a single type of aggregate is formed
the unique structure of which, imposed by binding to the DNA,
makes optical transitions toboth the H and J levels from the
ground-state allowed.13 However, fluorescence excitation spec-
tra, presented below, argue for the presence of distinct popula-
tions of H and J aggregates under the conditions of temperature
and solvent used in our experiments.

In this study, we investigate the electronic properties of both
the H- and J-type transitions arising from DiSC3+(5) molecules
bound to DNA using low-temperature (77 K) absorption,
electroabsorption (Stark), and fluorescence spectroscopies. Elec-

troabsorption yields the absolute value of the difference dipole
moment on excitation (|∆µB|), as well as the average value of
the difference polarizability (〈∆r〉) for each transition probed.
In all cases, comparison of the properties of the aggregate
species to those of the monomer allows the effects of excitonic
coupling on the electronic properties of the dye to be examined.

A second property of interest is the number of dye molecules
that are collectively excited when the aggregate absorbs light.14

One might expect this quantity, referred to here asN, to be less
than the total number of chromophores in the aggregate because
of the presence of inhomogeneities in the structure or environ-
ment or both that would limit delocalization of the exciton. Here,
we obtain estimates ofN for the J aggregates of DiSC3+(5)
bound to polymeric DNA by comparison of the absorption line
width of the monomer to that of the aggregate. As described
below, comparison of the parameters obtained from electroab-
sorption spectroscopy of the aggregates to those of the monomer
can also be used both to infer a value ofN and to obtain
additional information regarding the structure of the species.15,16

Experimental Section

To form aggregates of DiSC3+(5) dyes, a poly(dI-dC) DNA
duplex containing∼150-200 alternating inosine-cytosine base
pairs was used. Inosine was used in place of the naturally
occuring base guanine because the amino group of guanine
protrudes toward the minor groove, sterically hindering the
binding of the dyes.12 The concentration of the dye was chosen
to allow all of the potential binding sites (g30) to be occupied.
The aggregates form readily by allowing the solutions of DNA
and the dye to mix for∼10 min. The Stark and steady-state
fluorescence experiments on the aggregated species were
performed in 35% ethylene glycol/5% methanol/water glass at
77 K in which the pH was maintained at 7.2 using a 10 mM
phosphate buffer in the presence of 50 mM NaCl. The time-
resolved fluorescence studies were performed at 10°C in a
solvent of 10 mM buffer at pH 7.1, 50 mM NaCl, and 10%
methanol. Experiments on the monomer DiSC3+(5) were
performed in ethylene glycol/methanol/water (80:10:10 by
volume) in the absence of DNA.

Along with being necessary for the electroabsorption mea-
surement, lowering the temperature of the sample from 298 to
77 K significantly increases the intensity of the J band. The
sample cell was cooled by keeping it above the liquid nitrogen
for ∼10 min and then very slowly lowering it into the liquid
nitrogen Dewar flask. This two-step process had the effect of
minimizing the number of monomeric cyanine dyes present as
judged by the absorption spectrum.

Instrumentation. The electroabsorption apparatus is home-
built and has been previously described in detail.17,18 Steady-
state fluorescence spectra were obtained using a Fluorolog-2
instrument (Spex) with 1 nm resolution. Time-resolved emission
traces were obtained using a Timemaster fluorescence lifetime
spectrometer (Photon Technology International). The instrument
response for this system was measured to be 1.5( 0.1 ns.

Electroabsorption Data Analysis. The analysis of the
electroabsorption data follows that in the literature.19,20 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 by the
following equation:

Figure 1. A proposed energy level scheme for H and J aggregates of
DiSC3+(5) formed by noncovalent binding to duplex DNA. The primary
splitting (âJ andâH) that results from the stacking interaction between
cyanine dimers and the secondary splitting (γH and γJ) arising from
end-to-end interactions between dimers along the length of the H and
J aggregates are shown. These interactions are shown schematically
above with the rectangles representing the DiSC3+(5) monomer. Figure
adapted from ref 13.
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The term A(ν̃) represents the unperturbed absorption as a
function of frequency (ν̃), andFBeff 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
subscriptø represents the angle between the direction of the
applied electric field and the electric field vector of the linearly
polarized light. The experiments reported here are performed
at ø ) 54.7° (magic angle). Atø ) 54.7°, the expressions of
aø, bø, andcø are related to the change in the transition moment
polarizability (Aij) and hyperpolarizability (Bijj ), the change in
the electronic polarizability (〈∆r〉), and the change in the dipole
moments (|∆µB|), respectively, as given in eqs 2-4.

In this work, we quote〈∆r〉, which represents the average
change in electronic polarizability between the ground and
excited state (i.e.,〈∆r〉 ) 1/3 tr(∆r)). Information regarding
|∆µB| for the molecule is contained in thec54.7 term (eq 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 ∆µB is measured. In the above equations, the tensorsA andB
represent the transition polarizability and hyperpolarizability,
respectively. These describe the effect ofFBeff on the molecular
transition moment:mb(FBeff) ) mb + A‚FBeff + FBeff‚B‚FBeff. These
terms are generally small for allowed transitions and can
therefore be neglected relative to other terms in the expression
for 〈∆r〉 (eq 3), particularly in those species exhibiting a small
value of |∆µB|, such as those reported here.

The coefficients,aø, bø, andcø, are extracted by means of a
linear least-squares (LLSQ) fit of the electroabsorption signal
to the sum of the derivatives ofA(ν̃). If the resultant fit to the
absorption line shape (a single set ofaø, bø, andcø) 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 electrooptical properties. Our fitting
strategies are described in ref 18.

Results and Discussion

Absorption Spectrum of DISC3+(5) Monomer and H/J
Aggregates. Figure 2 contains the absorption spectra of
DiSC3+(5) monomer at 288 (panel a) and 77 K (panel b). The
spectra in the presence of polymeric (∼200 base pairs) duplex
DNA at 278 (panel c) and at 77 K (panel d) are shown as well.
The absorption spectrum arising from DiSC3+(5) changes
dramatically in the presence of duplex DNA. At 278 K (Figure
2c), two peaks appear, one at∼600 nm (band i) and the second
at ∼750 nm (band iii) and there is a concomitant reduction in
the absorption intensity due to the monomeric dye at∼660 nm
(band ii). The red- and blue-shifted bands that appear in the

spectrum when DNA is added are assigned, respectively, to J-
and H-type transitions of DiSC3+(5) aggregates bound to DNA.13

At 77 K, additional splittings are resolved in both the H bands
(bands I and II in Figure 2d) and the J bands (bands IV and V
in Figure 2d). These arise because of head-to-head interactions
between adjacent dye dimers (γH andγJ in Figure 1) and are
roughly a factor of 4 larger for the J-type aggregate than for
the H-type aggregate (Table 1). The primary splitting (âJ and
âH, Figure 1 and Table 1) that results from the stacking
interaction between two cyanines within the minor groove (Table
1) is measured from the absorption maximum of the monomer
to the midpoint of the two bands associated with the J band
and H band, respectively. The value ofâH is 25% larger than
that of âJ, suggesting that the face-to-face interactions in the
H-aggregate structure are stronger than those in the J-aggregate
structure.

The extremely narrow bandwidth of band V (fwhm≈ 220
cm-1) is a general characteristic of absorption spectra due to J
aggregates. The fact that the higher-energy J-aggregate band in
the absorption spectrum (band IV) is broader in appearance than
the lower-energy band (band V) is in part due to overlap with
residual monomeric cyanines (band III). Evidence for this
overlap is also seen in the fluorescence emission spectrum
obtained by excitation in this region as described below.

Theory10 predicts that the line width of the J band of the
aggregate relative to that of the monomer scales asN1/2. This
effective reduction in the inhomogeneous line width is due to
the averaging over multiple sites that occurs when the initial
excitation is delocalized over the aggregate structure (motional
averaging). For comparison to the line width of the J band, an
estimate of∼800 cm-1 for the fwhm of the main vibronic
feature (∼660 nm) of the monomer absorption band at 77 K is
obtained. This implies thatN is ∼16, which is considerably
larger than estimates by other methods described below.

Wiersma and co-workers previously found that line width
measurements significantly overestimated the value ofN
compared to the results of photon echo experiments in studies
of aggregates of pseudoisocyanine (PIC, Chart 1b), which is a
dye somewhat similar in structure to DiSC3+(5).21 Their
explanation for the discrepancy is that the inhomogeneous
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Figure 2. Absorption spectra of DiSC3+(5) monomers at (a) 288 and
(b) 77 K in 80% ethylene glycol. Panel c shows the absorption spectrum
of DiSC3+(5) at 278 K in the presence of duplex DNA. Bands are seen
due to (i) H aggregates, (ii) residual monomer, and (iii) J aggregates.
Panel d shows the absorption spectrum of DiSC3+(5) at 77 K in the
presence of duplex DNA. Additional splittings are resolved in the H
band (I and II) and the J band (IV and V). Residual monomer gives
rise to transition III.
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broadening of the monomeric dye has two sources, one being
normal site broadening and the other being structural inhomo-
geneity due to small rotations of the quinoline rings. In contrast,
the latter broadening mechanism should be minimized in the
aggregate because of its stacked structure, while the site
broadening would be roughly the same. They proposed that the
site broadening of the monomer can be estimated instead by
that measured for numerous other more rigid dyes in glasses
(∼300 cm-1), and that this is a more reasonable value to
compare to the line width of the J aggregate. Following this
strategy yields values ofN of between 2 and 4 for line widths
of monomeric DiSC3+(5) chosen from 300 to 400 cm-1, which
is in better agreement with the other studies reported here.

Fluorescence Spectrum of the DiSC3+(5) Monomer and
H/J Aggregates.The fluorescence spectrum of DiSC3+(5) at
77 K, monitored at 700 nm, is shown in Figure 3a. The Stokes
shift between the excitation (dashed line) and emission (solid
line) spectra is quite small (∼180 cm-1). Figure 3b contains
the excitation (dashed line) and emission (solid line) spectra of
the dyes bound to poly(dI-dC) DNA, also at 77 K. A
significantly smaller Stokes shift (∼90 cm-1) is observed for
the J-aggregate emission. As seen in the absorption spectra, the
J-aggregate emission bands are roughly a factor of 4 narrower
than that of the monomer. Not surprisingly, emission is very
weak for excitation in the region of the H-aggregate absorption,
and no structure is seen in the excitation spectrum that is
reminiscent of the H-aggregate absorption band. Regarding the
issue of whether the H and J bands arise from the same
aggregate structure or from distinct aggregates that was raised

earlier in the Introduction, this result supports the second
possibility, at least for the temperature and solvents used in this
study.

Excitation into the broad transition centered at 675 nm
produces emission both in the region of the J-band emission
and in the region of that from the monomer, particularly if the
latter is present in excess (not shown). Again, this suggests that
the feature arises from an overlap of the upper J-band transition
and monomeric dye molecules either free or bound to the DNA.
It is also quite possible that excitation of monomeric dye that
is bound to the DNA results in energy transfer to the J aggregate
thereby giving rise to J-type emission.

Fluorescence Lifetime Measurements.The fluorescence
decay curves of the J aggregate (solid line) and of DiSC3+(5)
monomer (dotted line) obtained at 10°C are shown in Figure
4 along with the response function of the spectrometer (dashed
line). It is evident from the figure that the decay of the aggregate
emission is more rapid than that of the monomer. Both curves
were deconvolved from the instrument response function and
fit to a single-exponential decay curve (dashed-dot lines). This
yielded a time constant of 2.5( 0.1 ns for the monomer and
1.5 ( 0.1 ns for the aggregate. Though the decay time of the
aggregate is essentially equal to the measured response function
(1.5( 0.1 ns), its emission decay curve is clearly distinguishable
from the instrument profile.

The radiative rate of the aggregate is predicted to beN times
faster than that of the monomer. Therefore,if the nonradiative
rates of the monomer are unchanged on formation of the

TABLE 1: Spectroscopic Properties of Monomeric DiSC3+(5) and of H and J Aggregates Bound to DNA

DiSC3+(5)
(77 K glass)

absorption
maximaa (nm)

fluorescence
maximab (nm) 2âc (cm-1) 2γc (cm-1) |∆µB| (D) 〈∆r〉 (Å3)

monomer 662 670 1.1( 0.1 -13 ( 2
H band 589, 602 3300 360 0.7( 0.05 -34 ( 4
J band 690, 754 759 2550 1200 0.6( 0.05 -74 ( 5

a Errors are(2 nm. b Errors are(5 nm for the monomer and(1 nm for the J band.c 2â and 2γ are primary and secondary splittings, respectively
(see Figure 1), reported in cm-1 with errors of(150 cm-1 each.

Figure 3. Fluorescence excitation (dashed line) and emission (solid
line) spectra of DiSC3+(5) (a). The excitation spectrum was collected
at 770 nm. Panel b shows the fluorescence excitation spectrum (dashed
line) collected in the region of the J aggregate emission (750 nm). The
emission spectra collected by exciting at 693 nm (dash-dot line) and
at 750 nm (solid line) are also shown. Vertical bars indicate the
excitation wavelengths used to obtain the emission spectra shown. All
spectra were obtained at 77 K.

Figure 4. Decay curves of DiSC3+(5) monomer emission (dotted line)
and J aggregate emission (solid line) obtained at 10°C. The monomer
was excited at 666 nm, and its emission was monitored at 678 nm.
The J aggregates were excited at 695 nm, and their emission was
monitored at 750 nm. The spectra represent the average of 10 scans.
The fit to each curve is shown as dashed-dot lines, and the instrument
response function is shown in the dashed line.
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aggregate, the measured fluorescence decay rate of the aggregate
should obey the same relationship.6 Here, we observe a factor
of ∼1.7 decrease in the fluorescence lifetime on aggregate
formation, implying a value ofN close to 2.

There are several limitations to this estimate ofN. First, while
the increase in the fluorescence decay rate of DiSC3+(5) on
formation of the J aggregate follows the expected trend, there
is the possibility that the lifetime of the aggregate emission is
overestimated because of the time resolution of the instrument
used. If the aggregate emission is multiexponential, any decay
components shorter than the response function would not be
observable in the data. A second limitation is the relatively high
temperature used, which was dictated by the instrument design.
Lowering the temperature should reduce the contributions from
nonradiative processes to the fluorescence decay rates of both
the monomer and the aggregate, thereby producing a better
estimate ofN. To address these issues, experiments at lower
temperatures and with higher time resolution as well as
measurements of the emission yields are planned soon.

Electroabsorption Spectra of DISC3+(5) Monomer and
H/J Aggregates. To establish a point of comparison for
understanding the electronic properties of the aggregates, we
measured the electroabsorption spectrum of DiSC3+(5). Figure
5 shows the absorption (panel a) and the electroabsorption (panel
b) spectra (solid line) and the fit (dashed line) to the Stark signal
for DiSC3+(5) at 77 K. The high quality of the fit suggests that
the monomer is exclusively formed under these conditions, and
the values of|∆µB| and〈∆r〉 are reported in Table 1. Negative
values of〈∆r〉, such as those measured here for DiSC3+(5),
have previously been reported for other cyanine dyes.22

Turning now to the aggregate species, the absorption spectrum
and the electroabsorption (solid line) and fit (dashed-dot line)
of H and J aggregates of DiSC3+(5) are contained in Figure 5,
panels c and d, respectively. For both species, the quality of
fits of the electroabsorption spectrum to derivatives of the
absorption spectrum is remarkably good, suggesting that use
of the DNA template leads to aggregates with highly uniform
properties (minimal heterogeneity) as measured by their field
response. In contrast, the signal in the region corresponding to
bands III and IV in Figure 5d could not be fit because, as stated
earlier, it arises from two overlapping signals. Because of this
overlap, all parameters reported for the J aggregate are derived
from the fit to band V alone.

The H and J aggregates exhibit nearly identical values of
|∆µB| (∼0.6-0.7 D), though〈∆r〉 for the J aggregates (-74
Å3) is twice that of the H aggregates (-34 Å3). For comparison,
the values of|∆µB| and 〈∆r〉 for the monomer are 1.1 D and
-13 Å3, respectively. Note that the local field appropriate to
the environment of the monomer may be different than that for
the aggregate because the former is surrounded by a polar glass
while the latter sees the environment of the DNA minor groove
(see Experimental Section) and that this could somewhat affect
the comparison between their associated|∆µB| and 〈∆r〉 val-
ues. While the dielectric properties of the DNA environment
are a topic of current research, the binding site may be nonpolar
because of the presence of the aromatic bases.

In the paragraphs following, we first outline the implications
of these results regarding the structure and strength of the
electronic coupling within the aggregates and compare to other
published studies. Next, we justify the appropriateness of the
Liptay model to analyze the field response of our aggregates,
in part on the basis of this comparison. Finally, we compare
the values ofN for the J aggregates that are inferred from the

various measurements presented here and suggest further
directions for this work.

Following the literature, we can associate the ratio of〈∆r〉
of both the H and J aggregates to that of the monomer with the
value of N upon optical excitation.15 The magnitude of〈∆r〉
for the H aggregates (34 Å3) is roughly twice that of the
DiSC3+(5) monomer, implying that the excitation is delocalized
over two chromophores in the aggregate. This is expected
because of the strong face-to-face interaction of the two
monomers in the H aggregates that is also evident in the large
value of âH. The relatively small value ofγH, in turn, is
consistent with the picture that electronic couplings with
chromophores beyond the two composing the dimer are
significantly weaker.

For the J aggregates, we observe a much larger〈∆r〉 (74
Å3) suggesting that at least 4-6 dye molecules are strongly
coupled. This is consistent with the large head-to-head interac-
tion implied by the measured value ofγJ. One reason that the
extent of delocalization is apparently larger in the J aggregate
may simply be that each dye interacts with a minimum of two
of its neighbors to form the proposed J-type brickwork structure
(see Figure 1). In contrast, because, in H aggregates, the dyes
are thought to stack in register (see Figure 1), interactions with
adjoining dyes may be weaker.

Figure 5. Absorption band of monomeric DiSC3+(5) in ethylene glycol/
methanol/water (80:10:10) glass at 77 K (a), electroabsorption (solid
line) spectrum of DiSC3+(5) and fit (dashed line) (b), and absorption
spectrum of DiSC3+(5) in the presence of polymeric (∼200 base pairs)
duplex poly(dI-dC) DNA in a 77 K glass consisting of 35% ethylene
glycol, 60% NaPi buffer (pH)7.1) and 5% methanol (c). The labeling
of the peaks (I-V) is explained in Figure 2. Panel d shows the
electroabsorption (solid line) and fit (dashed-dot line) to the J-band
region (peak V) and the H-band region (peaks I and II) of the aggregate
spectrum. These two regions of the spectrum were fit separately and
the values obtained are in Table 1. Note that the signal in the H-band
region is multiplied by a factor of 6. The feature in the central region
(bands III and IV) was not fit because it consists of overlapping
transitions (see text).
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Regarding the measured|∆µB| values for the H and J
aggregates, they are quite similar and both are somewhat smaller
than that of the monomer. This is as expected from eq 5, derived
in ref 16.

Here, the subscripts A and M refer to the aggregate and the
monomer, respectively, andθ is the angle between the∆µB
vectors of the constituent dye monomers in the aggregate. Note
that eq 5 predicts that themaximumvalue of |∆µB| for an
aggregate is that of the monomer, observed if the∆µB vectors
of the constituent dyes are all parallel (cosθ ) 1).

Interestingly, very large values of|∆µB|, even in nominally
symmetric aggregate structures, have been reported in the
literature. These have been attributed to large asymmetric matrix
or protein fields interacting with a highly polarizable aggregate23

and field-induced displacement of associated counterions.24

Neither factor appears to be important for the aggregates studied
here judging by the similarity of their|∆µB| values to that of
DiSC3+(5) itself.

Likewise, a lower value of〈∆r〉 is measured for the J
aggregates studied here than for many other types of aggregates
formed that have been studied (for comparison, note that we
report〈∆r〉, which is theaVeragevalue of∆r while tr(∆r) is
sometimes reported).15,25,26For example, Misawa et al. measured
∼18× 103 Å for tr(∆r) of oriented J aggregates of PIC formed
by vertical spin coating.26 Because the〈∆r〉 values obtained
for aggregates formed by the DNA templating method are
significantly smaller than those reported for aggregates of other
chromophores, we surmise that the species studied here are
smaller or that their constituent chromophores are more weakly
coupled or both. Future experiments using oligomeric DNA to
form aggregates of better-defined size will help to sort out these
possibilities. It will also be useful to vary the identity of the
bound dye, if that proves possible.

In addition to the factors outlined above, a breakdown of the
Liptay formalism (eqs 1-4) has also been invoked to explain
the measurement of〈∆r〉 or |∆µB| values or both in the
aggregate that are many times larger than those seen in the
monomer. This method of analysis makes the assumption that
the transition frequencies of the system being probed are more
widely separated than the homogeneous line widths (i.e., the
limit of large inhomogeneous broadening). For strongly coupled
systems, this could break down as discussed by Mukamel et
al.25 A second possibility is that the applied field strongly
stabilizes charge-transfer excited states, which are present in
the aggregate but not in the monomer. This would increase〈∆r〉
by preferentially enhancing the polarizability of the final state
in the absorption because of their proximity in energy.25

Similarly, field-induced mixing of such charge-transfer states
into the excited state could increase the excited state’s dipole
moment, while the ground state remains nonpolar.27 In the latter
cases, one cannot think of the field as merely perturbing the
energies of the electronic states but as altering their character.

Because the results obtained for〈∆r〉 and |∆µB| in the
aggregates studied here appear to scale in a reasonable manner
with those of the monomer, we presume that the effects
described above do not obtain though, again, a more rigorous
analysis awaits the development of aggregates for which we
have a better estimate of the number of chromophores.

Summary and Conclusions

We have presented a number of photophysical studies
characterizing the electronic properties of novel H and J
aggregates of the cyanine dye DiSC3+(5) formed by noncovalent
binding to polymeric DNA. Estimates based on the line widths
and fluorescence decay rates of the J aggregate compared to
those of the monomer suggest that the number of dye chro-
mophores that are coherently coupled on excitation (N) in the
aggregate is between 2 and 4. Electroabsorption studies on the
J- and H-aggregate bands suggest that the aggregates formed
are quite uniform in terms of their electronic properties as judged
by the high quality of the fits obtained. Comparison of the
measured polarizabilites (〈∆r〉) of the aggregates with that of
the monomer suggests thatN is somewhat larger (∼4-6) for
the J aggregate than for the H aggregate (∼2). This is consistent
with the larger head-to-head couplings for the former that are
inferred from the splittings in the absorption spectra.
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