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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 noncovalent assembly of co-facial dimers of the
cyanine dye (DiS€5)) into the minor groove of double-helical DNA. The unique and important property of
these aggregates, first synthesized and characterized by Armitage and co-warkems Chem. S0d.999
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 alongstheking
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, ar@5 adjacent dimers bound to DNA are presented here. The absorption
maxima of these species exhibit a large blue shift (1750%inom that of the monomer due to the face-
to-face interactions within the dimers. Relatively weak (3880 cm') 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 [Aal} is found to double when two dyes form a stacked dimer whereas no
further increase inAollis seen as the chain length is increased. Semiempirical (NBQ!) calculations

yield exciton coupling energies that are consistent with experiment. HoweMetjis predicted to increase
toward more positive values on dimerization while the reverse trend is Seen experimentally. Nonetheless,
both experiment and theory find thakalis unaffected by higher aggregation.

Introduction to the uncoupled monomers. For H-aggregates, the higher

electronic state carries all of the oscillator strength while

sociation of similar molecules in solution or in a nematic state anSitions to the lower glectronlc (exciton) state are fofb'dde”-
As a result, the absorption of the aggregate is blue-shifted and

are important in chemistry, biologyand materials science. its fluorescence is effectively quenched because internal conver-
For example, aggregates formed from organic and polymeric . yq

chromophores that absorb and emit light in the visible region sion to th‘? lowest (forbiddgn) excitonic state is faster than
have wide applications as photographic sensitiZzersq liquid emission, In accordanpg with Kasha’s rulgs. In contrast, for
crystalline displayd. They have also been used as nonlinear J-aggregates, the transition to the lowest exciton state is allowed.

optical materials due to their large hyperpolarizabifié&ature This, In turn, gives rise to a red shift and narrowing of the
uses the electronic properties of such aggregates in light- absorption spectrum relatlvg to that of.th.e monomer anQastrong
harvesting systems where arrays of chlorophyll chromophoresﬂuo;]escence emlssmr; Z?V'ng al.negllgll:r)lle Sltokes .Sh'ft' .
are responsible for the energy transfer in photosynthetic reaction The consequence of this coupling on the electronic properties
centers of the aggregate is strongly dependent on the relative orientation

Jelly” and Scheibewere the first to identify highly fluorescent of the transition moments of the constituent molecules and
J-aggregates that show a characteristic red shift in their thirleforeh_on ctjhebstackl_ng pattern that thefy adépb produce N
absorption maxima compared to that of the monomer species.2 Plu€-shifted absorption maximum, as for H-aggregates, the
H-aggregates on the other hand, are nonfluorescent and show grrangement of the stacked dyes must be su(_:h that_the slippage
characteristic blue shift in their absorption spectrum relative to anglg,a, _fo_r fT‘ed between the (parallel)_ transition dipoles and
the monomeP:1° To explain the distinct absorption and fluo- t€_lin€ joining the centers of the dipoles, is greater than

13,15,18 i
rescence properties of the H- and the J-aggregates, Kasha 24T In contrast, to produce the red shift observed for

al 115 developed a theoretical treatment for molecular ag- J-aggregates, the stacked chromophores must be laterally shifted

gregates based on the exciton-coupling model of molecular with rgsl[g?gt to one another such that this angle is less than
crystalst® Exciton-coupling theory predicts that noncovalent 247~ In the literature, H-aggregates are often referred to

dimerization (or polymerization) of dyes within an aggregate 25 having a cgrd-pack structure, while J-aggregateg are said to
lowers the degeneracy of its excited electronic state comparedresemble a brickwork arrangement. For more details see refs

Molecular aggregates that result from the noncovalent as-

13 and 15.
" Part of the special issue “George S. Hammond & Michael Kasha COU“Q' over the structure and the number Of m0|e(_3U|es
Festschrift”. constituting a noncovalent molecular aggregate is crucial to
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§ E_magm;’ peteanu@andrew.cmu.edu. is in turn important to optimizing these materials for applications

I'E-mail: yaron@chem.cmu.edu. such as those cited abo¥%.In practice, for noncovalent

10.1021/jp021866p CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/10/2003



3352 J. Phys. Chem. A, Vol. 107, No. 18, 2003 Chowdhury et al.

- the length of the inosine containing region of the DNA template
in increments of five base pairs.

The scaling of important optical properties of aggregates, such
as the extinction coefficiert, fluorescence quantum yiefd;, 3°
radiative lifetime!®31 and line width of absorption and emis-
sion$2:33 with respect to the corresponding properties of the
monomer, depends critically on tispectroscopic aggregation
number which we designate here &&. Nc is the number of
chromophores in the aggregate that are coherently coupled, or
collectively excited upon absorption of a phofdnNc is
expected to be smaller than the actual number of molecules
constituting the molecular aggregate due, most likely, to
disorder!®35 Collective (coherent) excitation dflc adjacent
dipoles leads to aNc-fold increase of the probability of
absorptio#*18 and emissior/28 which in turn enhances non-
linear properties such as the first hyperpolarizability of dye
aggregates.

BecauseN¢ directly correlates to the important linear and
nonlinear optical properties of aggregates, there has been
considerable effort to determine how its value is affected by
aggregate size, structure, composition, and the presence or
absence of defects. Radiative lifetime measurements on fluo-
rescent J-aggregates of pseudoisocyanine (PIC) performed over
a range of temperatures-{430 K) have estimatedtic to be
between 10 and 58, while hole burning measurements sug-
gested a value of 100 for ti: of aggregates of the same dife.
Using a photon-echo technique, Wiersma measured a value of
Nc of ~500 for PIC J-aggregates in a glassy matfiKobayashi
Figure 1. (a) 3,3-Diethylthiadicarbocyanine iodide (DiS()). (b) et al. performed linear dichroism and Stark spectroscopic studies
Model of three adjacent H-dimers of DI&G) bound to double-helical on PIC J_aggregate films. They Compared the Change in the
DNA. electronic polarizability on excitationiAo) of the monomer
aggregates formed freely in solution, such control is difficult to that of the aggregates and inferred tNatranges from 20 to
to achieve due to their high degree of sensitivity to environ- 100383°Note that many of these methods rely on fluorescence
mental conditions such as the temperature, polarity, ionic and therefore arenly suitable for measuring the properties of
strength, and pH of the solutidf:23 J-aggregates.

Recently Armitage et al. have shown that a particular class  Important for the current study is that it has been proposed
of cyanine dyes known as Di$(5) (3,3-diethylthiadicarbocya-  that the ratio of thefAaof the aggregate to that of the
nine iodide, Figure 1a), noncovalently assembles into the minor monomer will scale witfNc sinceNc is effectively a measure
groove of double-helical DNA such thato DiSC;(5) molecules  of the extent of delocalization of the excited st&é%41This
form a face-to-face dimér. Stacking of additional dyes is  ratio, which we refer to as the enhancement factor o]

prevented due to the constraint imposed by the walls of the can be measured using Stark spectroscopy, a technigue that is
minor groove. However, because binding of one such dimer is equally applicable to J- and H-type aggregates.

thought to widen the minor groove, the assembly of additional

The work described here follows up on an earlier publication

or the J-aggregate was reported to be five to six timés that of
the monomer whileéAa[Jfor 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-aggregates is
dexpected to afford strong coupling within a given dimer but
weak couplings between adjacent dimers. In contrast, the
brickwork J-aggregate structure should allow stronger interac-
number of dye molecules present in a given aggregate can betionfs between dyes adjacent to one another along the aggregate
controlled by the length and the sequence of the DNA chosen. chain-

Because the presence of guanine bases sterically hinders the To assess whether the enhancement factaXai provides
assembly of dyes into the minor groove, introduction of guanine an alternative method of characterizihg for aggregates, as
into the sequence effectively disrupts the growth of the was originally suggested in ref 38, we compared its value for
aggregaté*25 Replacing guanine bases with the artificial the J-aggregates to that N obtained by the well-established
nucleobase inosine allows the dyes to spontaneously assembl@nethods of fluorescence lifetirffe’! and line-width measure-
onto the DNA. Since a single cofacial H-dimer of Digg) ments3233 Indeed, the value dflc obtained via these methods
spans about half a turn of the helix (approximately five base agreed with the enhancement factor [@afor the J-ag-
pairs), the length of the aggregate can be controlled by changinggregate to within a factor of 2. This level of agreement is

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)
spectroscopie&26 Figure 1b shows a model of dye dimers
bound to a double-stranded DNA, as proposed by Armitage an
co-workers?

Another desirable feature of using DNA templates is that the
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certainly reasonable given the spread of values typically found phosphate buffer, pH 7.2, and the dye in appropriate molar ratio.
in the literature foN¢, several examples of which are quoted Room-temperature absorption spectra were obtained after al-
above. On the basis of this comparison, it appeared thatlowing the solution to mix for 10 min. The disappearance of
measurements of the enhancement factor fod might the monomer peak at 655 nm and the appearance of a new band
indeed provide an alternative means of characteriigdor at~590 nm indicate that the assembly of the dye into the DNA
J-type and, by extension, for H-type aggregates. Unfortunately,in dimer form is essentially quantitative. The shifts in the
analogous comparisons for H-aggregates are not possible usingbsorption maxima observed are in agreement with that first
fluorescence-based methods. found by Armitage and co-workée¥sand are correlated with

The current study exploits the fact that H-aggregates of the formation of H-dimers/aggregates in the DNA minor groove.
precisely defined size can be formed via DNA templating. All experiments were performed in 35% ethylene glyeoter
Therefore, in principleNc can be compared to the actual (EG—water) glass at 77 K. The pH was maintained at 7.2 using
physical size of the aggregate, which e been possible in a 10 mM phosphate buffer.

prior studies in the literature. Similar experiments could not be |t was empirically found that slowly lowering the temperature
performed for J-aggregates because, even when DNA is usedf the solution minimizes the number of monomeric dyes present
as a scaffold, they do not assemble as small size-selectedn the sample cell. This is because the binding constant of the
aggregates. This is probably due to the highly cooperative dye to the DNA increases as the temperature is low&ed.
interactions needed to stabilize the brickwork structure. Therefore, to optimize aggregate formation, the temperature of
This paper summarizes a joint experimental and computa- the sample cell was first held a200 K for 2 min by suspending
tional study with the aim of understanding how the electronic it just above the liquid nitrogen surface. Then, to obtain the

properties of aggregates vary with aggregate size and structureStark spectrum at 77 K, the cell was fully immersed into liquid
First, the absorption and electroabsorption spectra of a seriesnitrogen to form an optically clear glass.

of H-aggregates consisting of a single dimer, as well as tWo, 14 opain the 77 K spectra of the monomeric dyes and to
five, and~35 adjacent dimers are presented. From the absorp-minimize the formation of random aggregates in solution, RiSC
tion spectrum of ea_ch aggregate, the_excnon sphttmgs due to (5) was dissolved in a 80% ethylene glycol and 20% methanol
end-to-end interactions of adjacent dimers are obtained. Thegqtion and the sample cell was immersed into liquid nitrogen.
saturation value of this splitting vs aggregate size, which we e gye concentration was maintained so as to have a sample

argue is a direct measure B for these species, occurs for  gpgorhance of between 0.1 and 0.8, with the DNA concentration
aggregates consisting of more than six dimers. For comparison,agiysted accordingly.

the enhancement factor faAadfor each aggregate is re- C .
ported. This quantity is found to be 2 for all of the aggregates, A sample of monomeric DiSg5) bound to the DNA minor
Jroove was formed using an excess of poly(dAdoly(dT)

regardless of size. Therefore, unlike what had been suggeste . 4 .
. i duplex, such that the DiS(5) dye would preferentially bind
earlier for J-aggregates, the enhancement factoriAuil] in the monomeric form. While it would be desirable to use 1

appears t.o be a poor in.dicator ofthg vaIueNeﬁn H-qggregTat‘es. dye for every 1520 DNA base pairs, at such low dye
FoII_owmg the e_xperlmental studies, semiempirical quantum concentrations, the absorbance of the sample was too low
chemical calculations are presented that model the effects of(<0 02) and th’e Stark signal was below our detection limits

aggregation on the absorption spectrum and on the value ofTo obtain a measurable absorbanc®03) and Stark signal,

mﬁ(xDbMﬁdellng of the excm_)E Sﬁ'fts and S%'ttmgs |nd|cafte?] the DiSG(5) concentration was maintained such that there was
that both are consistent with the expected structure of tf easingle DiSG(5) molecule for every six to eight base pairs of
H-aggregates on the DNA template. Theory also agrees with the DNA

the experimental finding that the calculatédo.[] changes Svnthetic dunlex DNAs of ing lenath q
substantially between monomer and a single H-dimer but is ynthetic duplex UNAS of varying [engihs were used as
templates. Since guanine has an amino group that protrudes into

unaffected by coupling between two adjacent H-dimers. How- h - d sterically hind the bindi fd
ever, two fundamental and as yet unresolved discrepancies € minor groove and sterically hinders the binding ot dyes,

between theory and experiment emerge. The first regards theguanine—cytosine base pairs were chosen as terminal ba_ses as
sign of Aaof the monomer, which is negative experimen- well as spacers between dye dimers so as to vary the distance

tally but s calculated to be positive for most reasonable between them. An artificial base inosine (guanine without an

geometric parameters for the dye. The second is the direction2Mn° group) was u§ed n the.templatmg regions. delm.ers/
of the calculated change imaliupon formation of a single aggregates are readily formed in the presence of the inesine

. — . ' cytosine base pairf@.Each H-dimer spans about half a turn of
dimer from two stacked monomers. Experiment fifidie (Jof - X - ) .
the dimer to be more negative than that of the monomer Whereasthe DNA hellx_ which tra_nslat(_as 0 approxmate_ly five base pairs
theory finds the opposite. Several efforts to determine the origin for every H-dimer:* A single isolated H-type dimer of DiSE

ryfind PP ' . g 5) was formed using the following double-strandid) s DNA
of these discrepancies are presented but are as yet inconclusiv
. emplate.
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 5-CGCACICI -CGC-3
systems. 3-GCGLCICIC -GCG-8

Experimental Section The ratio of the dupleX!C) s DNA to DiSCx(5) was maintained

Materials and Methods. 98% pure DiS@G(5) (3,3-dieth- ?rfé:ez' I;vr?in?cnIrgseirnaecﬂr;geH-glirrze\:\fe?L%?(rfgai(asﬁ)r?rgqﬁe@(; by
ylthiadicarbocyanine iodide) was obtained from Aldrich Chemi- 9 Y pars, 9 5

cals and used without further purification. All of the synthetic DNA duplex shown below:
DNAs were obtained from Integrated DNA Technologies (IDT). ,
The desired DiSg5) H-dimers and H-aggregates are readily 5-CGCACICI -GCGACICI -CGC-3
obtained by mixing the solutions of duplex DNA, in sodium 3-GCGLICIC-CGCLICIC-GCG-8



cytosine base pairs was used to form multiple adjacent H-dimers
that in the literaturé®4” The equations shown here are ap- expression forfAal (eq 3), particularly in those species
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(IC) 10 (10 inosine-cytosine base pairs) arftlC) 25 (25 inosine- p

cytosine base pairs) sequences were used to fwoandfive ~\__ W

adjacent H-dimers, respectively. TH&C)2s DNA template ANA M A ' ; ;

purchased was purified by PAGE electrophoresis in order to r Yyl

remove smaller DNA fragments. This proved critical for (®)

obtaining well-resolved absorption spectra of these aggregates

Double-stranded poly(eddC) containing 156160 inosine- M

of DISCy(5). It was inferred that-35 + 5 H-dimers comprise ;

this aggregate because the addition of more dyes resulted in . 2 '

the appearance of an absorption band in the monomer region '

(~655 nm). Roughly 20 guanirecytosine base pairs were used (c)

as terminal basefs on both &nd 5'_ends of each DNA. . Figure 2. Model structures of (a) the DiS(G) monomer, (b) an
Electroabsorption Data Analysis. The electroabsorption  isolated H-dimer of DiS&5), and (c) two interacting adjacent H-dimers

apparatus is home-built and has been previously described inof DiSC,(5) that were used for semiempirical (INDO/SCI) calculations.

detail#3-4> The analysis of the electroabsorption data follows

propriate for the experimental conditions used; i.e., the sample exhibiting a small value ofAu|, such as those reported here.

is isotropically embedded in a rigid glass. Essentially, the change e coefficientsa,, b,, andc,, are extracted by means of a

in absorption due to the application of an external electric field |inear least-squares fit of the electroabsorption signal to the sum

is fit to the weighted sum of zeroth, first, and second derivatives of the derivatives of(%). If the resultant fit to the absorption

of the zero-field absorption spectrum. The overall change in jine shape (a single set af, b,, andc,) is not of high quality,

absorbance caused by the application of an electric field can behis js an indication that there is more than one transition

described as follows: (electronic or vibronic) underlying the absorption band, each

having different electrooptical properties. Thisnist found to

AA®) = . - be the case for the systems studied in this work. Our fitting
E 2daam) +b { 9, (A(V))} P (A(V)) strategies are described in detail in ref 44.
eff | & 1SR v\ ¥ “30h2| 972\ ¥ Semiempirical Calculations. The geometry of a single

(@) cyanine dye was optimized at the HF/6-31G** level using the
Gaussian software packatfeThe resulting geometry, shown

The term A(¥) represents the unperturbed absorption as a in Figure 2a, is planar. The difference between the single and
function of frequency %) and Fer represents the field at the  double bonds of Figure 2a, defined as the bond length alternation
sample in V/cm. This effective field includes the enhancement (BLA), is less than 0.001 A. In some of the calculations shown
of the applied field due to the cavity field of the matrix. The pelow, this structure is altered to allow control of the BLA and
subscripty represents the angle between the direction of the planarity of the system. This is done by dividing the molecule
applled electric field and the electric field vector of the Iinearly into seven SegmentS, Consisting of the two terminal ring
polarized light. All of the experiments reported here were structures and the five CH groups of the central polyene. The
performedy = 54.7 (magic angle). Aty = 54.7, the molecule lies in theX—Y plane with theX-axis connecting the
expressions o#y, b,, andc, are related to the change in the carbon atoms of the rings to which the polyene is attached. The
transition moment polarizabilityAj) and hyperpolarizability ~ BLA of the polyene was controlled by displacing the segments
(Bij), the change in the electronic polarizabilitA¢.[), and the along theX axis to obtain the desired BLA, while maintaining
change in the dipole momentg\i|) respectively, as given in  an average CC bond length of 1.386 A (the average bond length

egs 2-4 below. obtained from the ab initio calculations). The effects of
1 5 nonplanarity are explored by twisting the segments in a spiral
— 2 about theX-axis. The twist is reported as the angle between
= 24 B. 2
8s4.7 3|2 Z A 3|2 Zm W 2) the rings, with the angle between adjacent segments Bkthg

] , . ;
that of the total inter-ring twist.

Dimers were made by stacking the monomers face-to-face
with a lateral shifts, of one of the monomers along tieaxis
and an interplane spacing,in theZ-direction. Figure 2b shows
Cop7= 5|A”|2 (4) a dimer withs = 0 andd = 4 A. A quadramer structure was
' made by placing identical dimers along tKeaxis, such that
In this work we quotem_a[]which represents the average the closest contact between terminal hydrogen atoms2i&
change in electronic polanizability between the ground and A (Figure 2c). This procedure was also used for nonplanar
excited state (i.e[Aa= Y3 Tr([Aal). Information regarding monomers, with thQ(YpIane positioned to bisect the twist angle
|Au| for the molecule is contained in thesg term (eq 4). It is between the two rings.
important to emphasize that, for an isotropic sample such as Finite field calculations described by Kurtz et“@lwere
those studied in this work, only the magnitude and not the sign carried out at the INDO/SCI level, using a direct SCI meffod
of |Au| is measured. In the above equations, the tendansd that allows for the inclusion of all single excitations. The applied
B represent the transition polarizability and hyperpolarizabil- field was 5x 10°V-cm™ (9.7 x 107> au), and the polarizability
ity, respectively. These describe the effect Bfi on_the was obtained as the first derivative of the calculated dipole
molecular transition momentm (Fef) = M + A+Fef + Ferr* moments.
B-Fesr. These terms are generally small for allowed transitions ~ The effects of charge transfer between molecules within an
and can therefore be neglected relative to other terms in theaggregate were investigated using local orbitals and controlling

10 15
b5y 7= _|2 zmAijAﬂj + > [Aall 3)
1) -
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Figure 3. Normalized 77 K absorption spectra (left panels) and the corresponding second derivative of the normalized absorption spectra (right
panels) of, from top to bottom, the monomer D&}, an isolated H-dimer, two adjacent H-dimers, five adjacent H-dimers, and an H-aggregate
of DiISC,(5) having approximately 35 adjacent H-dimers. Each of the heavy bars in the legend represents a dye monomer.

the SCI basis set. Orbitals localized on each of the cyanine dyes

were formed using a projection metht/ddA Hartree-Fock
calculation is first performed on each of the dye molecules to
obtain “target” local orbitals. The delocalized canonical Har-
tree—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 appliagl,"

to the target local orbitals and this is followed bywidin
orthogonalization. This procedure leads to local orbitals that
are related to the canonical (delocalized) HartrEeck 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

77 K Absorption Spectra. The absorption spectra of mon-
omeric DiISG(5) in EG—water glass and the various H-dimers
aggregates that are formed in the presence of double-strande
DNA are shown in the left column of Figure 3. The monomer
(Figure 3a) has an absorption maximum of 15200t 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 (KCkequence, a single
(isolated) face-to-face (H-Type) dimer is formed, resulting in a
~1700 cnt! blue shift of the absorption maximum (Figure 3b).
The origin of the shift can be understood from the energy
diagram shown in Figure 4. This blue shift is a result of the
splitting of the excited electronic states in the H-dimer due to

N
ﬁn% i

I

(IC)h

Monomer (1C)s Poly(dI-dC)

Figure 4. Proposed energy level scheme for various H-aggregates
formed by the assembly of DiS() 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 (264) results from the stacking interaction between cyanine

imers and the secondary splittingy(3 arises from head-to-tail
teractions between neighboring H-dimers.

a strong face-to-face interaction (exciton coupling) of the two
monomeric dyes. It will be referred to as the primary splitting
(denoted by2fy) and it is twice the value of the primary
(exciton) coupling energpy.

When longer DNA sequences such as (Ko (IC).s duplex
are used, the single transition for the single H-dimer, centered
at 16930 cm?, splits into two new transitions (Figure 3c,d),
that are highlighted in the second derivatives of the absorption
spectrum (Figure 3h,i). For the poly(edtiC) DNA (Figure 3e),
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TABLE 1: Coupling Energies and Relative Oscillator 340 — —— . . . . . . .
Strengths of H-Aggregates — . —
‘e 320 ] ®
H-aggregates 5 -
of DISCy(5) coupling relative oscillator :: 300 Va ]
DNA no. of energy strength® o 280f /l ]
templates H-dimers iy yu  lower state  upper state B 260t u |
]
(IC)s 1 1740 8 240l / .
(IC)10 2 1750 165 1(0.02) 1 > "
(IC)2s 5 1735 210 0.9(0.02) 1 & 220F .
poly(dl-dC)  35+5 1680 320 0.8(0.02) 1 g w00l ° 1
@From the second derivative spectrum, inémerrors aret 25 é 180 | —&— Theory i
cm L. ®From 77 K absorption spectrum. —e— Experiment
160 1
the absorption maxima of the two transitions shift further apart 5 4 6 8 10 12 14 16 18 20 22

such that two well-resolved bands are observed. This splitting
(Figure 3c-h), which 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 (denote@;ky) and

Number of H-Dimers

Figure 5. Calculated secondary coupling energigs, filled squares)
obtained via a Hekel-type calculation and scaled with respect to the
experimental value ofy (165 cnt?) for two adjacent dimers, plotted

is twice the value of the secondary coupling energy)( For against the number of H-dimers in the aggregate. The experimental
all systems studiedyy is much smaller tha2fy (Table 1). values ofyy (filled circles) for two, five, and~35 interacting H-dimers
Focusing first on the primary coupling energigs,; is are also shown. The error in the measured valugois +25 cnT2.

~17004+ 50 cnt! for all the H-aggregates studied here though
it decreaseslightly (by 70 cnt?) for the poly(ddC) sequence
(Table 1) indicating a weaker face-to-face interaction of the two
dyes in the 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 dimé&sWe therefore
speculate that, in poly(eHdC), 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 @.

The value ofyy, evaluated directly from the two minima in
the second derivatives (Figure 3hand 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 guanineytosine base pairs) between 12500 15600 15500 16000
the adjacent H-dimers by using tAgC)s sequence reduces Wavenumbers (cm-)
zeolnmnléclr]o;r;ji[r tkf;g ;Vggetrr\?;(jslitrl]o,?hsed;bi(t)cr)ngﬁdsg)eéﬁhr%OUp"ng Eigure 6. (a) Electroa}bsorption spectrum (solid line) and.fit (dashed

> s X : line) for the monomer in EG/water glass. (b) Electroabsorption spectrum

The exciton coupling model predicts that for W-shaped (sojid line) and fit (dashed line) for the monomer bound to DNA in
(alternate-translational chain) aggregdf€s the value of the  EG/water glass. The resulting electronic parameters are reported in the
splitting energy forN interacting dimersN > 1) is expected text.
to be twice that of two interacting dimerll & 2). This effect,
which is observed in the absorption spectra, is a consequencenolecules in this particular structure. That packing is sensitive
of there beingwo neighboring dimers foeachH-dimer in the to chain length is also seen in the small variations of exciton
polymeric H-aggregate rather than omge adjacent H-dimer splitting with aggregate size described elsewhere in this section.
when the short DNA sequence ((g) is usedt® That the Relative Oscillator Strengths of the Exciton Bands.
observedyy of the long chain (poly(dtdC)) is roughly twice Experimentally, we find that, as the length of the DNA chain
that observed for two interacting dimers suggests that the opticalis increased, the oscillator strength of the lowermost exciton
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excitation is substantially delocalized. state gradually decreases with respect to the uppermost exciton
To quantify the degree of delocalization we consider a simple state (Figure 3ee and Table 1). This is due to the fact that the

exciton coupling model and calculate the dependenge; an relative oscillator strengths of these two electronic transitions

chain length (Figure 5). The model uses ackel-like matrix are sensitive to the relative orientation of the transition dipole

whose dimension is the number of coupled H-dimers. All of moments of the dimers within a given aggreggté®:5354These

the diagonal matrix elements are identical and are equal to thedifferences may therefore reflect small distortions in the double-
excitation energy of a single H-dimer. The coupling between helical structure of the short DNA segments as compared to
adjacent H-dimers is taken to be the experimental value of 165 that of the polymeric DNA that, in turn, affect the packing of
cm~! observed for two adjacent H-dimets, is the difference the dimers within each aggregate.

in energy between the uppermost and lowermost states obtained Stark Spectra and Fit. The electronic properties of DISEC
from diagonalizing this matrix. Calculated and experimental (5) monomers are obtained from the analysis of the Stark spectra
values are shown in Figure 5. Note that the experimentally obtained at the magic anglg & 54.7). Figure 6 shows the
observed doubling of is consistent with a minimum value  absorption (dotted) and electroabsorption (solid) spectra of
of the delocalization length of-68 dimers. The fact that the  DiSCy(5) monomers when the spectra are obtained in the
value for (ICys (N = 5) is substantially lower than that predicted absence of DNA in 80% EGwater glass (Figure 6a) and when
by the model may indicate a somewhat looser packing of dye the DiSG(5) is bound to a duplex DNA in the monomeric form
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Figure 7. 77 K absorption spectra (dotted), electroabsorption signal (solid) and the fit (dashed) to the electroabsorptionysigisa. @t for (a)
DiSC,(5) monomer in the absence of duplex DNA duplex, (b) a single isolated H-dimer, (c) two H-dimers separated by three-gyimsine
base pairs, (d) two adjacent H-dimers, (e) five adjacent H-dimers, aneéBff)adjacent H-dimers. Each of the heavy bars in the legend represents
a dye monomer.

TABLE 2: Electroabsorption Results for the Cyanine
Monomer and H-Aggregates$

DNA templates used to form Haggregates

DiSC,(5)
monomet  (IC)s (IC)10 (IC)2s  poly(dI-dC)
no. of 0.5 1 2 5 35+ 5

H-dimers
absmak 15200 16930 16810 16800 16 580
17100 17100 17 200
Aal -16(2) —32(4) —30(4) —34(4) —36(4)
|Au|® 1.1(0.1) 0.9(0.1) 0.7 (0.1) 0.55(0.05) 0.45 (0.05)

a|n the absence of DNA in a 77 K glagsin cm 2. ¢In A3, 4In D.
¢ Errors are shown in parentheses

coupling and the number of molecules comprising the aggregate
is obtained from analysis of the Stark spectra shown in Figure
7. The solid lines in Figure 7 represent the electroabsorption
spectra at the magic anglg & 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 (Figure
7b—f) there is no significant absorption or electroabsorption
signal in the monomer region of the spectrum (14-608 500
cm™Y), showing that the majority of the DiS() 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

(Figure 6b). Interestingly, the wavelength maxima and the line Systems (Figure 7bf) throughout the full absorption range
shape of the absorption and of the electroabsorption spectra of(15 500-18 500 cn1). This indicates a uniform field response
the monomer in these two environments are very similar. The Of the electronic states involved in the transitions therefore
absorbance of the dye monomers bound to DNA is very low suggesting that the DNA templates afford very homogeneous
(~0.04), resulting in a noisy absorption and electroabsorption @ggregate structures.

signal. The fit (dashed lines in Figure 6) to the Stark signal

From the fit to the electroabsorption signal, the change in

using the derivatives of the absorption spectra, for dye mono- the average electronic polarizabilitA¢[)y and the change in
mers bound to DNA yields values of the electronic properties the dipole moment|Qu|) between the ground and the excited

(Aa= —14 + 3 A3and|Ayx| = 0.8+ 0.1 D) that are similar

electronic states for the monomer and the H-aggregates were

to those obtained for the monomeric dyes in solution (glass) in evaluated. The significance of the values [@uJand |Au|
the absence of DNA templates (see Table 2). These resultsobtained from the fits (Table 2) are discussed below.

demonstrate thait is valid to compare the properties of the
aggregates bound to DNA with those of the monomer ivesul
glass as the DNA minor gree appears to only weakly perturb
the absorption spectrum of this dye.

Experimental Values of [Aalof Monomer and Ag-
gregates. The monomer of DISg5) was found to have a
negative value offAall(—16 A% as has also been seen
previously for cationic cyanine dyes in polar environméhags:56

Information regarding how the electronic properties of the For a single H-dimer ((IG) sequence, the value éholis
helical H-aggregates scale both with the extent of exciton —32 A3, which is twice that of the value of the monomeric dye
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Figure 8. Coupling energyy resulting from H-dimer formation as a
function of inverse spacingd,/calculated from the shift of the dominant
one-photon state from its location in the monomer. Five different shifts,
s=0, 1, 2, 3,and 4 A, are shown in order from top to bottom. The
solid (dotted) lines show the results obtained with (without) inclusion
of charge-transfer between monomers.

in solution. Interestingly, for the (IG) sequence, where two

adjacent H-dimers interact in a head-to-tail fashion, the measured?H-

value of (Aa[(—30 A3) doesnot 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 [Aclof the system and that the enhancement factor for
[Aclis 2 for all aggregates studied.

“To further examine the effect of the secondary coupling on
the value offAal] we investigated an aggregate system where
two H-dimers are separated by three guaniogosine base
pairs €(IC)s duplex DNA), such that ther is minimal (i.e.,
splitting is unresolved in the absorption spectrum, Figure 7c,
dotted line). The fit to the electroabsorption signal (Figure 7c,
dashed line) for this system yields a value [@o[that is
identical (Aa0= —33 A3 with that of the two adjacent
H-dimers. TikewiselAaOremains constant<34 to —36 A3)
evenfor longer DNA templates ((IG} and poly(di-dC)) which
have somewhat higher values gf (210-320 cnT?).

Similar results were obtained earlier for H-aggregates of
another similar cyanine dye (DiSG5)) that can form both H-
and J-aggregates in the presence of poly(tl) DNA.52 For
these polymeric H-aggregates, the value [dtxOwas also
found to be equal to twice that of the monomer. In contrast,
the value oftAo.[for the polymeric J-aggregates was found to
be 4-6 times that of the monomer. The weaker scaling of
[AcOwith size in H-aggregates vd-aggregates is possibly
correlated to the smaller value of the exciton coupling (165
320 cnt?) for the former as compared to the large splitting seen
in the latter & 600 cnt1).52 In ref 52, it was argued that this

Chowdhury et al.
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Figure 9. Average polarizability changeAal] as a function of
bond-length alternation (BLA) for a planar monome’ { O), and
monomers with a twist of 50(+ - - - +) and 100 (a - - A) between
the rings on either end of the dye (see Experimental Section).

dimer structure, our calculations indicate that this will afigr
by only 4% (data not showry.

We next consider the coupling between adjacent H-dimers,
For reasonable dimer parameteds= 3.9 A ands = 0)
and with a distance between the H-dimers such that the closest
approach between hydrogen atoms is 2.5 A, the calculated
coupling between the H-dimersjig; = 550 cnt. This is larger
than the experimental value 6f200 cnt?, which we attribute
to dielectric screening between the transition moments of the
two H-dimers that is not included in the calculations. Because
of the close packing of dyes within a single H-dimer, screening
is not expected to have a large effect on the calculfited

The fact that the calculatefily and yy are consistent with
the experimental results supports the assignment of the electronic
transitions of Figure 4 and suggests that our geometric model
of the aggregates (Figure 2) is reasonable.

Calculations of [Ac.Ifor the Monomer and Aggregates.
Experiments showed that the valueldioCdoubledfrom —16
to —32 A3 on formation of a dimer but didot further increase
for higher aggregates. Here we discuss the results of our efforts
to model this behavior computationally.

We begin by examiningAallof the monomer. The transi-
tion from a polyene-like structure to a cyanine-like structure
causedAoallto go from a value that is large and positive to a
value that is near zero or small and negative, in certain
molecule$® Such changes can be induced experimentally by
varying solvent polarity and can be modeled computationally
by varying the BLA of the systet$:56:58-60 |n addition to BLA,
[Aalis 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.

coupling is larger for the J-aggregates because their brickwork Figure 9 shows the calculatedallas a function of the
structure affords better overlap between dyes adjacent to oneBLA for a planar dye and dyes with twist angles of§0rosses)

another on the helical chain.

Calculated Effect of Aggregate Structure onfy and yn.
To determine whether the observed couplfigis consistent
with the model summarized in Figure 4, we calculafg

and 100 (triangles) between rings (see Experimental Section).
As expected,[Aolldecreases with twist angle and has its
minimum value in the cyanine limit of zero BLA. Although
negative values ofAalare obtained for small BLA and

between planar cyanine dyes as a function of the face-to-facesubstantial twist angles, the magnitudes are smaller than those

spacing,d, and the lateral shifts, which are defined in the

seen experimentally, particularly as the DNA template is

Experimental Section. The results are summarized as the solidexpected to induce a twist of only20°.

lines in Figure 8. The turnover at short distances is due to charge

In addition to the above structural effects, we also explored

transfer between dyes, as shown by the dotted lines which aretwo environmental effects oma[lof the monomer. Environ-
the results obtained with charge-transfer suppressed. Themental disorder was modeled by surrounding the system with

experimental couplingdy ~1750 cn1?! is reproduced with a
value ofd of abou 4 A and a value o that is less than 1 A.
Though the DNA template is expected to induce a twist in the

a lattice of randomly oriented dipolés.We also included
dielectric screening of electrerhole interactions in the excited
states’! Inclusion of these environmental effects increases
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Figure 10. Effective average polarizabilities of the ground state
[dsdmeT/2 (dotted lines) and the dominant one-photon excited state
detimeT) — ([des™meT/2) (solid lines) as a function of the inverse
interplane spacing @/ The crossesx) are for the planar structure of
Figure 2a, and the circle©} are for monomers with a twist of 80
between the rings.

Figure 11. Energies of the excited states as a function of interplane
separationgd, for H-dimers with no lateral shifs = 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.
[AcOof the monomer toward more positive values, and so P P

again cannot account for the observed negaifivelfor this
species. A nearby counterion does, however, lower the calculate
[Acll] For example, placing a fluoride ion in the plane of the
dye molecule on the side of the two nitrogen atoms, centered
and 3 A away from the closest hydrogen in the polyene chain
changes the monomerfaa by —8 A3,

tate decreases, while that of the excited state incre@bes.
alculations therefore predict thafAoOwill become more
positive on formation of dimer, independent of the initial sign
of [Aall This is in contradiction to the experimental results
* whereTAodbecomes moreegatve on H-dimer formation.

The ab lack of numarical  bet . i The ﬁgin of the calculated changesliho[was explored
€ above lack of numerical agreement between experimen by examining the excited state energies and transition moments,
and theory on the monomer can perhaps be attributed to slight

inaccuracies in the quantum chemical treatment of the s stemWhiCh are shown in Figure 11 for an H-dimer consisting of two
(finite field INDO/SgI) especially as the observédois a¥ plangr_ monomers. Since coupling has or_1|y small effects_ on the

0% of th d stat larizability. Dasoite thi transition moments, we focus on the excited state energies. The
most 1 o of the ground state polarizabiiity. Despite IS yocrease in the polarizability of the ground state (Figure 10)
numerical disagreement, we would expect the calculations to can be connected to the increase in the energy gap between the
be able to reproduce the experimentally observed trend in

Aalwith te f tion. H o bel ground state and the state that carries most of the one-photon
S0LWIT aggregate formation. However, we will see below intensity. The opposite is seen for the optically excited state,
that this is not the case.

. o ) in which ling | where the gap between this state and the higher energy states
We begin by considering a dimer in which coup Ing .eads 0 decreases on formation of a dimer. Since the calculated change
coherence between the monomers but has a negligible effect, Aqriseems to be a direct consequence of the calculated
Ic_)fn t_he sta}te ens rgleds_, and _tranS|t(|jc_)n rgometr)\ts.hﬂl}e I]Iuorefsck(]a nCPSpIi’fﬁﬁgs of Figure 11, the disagreement with the experimentally
lfetime of such a dimer is predicted to be half that of the observedAaldmay indicate that these calculated splittings are

monomer and so the lifetime can be cqnsujgred adirect MeASUre, ot reliable. It is also possible that the disagreement between
of the coherence lengtiNc. The polarizability of the ground experiment and theory indicates th@oOis influenced by

state (GS) _and excited state (ES) of S.'UCh a d|r_n_er can bedouble excitations in a manner that is not captured by finite-
expressed in terms of the corresponding quantities of the field SCI theoryé?

monomer as shown in eq 5, Another potential origin of the disagreement between the
0. monomer . _ monomer observed and calculatedho]is the presence of charge
GS ES (5) transfer between monomers, which is suppressed in Figures 10
and 11, but can substantially enharidelof the aggregate
where the prime indicates the assumption that coupling betweenrelative to that of the monomé&#:54 Figure 12 shows the
monomers does not influence the state energies or transitioncalculatedAa along thex, y, and z axes as a function of
moments (see Appendix). Unlike the fluorescence lifetime, the interplane spacingd, both with and without inclusion of charge
assumption of coherence alone is not sufficient to aexof transfer between dyes. The results indicate that the principal
the dimer from that of the monomer. Instead, the effects of effect of charge transfer is to introduce a change in polarizability
aggregation orfAaOmust arise from the effects of coupling along the axis connecting the two dyeAp., Since this
between the monomers on the state energies and transitiorcomponent is positive, it cannot account for the experimentally
moments. These are investigated next. observed decrease ibhal] The magnitude ofAa,, does,

To remove the trivial scaling of the polarizability with the however, provide an experimental handle on the degree of
number of noninteracting monomers (eq 5), we plot effective charge transfer present in the excited state. Experimentaily,
polarizabilities for the ground and excited stdfie;A™meT/2 and is less than 25 A(assumingAayy to be zero, data not shown),
[dedmeT}— ([hedimeTR2), in Figure 10. These quantities isolate  which limits the charge transfer to less than 5%.
the effects that shifts in the energies and transition moments Although the predicted effects of dimer formation Qo]
have on the ground and excited-state polarizabilities. Resultsare not in agreement with experiment, agreement is found with
are shown for H-dimers formed from monomer structures having regards to the effects of higher aggregation. The experimental
either positive or negative values diall (i.e. planar vs results of Table 2 indicate that, whildaJchanges substan-
nonplanar). For both structures, the polarizability of the ground tially between the monomer and H-dimer, the coupling between

dimer _ monomer
= 2055 ,

dimer __
Ogs =

Qes
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CT% to-tail interaction with one another, resulting in a reduction of
0 01 0.8 3.3 123

the value of thgAu| relative to the value in the solvent glass.

Summary and Conclusions

The primary goal of this work was to assess whether the
enhancement factor faAaJprovides an alternative method of
characterizing\c 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 to
the different photophysical 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
1/d (A1) value ofN¢ obtained from line width and fluorescence lifetime
measurements agrees with the enhancement factéAtdrito

Figure 12. Change in polarizability between excited and ground

electronic statesAa, as a function of interplane separatiah, The within a factor of 222 For H-aggregates, the saturafion of the
dotted-dashed line<{ - —) showsAay, the dotted line+¢-) showsAayy, spectral spllttlng_ due to interaction b_etween H-dlmQIJEHQ can
and the solid line showao,, The monomers are parallel to thg be taken as a direct measureNy. This saturation occurs at an

plane and displaced from one another along #fais.. The crosses  aggregate size of greater than six adjacent H dimers, implying
(circles) show the results obtained with (without) inclusion of charge N. > 12. This value forN¢ differs considerably from the

transfer between monomers. The top axis shows the percent chargeenhancement factor faAa[lof 2 observed for these systems
transfer in the excited state. The principle effect of charge transfer is — '

an increase in the polarizability along the axis connecting the monomers, ~ The different relations between the enhancement factor for
A0 [AadandNc for J- and H-aggregates may be rationalized on a
geometric basis. In J-aggregates, the brickwork geometry leads
H-dimers has little effect onAall Calculations are in agree-  to strong coupling of each dye with two neighbors, while the
ment with this trend, as the predictéflaUfor two adjacent  geometry of the H-aggregate leads to strong coupling within a
dimers is the same as that for a single dimer to within 10%. dimer and much weaker coupling between adjacent dimers. This
Change in the Dipole Moment (Ag|). Both in a solvent s reflected in the ratio ointradimer (8) to interdimer ()
glass and when bound to the DNA minor groove, monomeric coupling strengths, which is 2:1 in J-aggreg&tesd 10:1 in
DiSCy(5) has a small value di\u|, indicating that the excited  H-aggregates. Because the intradimer and interdimer interactions
electronic states have little charge-transfer character. This is notare quite similar in J-aggregates, the enhancemem@flcan
surprising for a symmetric cyanine in which a dipole must arise pe expected to be sensitive to both types of couﬁng and so
from symmetry breaking either due to nonzero BLA or disorder. dependent on the overall coherentig, In H-aggregatesAall
Comparably small values ghu| have been reported by Grewer i dominated by intradimer couplings as evidenced by its
et al. for symmetric cyanines of similar structipe. enhancement factor saturating at a single H-dimer. Since the
The values ofAyu| for the different H-aggregates (0.45.9 enhancement factor df\aJdepends only on the intradimer
D_) are found to be slightly smaller than that for the _monomeric coupling, it is not surpn?ng that it is equal to 2, which is the
DiSC,(5) (1.1 D). That|Au| for the H-aggregates is smaller  nymper of strongly coupled monomers, rather than the overall

than the value for the monomeric dye is in agreement with the gherence lengtiNc, which is established by the much weaker
theoretical predictions by Dubinfit,who showed that theAu| interdimer coupling.

for the aggregate is less than or equal to the value for the
constituent monomers. In the special case of dimers|Ag¢

for the monomer and the dimer can be directly related using eq
6, derived in ref 66:

The results presented here and elsewfienglicate that the
enhancement factor ofAclis related to the number of
stronglycoupled 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
cos P = lA“dimer| ©) remains elusive.
|A‘umonomel .

Acknowledgment. For support of this work, L.P. acknowl-
where 6 is the angle between the transition moments of the edges NSF through the CAREER program and CHE-0109761
individual monomers. Equation 6 predicts that the maximum and D.J.Y. acknowledges NSF CHE-9985719. I.R. acknowl-
value of the|Au| for an aggregate is that of the monomer if all edges CMU for a SURG Fellowship. We would like to thank
the constituent dyes in the aggregate are parallel to each otherDr. Bruce Armitage, Miaomiao Wang, Isil Dilek, and Bhaskar
Since the transition moments of the monomers within the dimer Datta for help in forming the DNA-dye aggregates and useful
should be roughly parallel, we expgdiy| of the dimer to be discussions. We also acknowledge the Center for Molecular
roughly equal to that of the monomer as is found to be the caseAnalysis at CMU for use of the absorption spectrophotometer.
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is seen experimentally. This section considers the polarizability of a dimer in which

It is noteworthy that the value ¢Ay| of DiISCy(5) monomers coupling leads to coherence between the monomers but has a
bound to the DNA minor groove~0.8 D) is slightly smaller negligible effect on the state energies and transition moments.
than that of the monomers in 80% E@ater glass in the  The fluorescence lifetime of such a dimer is predicted to be
absence of DNA (1.1 D). It is possible that the dipoles of the half that of the monomer, and so the lifetime can be considered
adjacent monomers on the DNA strand experience a weak heada direct measure of the coherence length. Here, we show that
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Aa of such a dimer is the same as that of the monomer, and so The polarizability of ground state of the dimer may then be
this property does not have a direct dependence on coherenceavritten as

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

|Glalin?

o=y — Al
B s (A1)
wherekE; is the energy of statgl]j is the dipole operator, and
a; is the polarizability of stat@i[] For convenience, we consider
only a single tensor component ef such that: of eq Al can
be viewed as the component of the dipole operator with
being thexx component of the polarizability.

The following notation is introduced for the properties of the

monomer. The transition moments of the monomer are defined

as
[Blulal= up o (A2)

that the polarizabilities of the ground state and atfe excited
electronic state are

2
aGSmonomerz Eol'ua'ol (A3)
a= Ea
and
monomer, |'ua’0|2 Wb’a'Z
= (aa)
Ea b=a Eb B

b=0

where the index O refers to the ground state.
The relevant, parity-adapted, states of the dimer are

|GS'= 10,00 (A5)

|a*D=%2[|a,0Eli 0al] (A6)

(ab)*0= = [ablt baf a=b (A7)
V2

l(a,a) 0= |a,al (A8)

where |a,bl0denotes a state of the dimer in which the first
monomer is in stat@a and the second monomer is in state

B WIGST  _ladl”

dimer
Ogs = E 22 = 2a.
a= Ea a= Ea

The polarizability of the optically alloweth*Cexcited state
may then be written as

[GSula’if | ula"Of
- + +

monomer
GS

dimer:
ES
Ea b=a Eb - Ea
|Qab) " fula’OF . Ma.a) |ula’ 0
b=Za Eb Ea
ool |l nol®  ltaol?
—2 + + 2 =

Ea b=a Eb - Ea b=a Eb Ea

b=0 b=0

monomer monomer
Ogs + Ogg (A13)

Thus, Agdimer = Agmonomer and the assumption of coherence
alone is not sufficient to alter the change in polarizability.
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