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Abstract: The understanding and description of collectively
excited multichromophores is of crucial importance for many
areas of basic and applied research. DNA has been used for the
construction of well-defined heterochromophoric stacks. Elec-
tronic coupling among non-adjacent chromophores of the
same type leads to the co-existence of PDI and pyrene H-
aggregates in hybrids composed of alternating chromophore
stacks.

The appearance of collectively excited states of multiple
chromophores remains fascinating. More than 70 years after
the pioneering contributions of Scheibe,! Davydov,m and
Kasha,®! the topic has been broadly discussed and
reviewed,™™ but the consequences of collective electronic
excitation have by far not been fully explored. For delocalized
excitation, a high structural order of the individual chromo-
phores is a prerequisite.**!*'¥ Yet, the assembly of multi-
chromophores in a precise manner represents a chal-
lenge. >l DNA has been used as a supramolecular scaffold
for the construction of distinct arrays of aromatic dyes.”>I
The formation of chromophore segments that are well-
defined with regard to the number and kind of the compo-
nents is readily controlled by hybridization of complementary
strands. Recently, we reported the DNA-guided assembly of
homo- and hetero-multichromophores.®” While this study
revealed a correlation between hybrid stability and electro-
static complementarity of the stacked chromophores it also
represents a system for testing the degree of electronic
coupling among the dye molecules. Herein, we demonstrate
the co-existence of excitonic states originating from coupling
between identical molecules in alternating chromophore
stacks.

The system used for the present study is illustrated in
Scheme 1. A total of 14 single strands (Supporting Informa-
tion) were synthesized according to published proce-
dures.P**! Oligomers are composed of a short DNA part
(six nucleotides) and four consecutive pyrene or perylenedi-
imide (PDI) units connected by phosphodiesters. Duplexes of
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Scheme 1. Top: lllustration of PDI (blue) and 1,8-dibutynylpyrene
(green) building blocks, modified oligonucleotides, and formation of
hybrids 1-16. Bottom: Hybrids grouped in Series A and B (nearest and
next-nearest neighbor interactions, increasing in direction of dashed
arrows); hybrids shown in the upper panels are used to study
electronic coupling among PDls, interactions of pyrenes are studied
with hybrids given in the lower panel.

a specific chromophore composition can be formed by
hybridization of two complementary DNA strands. Hybrids
1-8 compose Series A, which allows studying the electronic
coupling interactions between nearest neighbors, while
hybrids 9-16 (Series B) describe the next-nearest neighbor
interactions. PDI and pyrene units in the chromophore
segment of the hybrids were previously shown to interact by
aromatic stacking interactions.® Exciton theory is used to
describe the electronic coupling in the different hybrids and to
explain the co-existence of two independent excitons at
different energy levels in the same supramolecular aggregate.
In a single chromophore, excitation from S, to S,*% proceeds
by a single transition (Scheme 2). Interaction of N identical
chromophores leads to the splitting of S, into N different
energy levels, which are calculated using Equations (1)-(3): E,
is the reference energy (= S,—S, transition), N is the number
of molecules, j the numbering of states, 3, is the Coulomb
interaction in cm™', AD is equal to 1.615x 10~ m*cm™"
the energy of the S,-S; transition in cm™, n is the refractive
index (1.40), and d is the distance between the stacked
chromophores (0.35 nm). Scheme 3 illustrates the geometri-
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Scheme 2. Representation of the calculated values of the relative
exciton interaction and the corresponding ETDMs according to Equa-
tions (1)—(4). The uppermost excited state is strongly allowed, whereas
the lower states are either forbidden or weakly allowed (for a detailed
description and calculated spectra using the obtained values, see the
Supporting Information).
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Scheme 3. Angle representation of stacks of multiple chromophores.
The ETDM is represented by the arrows. The angle 6 arranges the
chromophores in either H-aggregates (6 >54°) or J-aggregates

(60 <54°); for calculations: =90°. The angle ¢ defines the self-
rotation of the chromophore. The angle ¢ has no substantial influence
when <20° and is therefore not taken into consideration for further
calculations.

cal parameters relevant for the Coulomb interaction between
the individual chromophores. The values of the ETDM
(electronic transition dipole moment, M?) are further calcu-
lated using Equation (4) and are graphically represented in
Scheme 2.
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Figure 1. Absorption spectra of PDI (top) and pyrene (bottom).
Spectra of monomers (-----) were shifted by 30 and 5 nm (—),
respectively, to match with the actual spectra obtained with duplexes 9
and 13 (s«e4), which contain a single PDI or pyrene in the chromo-
phore stack. Conditions: 10 mm sodium phosphate buffer, pH 7.2 and
100 mm NacCl; single strand concentration 2.5 um.

The absorption spectra of duplexes 9 and 13 were used as
the pivotal spectra of a single PDI or pyrene building block in
a chromophore stack (Figure 1). Both spectra match perfectly
(30 and 5 nm shift) with those obtained for the dissolved
monomeric compounds (Supporting Information).

In all of the spectra, a certain fraction of monomer
contribution is present. Therefore, each calculated spectrum
is composed of the spectrum shifted by the amount given in
Scheme 2 and fraction of the monomer spectrum (duplex 9),
which was determined individually (for further details, see the
Supporting Information). Figure2 shows the correlation
between the calculated and experimental spectra of hybrids
1-4 representing increasing numbers of PDI-PDI nearest
neighbor interactions. As seen in Figure 2, the correlation is
very good. The only exception is a discrepancy in the 482 nm
band in duplex 4, in which 8 PDIs are in direct contact (for
details see the Supporting Information, p 25). The good fit
supports H-aggregate interactions between adjacent PDI
units. The above calculations and comparison were carried
out in an identical way for the duplexes 5-8 in Series A,
representing pyrene nearest neighbor interactions. The
obtained results were in close agreement with the PDI
series (Supporting Information, p 29). For reasons of read-
ability and comprehensiveness, only PDI results are shown
here.
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Figure 2. Absorption spectra (colored) of duplexes 1-4 showing the effect of an increasing
gradually decreases. On the other hand, the

number (A-D: 2, 3, 4, and 8) of adjacent PDls interacting as nearest neighbors. Black —: N -
calculated spectra; ----- : reference spectrum duplex 9 (single PDI). Overlaid spectra (E: relative intensity of the monomer compo-
observed; F: calculated) are shown at bottom. nent (550 nm) increases. This transition

shows a change from a strong H-coupling

owing to nearest neighbor interactions to

Much to our surprise, the same H-coupling behavior can  a less intense H-coupling through next-nearest neighbor
also be observed in Series B containing duplexes in which the  interactions.

PDIs (or pyrenes) can interact exclusively as next-nearest The data show the existence of an H-aggregate of PDI

neighbors. The analogous procedure (Supporting Informa-  molecules separated by intervening pyrenes and, vice versa,

tion) was carried out with duplexes 10-12. The correlation  an H-aggregate of the pyrenes separated by PDIs. The two

1.2 A 12 - B 1.2 C
T 1 4 duplex 10 14 duplex 11 T 14 duplex 12
s 08 08 5 08
g g
5 06 06 4 2 0.6 +
B Qo
® 04 0.4 4 ® 04
€ S
S 02 ) 0.2 - 2 02+
o L= Fi ; } y 0 } 0 L ' } ; 2
400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700

12 7

w

© o
o o

Norm. absorption —>
o
S

02 +

400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength/nm —> Wavelength/nm —>

Figure 3. Absorption spectra (colored) of duplexes 10-12 showing the effect of an increasing number (A-C: 2, 3, and 4) of PDls interacting as
next-nearest neighbors. Black ——: calculated spectra; ----- : reference spectrum duplex 9 (single PDI). Overlaid spectra (D: observed; E:
calculated) are shown at bottom; conditions as in Figure 2.
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Figure 4. Top: Effect of the addition (indicated by arrows, step=0.2 e-
quiv) of pyrene containing single strand to the PDI-modified strand to
form hybrid 16. Bottom: Normalized absorption traces.
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Scheme 4. Representation of the two co-existing exciton states (H-
aggregates) within an alternating PDI-pyrene stack (pyrene: white/
green; PDI: gray/blue).

excitonic states co-exist independently in an aromatic stack
composed of alternating PDI and pyrene chromophores. The
H-aggregates can be described by classical exciton theory.
The co-existence of two separate H-aggregates upon excita-
tion of the two chromophores is illustrated in Scheme 4.

In conclusion, we have demonstrated the co-existence of
two independent excitonic states in aromatic stacks composed
of two types of chromophores. Pyrene and PDI molecules
were arranged in an alternating fashion in a DNA scaffold.
Electronic coupling was observed between chromophores of
the same type in alternating arrangements. Thus, PDI and
pyrene H-aggregates co-exist in m-stacked hetero-aggregates.
Classical exciton theory was used to quantitatively explain the
data. According to our knowledge this is the first observation
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of the co-existence of two independent exciton states in an
alternating chromophore stack.
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