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DNA-Templated formation and luminescence of diphenylacetylene dimeric
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We report on spectral features for two and three diphenylacetylene chromophores aligned in close
proximity in aqueous solution by self assembly of attached oligonucleotide arms. Two duplex systems
were examined in detail. One was formed by hybridization (Watson–Crick base pairing) of two
oligonucleotide 10-mers, each containing the diphenylacetylene insert. The other was generated by
self-folding of a 36-mer oligonucleotide containing two diphenylacetylene inserts. The triplex system
was obtained by hybridization (Hoogsteen base pairing) of a 16-mer oligonucleotide diphenylacetylene
conjugate to the folded 36-mer hairpin. Formation of duplex and triplex entities from these conjugates
was demonstrated experimentally by thermal dissociation and spectroscopic studies. The UV and CD
spectra for the duplex systems exhibit bands in the 300–350 nm region attributable to exciton coupling
between the two chromophores, and the emission spectra show a strong band centered at 410 nm
assigned to excimer fluorescence. Addition of the third strand to the hairpin duplex has little effect on
the CD spectrum in the 300–350 nm region, but leads to a negative band at short wavelengths
characteristic of a triplex and to a strongly enhanced band at 410 nm in the fluorescence spectrum. The
third strand alone shows a broad fluorescence band at ∼345–365 nm, but this band is virtually absent in
the triplex system. A model for the triplex system is proposed in which two of the three aligned
diphenylacetylenes function as a ground state dimer that on excitation gives rise to the exciton coupling
observed in the UV and CD spectra and to the excimer emission observed in the fluorescence spectrum.
Excitation of the third chromophore results in enhanced excimer fluorescence, as a consequence of
energy transfer from the locally excited singlet of one chromophore to the ground state dimer formed
by the other two chromophores.

Introduction

Hybridization of oligonucleotides bearing organic fragments
provides a convenient means to orient those organic moieties in
dilute aqueous solution.1,2 We have previously exploited construct
I (Chart 1), where oligoi is complementary to oligoii and oligoiii is
complementary to oligoiv, to study the photophysical and photo-
chemical properties of two stilbenedicarboxamide or perylenedi-
imide chromophores aligned in close proximity.3–6 A similar system
served to position two steroid units to generate a hydrophobic
pocket in an aqueous medium.7 For the stilbenedicarboxamide

Chart 1 Structures of constructs I and II.
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case, we found that hybridization resulted in the formation of
duplexes in which the two stilbene units form a ground state
dimer.4 The electronically excited dimer is strongly fluorescent,
providing the first example of stilbene excimer fluorescence in fluid
solution. DNA templating also enabled us to achieve efficient [2 +
2] photodimerization of stilbene units present in solution at very
low concentrations.

We report here on properties of two related families of conju-
gates in which oligonucleotide arms are employed to align carbon–
carbon triple bonded groups (Chart 2). The linear diphenylacety-
lene group in the DPA linker in these conjugates absorbs at
somewhat higher energy than the stilbene group and cannot
undergo cis–trans isomerization on irradiation. Furthermore, [2 +
2] photodimerization would be expected to be inefficient since it
would lead initially to an anti-aromatic cyclobutadiene.8 Conju-
gates 1–4 are analogues of the conjugates studied in the stilbene
system. Along with conjugate 6 they serve to probe properties of
two adjacent DPA groups in dilute solution. Compounds 5 and
6 were designed (a) to explore utility of a new system, construct
II (Chart 1), in which oligonucleotide arms could serve to align
three DPA chromophores in solution and (b) to investigate excited
state properties of DPA groups so aligned. Triplex formation via
hybridization of hairpin and single stranded DNA conjugates has
been extensively investigated.9,10 However, to our knowledge there
has been no prior report of the use of triplex formation to align
three chromophores.
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Chart 2 Structures of the DPA linker and conjugates 1–6.

Results and discussion

Single stranded conjugates 1–5

Spectral properties of the single stranded conjugates were in-
vestigated to provide a base for evaluating the double and
triple stranded complexes. The UV absorption spectra of these
conjugates show a strong band in the 260 nm region characteristic
of the nucleobases and a weaker band with maxima at 310 and
328 nm attributed to the diphenylacetylene group, with some
overlap from the band for the nucleobases. Their spectra are similar
to those for hairpin-forming oligonucleotide–DPA conjugates.11,12

The CD spectra of conjugates 3 and 4 (Fig. 1) have minima
and maxima near 252 and 275 nm, respectively, characteristic of
single stranded oligonucleotides,13 and no CD band at wavelengths
longer than 300 nm. Similar CD spectra are observed for the other
single stranded conjugates.

Fig. 1 CD spectra of equimolar amounts (ca. 2 × 10−6 M) of 3 and 4
(heavy traces) and duplex 3:4 (light trace) in 0.1 M NaCl at pH 7.0.

The diol derivative of the DPA linker (Chart 2) is strongly
fluorescent in methanol solution, having a band maximum at
351 nm, a quantum yield (Ufl) of 0.33, and a fluorescence decay
time of 0.60 ns.12 The single stranded conjugates 1–5 also have
emission maxima near 350 nm in aqueous buffer (Fig. 2). Values
of Ufl for 1–4 are ≤0.005 (Table 1) whereas the value for 5 is 0.14

Fig. 2 Fluorescence spectra of conjugates 3 and 4 and duplex 3:4 for ca.
2 × 10−6 M conjugate in 0.1 M NaCl, pH 7.0 (Tris–HCl) at 0 ◦C.

Table 1 Tm values and fluorescence quantum yields for conjugates in the
duplex system (1–4)a

Conjugates Tm/◦C Ufl
b

1 <0.005
2 <0.005
3 <0.005
4 <0.005
1:2 36 0.01
3:4 34 0.20

a Experiments were carried out in aqueous 0.1 M NaCl at pH 7.0 (Tris-
HCl) containing ∼5 lM of each oligomer. b Fluorescence quantum yields
were determined using 315 nm excitation of nitrogen-purged solutions at
20 ◦C.

Table 2 Tm values, fluorescence quantum yields, and lifetime data for
conjugates in the triplex system (5,6)b

Conjugate Tm/◦C Ufl
b s/nsc

5 0.14 0.5
6 >75 0.29 2.7 (83), 8.0 (17)

4.0 (80), 10.1 (20)d

5:6 18, >75 0.43 2.6 (69), 9.6 (31)
2.7 (88), 12.5 (12)d

a Experiments were carried out in aqueous 1.0 NaCl at pH 7.0 (Tris–HCl)
containing ∼5 lM of each oligomer. b Quantum yields determined at 20 ◦C
using 315 nm excitation. c Fluorescence decays determined using 315 nm
excitation at 360 nm for single stranded conjugate 5 and at 440 nm emission
for 6 and 5:6. Values in parentheses are percentage of total decay. Values
determined at 20 ◦C except as noted. d Values determined at 5 ◦C.

(Table 2). The higher value for 5 vs. 1–4 is attributed to the absence
of purine bases in the former conjugate. The fluorescence of DPA
in hairpin-forming conjugates is strongly quenched by purine
bases, which have lower oxidation potentials than the pyrimidine
bases.12 Fluorescence quenching occurs via an electron transfer
process in which singlet DPA is reduced by an adjacent purine.
The fluorescence decay of 5 can be fit as a single exponential with
a decay time of 0.5 ns (Table 2), similar to that of the DPA diol in
methanol.
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Duplex system

Hybridization of conjugates 1 and 2 or 3 and 4 (Chart 2) results
in the formation of duplex structures. The melting curve for the
duplex 1:2 provides values of Tm (36 ◦C) and hypochromicity
(0.13) similar to those for the duplex formed by the analogous
stilbene conjugates.3,4 The slightly lower value of Tm for duplex
3:4 reflects the replacement of one of the G–C base pairs in 1:2
with a weaker A–T base pair in 3:4. The duplex UV absorption
spectra have the same band maxima as those for the single stranded
conjugates; however the ratio of 310/328 nm band intensities
is larger for the duplex than for the single strand conjugates
(1.35 vs. 1.10). The increase in band ratios without a shift in the
absorption maxima is similar to that observed for perylenediimide
dimers6,14 and is attributed to exciton coupling between the two
DPA chromophores in the duplex.

The CD spectrum for duplex 3:4 displays a minimum at 252 nm
and maximum at 285 nm (Fig. 1), as expected for a duplex
containing both A:T and G:C base pairs.13 In addition it displays
a minimum at 308 nm and a maximum at 340 nm, a spectral
region where the DPA insert absorbs and absorption by bases
is very weak. Similar bisignate CD bands have been observed
for the duplex conjugates possessing stilbene5 or perylenediimide6

chromophores and are assigned to exciton coupling between the
two chromophores. The relative intensity of the long wavelength
(DPA) vs. shorter wavelength (nucleobase) CD bands indicates
that the two chromophores are in close proximity and do not have
perfectly aligned long axes, which would result in zero rotational
strength.6,13

The fluorescence spectra of duplexes 1:2 and 3:4 (Fig. 2) are red-
shifted with respect to those of the single stranded conjugates. The
appearance of red-shifted emission is similar to the fluorescence
of the analogous stilbene-containing duplexes3,4 and is attributed
to the singlet excited DPA dimer or excimer. To our knowledge
excimer fluorescence from unsubstituted diphenylacetylene or its
derivatives has not been previously observed in fluid solution.
However, Brocklehurst et al.15 have assigned an emission having
a maximum at 390 nm observed upon warming a squalene
glass containing diphenylacetylene following c-irradiation to a
diphenylacetylene excimer.

Both 1:2 and 3:4 display excimer fluorescence but little or
no monomer fluorescence. However, the quantum yield for
fluorescence is significantly larger for 3:4 than for 1:2 (Table 1).
The relatively strong excimer fluorescence for 3:4 indicates that
the excimer is quenched less efficiently than the monomer by
an adjacent A–T base pair. This observation is consistent with
the lower singlet energy and hence the lower driving force for
photoinduced electron transfer quenching of the singlet excited
excimer vs. the monomer.16 The lower value of Ufl for the 1:2
vs. 3:4 excimer is attributed to the location of a G–C base
pair closer to the DPA chromophores in 1:2. Guanine has a
lower oxidation potential than adenine and is thus more readily
oxidized.17 Quenching of singlet stilbene fluorescence in hairpin-
forming conjugates having a single G–C base pair is strongly
dependent upon the location of guanine.18

Molecular modeling of duplex systems having aligned
perylenediimide6 or pyrenediamide19 linkers indicates that the
two chromophores are buried between the two duplex base
pair domains, a geometry which minimizes exposure of their

hydrophobic p-surfaces to water and allows p-stacking between
the chromophores and with the adjacent base pair. We propose
that duplexes 1:2 and 3:4 adopt similar geometries having buried
DPA chromophores, as shown schematically in Chart 3, rather
than an exposed geometry having aligned DPA long axes, as
suggested by the linear structures in Chart 2. The proposed duplex
geometry permits orbital overlap between DPA chromophores and
is consistent with the observation of exciton coupled UV and CD
spectra and excimer fluorescence.

Chart 3 Proposed structures for duplex (left) and triplex (right)
conjugates.

The DPA duplex conjugates were irradiated using the same
experimental conditions previously employed with the stilbene
oligonucleotide duplex.3,20 Photobleaching was inefficient relative
to the stilbene conjugates, for which photobleaching resulting
from [2 + 2] photodimerization was complete in 10 minutes. The
complex product mixtures obtained from 1:2 or 3:4 have not been
characterized.

Triplex system

Conjugates 5 and 6 (Chart 2) were designed to explore the
interactions of one, two, or three DPA fragments. In principle,
an oligonucleotide with sequence 6 can align DPA groups either
by hybridization of two strands to form an extended duplex or
by folding to give a hairpin structure. We represent the structure
as a hairpin (Chart 2) since extensive work with oligonucleotides
comprising a short segment, such as -CCCC-, flanked by comple-
mentary oligonucleotide arms has shown that the hairpin structure
is preferred.21,22 Such structures are distinguished by their high
thermal stability. Conjugate 5 was designed to bind to conjugate 6
via Hoogsteen A:T and G:C base pairing,23 thereby bringing three
DPA groups into proximity.

Conjugate 6 indeed self-hybridized to give an unusually stable
structure, as shown by a Tm value for thermal dissociation >75 ◦C
in 1.0 M NaCl at pH 7.0 (Fig. 3a). The UV, CD (Fig. 4), and
fluorescence spectra of 6 (Fig. 5) mirror those for the duplex
3:4. The long-wavelength region of the CD spectrum displays a
minimum at 308 nm and maximum at 337 nm, similar to those
for the duplex (Fig. 1). A strong excimer band centered near
410 nm dominates the fluorescence spectrum. The fluorescence
decay of hairpin 6 is biexponential (Table 2), the major and minor
components having decay times of 4.0 ns and 10.1 ns respectively
at 5 ◦C. The dual-exponential character of the excimer fluores-
cence is analogous to the behavior of DNA-templated stilbene
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Fig. 3 Thermal dissociation curves in 1.0 M NaCl, pH 7.0 for (a) hairpin
6 and (b) 6 plus an equimolar amount of 5, measured at 325 nm (�) and
at 260 nm (�).

Fig. 4 CD spectra of equimolar amounts (ca. 2 × 10−6 M) of 6 (light trace)
and 6 plus 5 (dark trace) in 1.0 M NaCl at pH 5.5 (phosphate buffer).

excimers, which was attributed to multiple duplex geometries.4

Both decay times are significantly longer than those of either DPA
diol or single stranded conjugate 5. The increase in lifetime for
excimer vs. monomer fluorescence is typical of arene excimers
and is a consequence of less favorable Franck–Condon factors for
emission of the excimer.24

The thermal dissociation profile for a 1 : 1 mixture of hairpin 6
and conjugate 5 displays two transitions (Fig. 3b) in contrast to
the single transition for 6 alone (Fig. 3a). The higher temperature
transition (>75 ◦C) corresponds to melting of hairpin 6, and
the lower transition is attributed to conversion of a triplex
oligonucleotide structure (5:6) to hairpin 6 and free conjugate 5.
In view of observations that triple stranded complexes containing
cytosines in the third strand are strongly pH dependent25 and that
protonation of cytosines in the third strand of a triplex enhances
triplex stability,26,27 we also compared the thermal stability of

Fig. 5 Fluorescence spectra in 1.0 M NaCl at 0 ◦C for equimolar amounts
(ca. 2 × 10−6 M conjugate) of 5, 6, and 5 plus 6.

triplex structure 5:6 at pH 6.5 and pH 5.5 (Fig. 6). The increase
in the Tm value for the first break from 17 ◦C to 48 ◦C with
a pH change from pH 6.5 to 5.5 (0.1 M NaCl) is indicative of
the presence of a triple stranded oligonucleotide array for the
5:6 complex at the lower temperatures. The negative band in the
short-wavelength region of the CD spectrum (<230 nm, Fig. 4) is
characteristic of a triplex structure,10,13 providing further support
for triplex formation. At longer wavelengths (>300 nm) the CD
spectrum of 5:6 is similar to that of 6.

Fig. 6 Thermal dissociation curves for complex 5:6 at pH 5.5 and 6.5.

The fluorescence spectrum for the triplex formed by adding
one equivalent of 5 to 6 is particularly revealing (Fig. 5). Three
features stand out: (a) the band is at approximately the same
position (∼410 nm) as that for the hairpin duplex alone, (b) the
intensity is considerably greater than that for the hairpin duplex
and (c) monomer fluorescence characteristic of 5 is essentially
absent. In agreement with the 1 : 1 stoichiometry for the triplex,
addition of a second equivalent of 5 to the triplex 5:6 results in
overlapping monomer and excimer fluorescence. The fluorescence
decay time for system 5:6 can be fit as a dual exponential having
decay times similar to those for 6 (Table 2). Similar decay times
are observed at temperatures below or near the triplex Tm (5 and
20 ◦C, respectively).
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The observation of similar exciton coupled CD spectra (Fig. 4)
and excimer fluorescence for the duplex 6 and triplex 5:6 (Fig. 5)
indicates that the geometry of the two DPA chromophores in
the duplex 6 remains largely unaltered upon formation of the
triplex. The geometry of the Watson–Crick base pair domains in
triplexes having canonical T:AT and C+: GC triplets is known
to be slightly underwound, but otherwise similar to that of
B-DNA.23 We propose that Hoogsteen base pairing results in
location of the DPA chromophore of conjugate 5 near the two
DPA chromophores of duplex 6, which remain “buried” between
base-pair domains (Chart 3). This geometric arrangement for the
three DPA chromophores can account for the absence of monomer
fluorescence from 5 as well as the similar CD and fluorescence
spectra for the hairpin duplex 6 and the triplex 5:6. The proximity
of the three DPA chromophores in 5:6 should permit efficient
energy transfer from the higher energy monomer in 5 to the
ground state dimer in 6.16 Assuming similar molar absorbance
values for the three DPA chromophores, a ca. 50% increase in
excimer fluorescence intensity would be expected upon addition
of 5, as is observed (Fig. 5). Alternative triplex structural models
can be envisioned; however the one presented in Chart 3 has the
merits of simplicity and accommodation of the available spectral
data.

Irradiation of 5:6 under the conditions used for 3:4 likewise led
to relatively slow bleaching of the UV absorption bands due to
the DPA groups. Ion exchange reversed phase chromatography
of the products from 10 min irradiation showed the presence of
unreacted starting oligomers (5 and 6) and a small band with
four peaks eluting after 5 and 6, indicating formation of larger
oligomers. The products were not further investigated.

Summary

We have utilized construct I to examine excited state properties
of two aligned organic inserts containing carbon–carbon triple
bonds (DPA groups). CD and fluorescence data for aqueous
solutions of duplex 3:4 and hairpin 6 reveal that chromophores so
organized in dilute solution interact both in the ground state and
upon photoexcitation. Efficient quenching of fluorescence occurs
in single stranded DPA conjugates possessing adenine bases near
the chromophore, but not in the duplexes having only A:T pairs
near the chromophores. Guanine, a more effective quencher than
adenine, significantly reduces excimer fluorescence even when in
the second nucleotide position to the DPA chromophore in a
duplex, as shown by the relative fluorescence intensities of duplexes
1:2 and 3:4.

Data provided by melting curves, fluorescence spectra, quantum
yields, lifetime measurements, and CD spectra provide convincing
evidence for the utility of construct II in aligning three organic
entities in proximity in solution. The triplex system 5:6 displays
fluorescence with the same band shape and decay times as found
for the corresponding duplex 6, but with greater fluorescence
intensity. We conclude from the fluorescence data that all three
chromophores participate in the excitation step leading to flu-
orescence, but emission stems from an excimer formed by only
two chromophores. Delocalization to form a fluorescent complex
comprising three chromophores therefore appears unfavorable
even in the constrained system provided by construct II. In
contrast to the fluorescence data, intensities of the CD bands

were not enhanced when the third strand was hybridized to the
duplex. We suggest as a plausible model to rationalize the CD
and fluorescence data that the two DPA groups of the hairpin 6
function as a ground state dimer which on excitation gives rise
to the exciton coupling observed by CD and excimer emission
observed by fluorescence, and that excitation of the third DPA
group leads to enhancement of the excimer fluorescence band by
means of energy transfer to the lower energy excimer excited state.
Thus the third strand provides a light-harvesting chromophore for
enhanced excimer fluorescence.

Experimental

Materials

Conjugates 1–6 were prepared using conventional nucleoside
phosphoramidite reagents and DPA-diol modified by DMT at
one end and an N,N-di-isopropylphosphoamidite group at the
other, following the procedure used is preparing related stilbene
oligonucleotide conjugate3,4 and adapted to synthesis of hairpin
structures consisting of complementary oligonucleotides joined
by a DPA bridge.12 The preparation, purification, and character-
ization of the conjugates followed the method of Letsinger and
Wu20 as implemented by Lewis and coworkers.28 The oligomers
were first purified as DMT-on derivative by RP HPLC; then after
removal of the DMT group by treatment with 80% acetic acid,
the conjugates were again subjected to RP HPLC. Subsequent IE
HPLC showed a single peak in each case.

Methods

Thermal dissociation curves were obtained for aqueous NaCl
solutions 5 × 10−6 M in each oligomers using a Perkin Elmer
Lambda 2 UV spectrophotometer equipped with a temperature
programmer for automatically increasing the temperature at the
rate of 0.8 ◦C min−1. CD spectra were recorded using a Jasco J500
C spectropolarimeter. Fluorescence spectra were determined using
a Perkin Elmer LS 50B spectrofluorimeter equipped with a RM6
Lauda circulating bath for controlling the temperature. Fluores-
cence quantum yields, measured using DPA diol in methanol as a
reference,12 were determined for deoxygenated aqueous solutions
containing ∼5 × 10−6 M conjugate in Tris–HCl buffer at pH 7.0,
as described previously.20 Fluorescence decay times were measured
using a PTI-LS1 single photo counting apparatus. Fluorescence
decays were analyzed using the method of James et al.29

Acknowledgements

We thank Mahesh Hariharan for assistance in preparation of
the manuscript. This research was supported by grants from the
National Institute of General Medical Sciences to RLL (GM
10265) and from the National Science Foundation to FDL (CHE-
9301381).

References

1 X. Li and D. R. Liu, DNA-Templated organic synthesis: Nature’s strat-
egy for controlling chemical reactivity applied to synthetic molecules,
Angew. Chem., Int. Ed., 2004, 43, 4848–4870.

858 | Photochem. Photobiol. Sci., 2008, 7, 854–859 This journal is © The Royal Society of Chemistry and Owner Societies 2008



2 J. Svoboda and B. König, Templated photochemistry: Toward catalysts
enhancing the efficiency and selectivity of photoreactions in homoge-
neous solutions, Chem. Rev., 2006, 106, 5413–5430.

3 R. L. Letsinger and T. Wu, Control of excimer emission and photo-
chemistry of stilbene units by oligonucleotide hybridization, J. Am.
Chem. Soc., 1994, 116, 811–812.

4 F. D. Lewis, T. Wu, E. L. Burch, D. M. Bassani, J.-S. Yang, S. Schneider,
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