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ABSTRACT: The excited-state dynamics of two cyclic DNA
miniduplexes, each containing just two base pairs, are
investigated using time-resolved infrared spectroscopy. As in
longer DNA duplexes, intrastrand electron transfer induced by
UV excitation triggers interstrand proton transfer in the
alternating miniduplex containing two out-of-phase G·C base
pairs. The resulting excited state decays on a time scale of
several tens of picoseconds. This state is absent when one of
the two G residues is substituted by 8-oxo-7,8-dihydroguanine,
a modification that is suggested to disrupt base stacking, while
maintaining base pairing. These findings demonstrate that a
nucleobase tetramer arranged as two stacked base pairs
accurately captures the interplay between intrastrand and
interstrand decay channels. The similar signals seen in the miniduplexes and longer sequences suggest that excited states in the
latter rapidly localize on two adjacent base pairs.

■ INTRODUCTION

Recent time-resolved infrared (TRIR) pump−probe experi-
ments reveal spectral and dynamical differences in UV excited
states formed in double-stranded DNA duplexes containing 18
identical A·T base pairs, but differing in base sequence.1 As in
single-stranded DNA,2−4 UV-excitation of DNA duplexes
causes intrastrand electron transfer (ET) between adjacent
bases on one strand, and can generate high yields of oppositely
charged radical ions.1,5 In certain sequences, interstrand proton
transfer (PT) between a radical ion on one strand and its
neutral complementary base on the opposite strand can
additionally take place along a hydrogen bond (H-bond) and
the overall excited-state mechanism is an example of photo-
induced proton-coupled electron transfer (PCET).1,5 The
enhanced acidity/basicity of the ions compared to their neutral
parent molecules (see Table S1 in ref 1, and ref 6) is the driving
force behind interstrand PT. Photoinduced PCET explains why
attempts to reduce excited-state dynamics in DNA duplexes to
pairwise interactions between bases that are only π-stacked or
H-bonded fail to capture the full spectrum of photophysical
pathways. Four bases arranged as two stacked base pairs thus
appear to constitute a minimal model system for understanding
excited-state dynamics in double-stranded DNA.
To test this paradigm, we report here a study of the excited-

state dynamics of two cyclic DNA miniduplexes by TRIR
spectroscopy. These structures, which contain just two base

pairs, are the smallest systems that can support the PCET
mechanism discussed in refs 1 and 5. At the same time, their
small size will allow detailed study by high-level quantum
chemical calculations. We show that the transient species
generated in a miniduplex are identical to ones seen in a longer
sequence containing 18 base pairs. The results strengthen the
evidence that PCET is a general decay pathway in duplex DNA
and suggest that excited states delocalized over more than two
base pairs are not present in the alternating duplex made of 18
G·C base pairs on the time scale of the experiments (t > 200
fs).

■ RESULTS AND DISCUSSION

The two miniduplexes are cyclized oligonucleotides prepared
from hairpin conjugates that contain a hexaethylene glycol
(PEG) linker, a 5′-alkyne, and a 3′-azide. The latter two groups
are converted to a triazole via Cu(I)-catalyzed click chemistry
(see the Supporting Information, SI).7,8 The PEG linker lacks
double bonds and does not absorb photons with wavelengths
longer than 200 nm.9 The triazole linker exhibits an absorption
band at 210 nm but cannot be excited significantly at 265 nm
(see Figure S1 in the SI), the excitation wavelength in our
TRIR experiments (full experimental details are described in
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the SI). Exciton-coupled circular dichroism (ECCD, Figures S2
and S3) and nuclear magnetic resonance (NMR, Figure S4)
measurements suggest that the cyclic miniduplex with two G·C
base pairs (denoted cCG/CG, structure shown in Figure 1)
adopts a stable B-form conformation at room temperature like
the similar cGC/GC cyclic miniduplex reported by Brown and
co-workers.7

Comparing the ground-state IR absorption spectra (the
inverted FTIR spectra are shown by dash-dotted lines in panels
(a) and (b) of Figure 1) reveals structural similarities and
differences between cCG/CG and d(GC)9·d(GC)9. The latter,
containing nine times as many G·C base pairs as the former, is
expected to have few, if any, unstacked/unpaired bases. The
FTIR spectrum of B-form d(GC)9·d(GC)9 shows a sharper
carbonyl stretching mode of guanine (GCO, band 1) at ∼1675
cm−1 compared to cCG/CG. The broader GCO band seen in
cCG/CG may be due to a guanine that is not base paired with
cytosine because the GCO of the G monomer occurs at ∼1665
cm−1.10 Additionally, the shoulder (band 3) at the low
frequency side of the ∼1650 cm−1 band (band 2, assigned to
the CO stretching mode of cytosine, CCO) is less intense in
d(GC)9·d(GC)9. This shoulder has reduced intensity when
poly(dC) is based paired with poly(dG).11 Lastly, the ring in-
plane stretching mode of guanine (band 4, Gring) at ∼1575
cm−1 is much weaker in d(GC)9·d(GC)9. The reduced intensity
of the Gring mode has been interpreted as a hallmark of G·C
base pairing.11 Thus, the FTIR spectra suggest that not all bases
in the cyclic miniduplex cCG/CG are stably base paired as in
d(GC)9·d(GC)9. Imperfect base pairing has been reported
previously for a hairpin containing two G·C base pairs linked by
a PEG group.12 It is difficult, however, to determine the fraction

of the unpaired bases in cCG/CG using the current steady-state
data.13

The instrumentation for recording TRIR spectra is described
in ref 14 and experimental details are given in the SI. The TRIR
spectra in the double-bond stretching region for cCG/CG and
d(GC)9·d(GC)9 in buffered D2O solution, collected from 1 to
800 ps after 265 nm excitation, are displayed in panels (a) and
(b) of Figure 1. Negative peaks align well with minima in the
inverted FTIR spectra and are assigned to ground state bleach
(GSB) signals. Weak positive signals due to excited-state
absorption (ESA) or absorption by transient species are also
observed at 1550, 1600, and 1700 cm−1. The TRIR signal of the
miniduplex is much weaker than that of the d(GC)9·d(GC)9
duplex due to the lower concentration of the former and the
pump pulse energies used. Importantly, the pump pulse
fluences are low enough in all experiments that the probability
of having more than one excitation in a single duplex is
negligible (see the SI for details).
Global fitting of the TRIR data in the spectral and temporal

domains15 was performed using the Glotaran software package
(see the SI for details).16 The fits show that the positive and
negative signals decay biexponentially with time constants of
5.0 ± 0.7 and 22 ± 5 ps for cCG/CG, and 7.2 ± 0.5 and 35 ± 2
ps for d(GC)9·d(GC)9. The decay constants obtained for
d(GC)9·d(GC)9 are in excellent agreement with previous
reports.1,5,17 Figure 2 shows the kinetic trace of the strongest
GSB signal and its fit obtained from global analysis. All signals
decay to a featureless negative offset across the probing region,
which is due to laser-induced heating of D2O.

18

Differences with the FTIR spectra of the two duplexes are
evident in the early time TRIR spectra (1−20 ps after
excitation), and will be discussed later. The amplitude of the

Figure 1. TRIR spectra recorded from 1 ps (purple) to 800 ps (red) after 265 nm excitation of (a) cCG/CG (structure shown on the right) and (b)
d(GC)9·d(GC)9 in D2O solution with 50 mM D2PO4

−/ DPO4
2− buffer and 100 mM NaCl. The same color scale is used in panels (a) and (b). The

inverted FTIR spectra are shown by the gray dash-dotted lines. (c) Decay-associated difference spectra (DADS) of the long-lived excited states of the
two duplexes obtained from global fitting (see text). The two curves were scaled to have approximately equal intensity.
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long-lived component is greatly reduced in cCG/CG compared
to d(GC)9·d(GC)9, as seen in Figure 2 (approximately 15 ±
8% of the total amplitude for cCG/CG vs 60 ± 5% for d(GC)9·
d(GC)9). We propose that this is due to the presence of a
greater number of conformers in the miniduplex, which cannot
undergo the photoinduced PCET mechanism indicated in
Figure 3, possibly because of poor base stacking and/or base
pairing. Strikingly, despite the differences in the early time
TRIR spectra and the relative amplitudes of the fast and slow
decay components (see Figure S5 and the associated text in the
SI with global fitting details), the long-lived spectra of the two
duplexes are very similar (Figure 1c). The small shift in the
major GSB bands (bands 1 and 2) may be due to minor
structural differences between cCG/CG and d(GC)9·d(GC)9.
The positions of vibrational bands in the double-bond
stretching region are exquisitely sensitive to conformation as
is evident from the significant differences seen in the FTIR
spectra of B- and Z-forms of the alternating G·C duplex.17

Importantly, the CO stretching modes (bands 1 and 2) in
the cCG/CG long-lived spectra are considerably narrower than
those observed in the FTIR spectrum, and are as sharp as the
features seen in d(GC)9·d(GC)9. This indicates that only the
stacked and paired bases undergo slow excited-state relaxation.
The spectral signatures of G•+ and G(−D1)− are clearly

observed in both duplexes. The C(+D3)• vibrational marker
band is predicted to appear at approximately 1625 cm−1,

masking the GSB of band 3.1,5 These transient species can only
be generated by the PCET mechanism indicated in Figure 3,
where both electron and proton move from two different
guanine residues toward a cytosine residue, forming a distonic
radical ion base pair C(+D3)•·G(−D1)− stacked with a
nondistonic G•+·C base pair. The similar long-lived excited-
state spectra indicate that identical transient species are formed
in UV-excited cCG/CG and d(GC)9·d(GC)9. The observation
of the closed-shell ion G(−D1)− is the key evidence supporting
our model. This transient species is not observed in the
Hoogsteen form of the d(GC)9·d(GC)9 duplex, which lacks the
N1−D···N3 H-bond.5

We next consider possible explanations for the longer
lifetime (35 ± 2 ps) observed for d(GC)9·d(GC)9 compared to
cCG/CG (22 ± 5 ps). The common excited state formed in
each is proposed to decay when the electron and proton return
to their original positions. This can take place concertedly, but
recent experiments on Watson−Crick and Hoogsteen d(GC)9·
d(GC)9 duplexes suggest that back ET occurs first, followed by
ultrafast PT.5 Charge delocalization, charge transport, or
solvation differences could affect back ET rates in both
systems. We consider these possibilities in order in the
following paragraphs.
A longer strand with three or more base pairs can support

charge delocalization over more than two base pairs3,19 or even
charge transport.20 In this case, the longer excited-state decay
time observed in d(GC)9·d(GC)9 would reflect slower
recombination of delocalized charges and/or free charges that
are several bases apart. However, charge delocalization, even in
single DNA strands, is a controversial issue. Bucher et al.
concluded from their TRIR experiments that the charge
generated by intrastrand ET extends over as many as four
uracil bases.3 On the other hand, Su et al. argued that electronic
excitation is localized on no more than two bases in d(A)n
sequences21 in agreement with the conclusions of some
computational studies.22,23 Although charge-transfer states are
predicted to delocalize over several bases in nonalternating
sequences, alternating sequences are less prone to delocaliza-
tion effects due to the energy mismatch between the lowest
excited states of neighboring bases that are not identical.24,25

Charge transportthe process in which an electron or hole
moves relatively freely along a DNA strandcan occur when
an initially bound electron−hole pair dissociates into free

Figure 2. Ground-state bleach recovery of GCO (band 1 in Figure 1)
for cCG/CG (olive green) and d(GC)9·d(GC)9 (magenta). The
markers are the experimental TRIR signals and solid lines are global
fits. The vertical dash-dotted line designates the linear-logarithmic
break in the horizontal axis.

Figure 3. UV-induced proton-coupled electron transfer (PCET) resulting from intrastrand electron transfer (ET) and interstrand proton transfer
(PT) in cCG/CG. In D2O solution, a deuteron (colored blue at right) moves toward the electron, yielding a distonic radical ion base pair in the
upper base pair.
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charges. This requires that electron and hole overcome ∼0.5 eV
of Coulomb attraction26 and increase their separation by
moving to more distant base pairs. This is impossible in cCG/
CG, but could take place in the longer d(GC)9·d(GC)9. Charge
delocalization has been suggested to facilitate the dissociation
of a bound electron−hole pair,27 but it should be strongly
inhibited in a domain of alternating bases for the reasons just
mentioned.
The unlikelihood of charge delocalization or charge transport

suggests that excited states in d(GC)9·d(GC)9 involve two
adjacent base pairs just like the ones in cCG/CG. The similar
nature of excited states in both systems provides the simplest
explanation for the common TRIR spectra observed in both
duplexes. Calculations seeking to explain excited states with
unusually high emission energies and nanosecond lifetimes in
an alternating GC duplex recently identified mixed Frenkel
exciton/charge transfer states that are largely limited to two
base pairs.28 Although there is no evidence in our measure-
ments of excited states with nanosecond lifetimes, possibly
because such states are formed in very low quantum yield, this
study does reinforce the viewpoint that excited states with
significant charge transfer character are strongly localized in
alternating sequences. Charge delocalization could still take
place in other DNA sequences, especially ones with domains of
identical bases, but definitive evidence is lacking. Variable-
length, nonalternating G·C miniduplexes containing two or
more base pairs could be useful model systems for searching for
evidence of delocalization.
We propose that the faster decay seen for the cCG/CG

miniduplex vs d(GC)9·d(GC)9 is due to their very different

solvation environments. In the miniduplex, all four bases are
exposed to water to a substantial degree, while excited-state
dynamics in the 18-mer double strand is dominated by
contributions from base tetramers in the interior. It has been
shown that semiclassical nonadiabatic Marcus theory can
successfully model back ET rates in single-stranded DNA.29

The reorganization energy for charge recombination is
expected to be lower for the d(GC)9·d(GC)9 duplex compared
to the cCG/CG miniduplex due to the reduced dielectric
constant experienced by interior bases in the longer system.
Because back ET takes place in the Marcus-inverted region29

increasing reorganization energy correlates with increased back
ET rates, assuming that the thermodynamic driving force and
electronic coupling remain constant. Thus, the greater
reorganization energy expected for the more hydrated base
pairs in cCG/CG results in a higher rate of decay in agreement
with the observed trend in lifetimes.
We replaced one of the guanine residues in the cCG/CG

miniduplex by 8-oxo-7,8-dihydroguanine (8-oxo-G). The
resulting miniduplex, denoted cCO/CG (see structure in
Figure 4), contains one G·C and one O·C base pair. Figure 4a
presents the TRIR spectra of cCO/CG in buffered D2O
solution recorded between 1 and 50 ps following 265 nm
excitation. The TRIR signals disappear by approximately 20 ps,
leaving a constant offset across the spectral region due to D2O
heating as discussed above. Global fitting reveals a mono-
exponential decay with a time constant of 4.6 ± 0.2 ps.
The elimination of the long-lived decay component seen in

cCG/CG upon modification of a single G is surprising at first
glance. Because O is a better electron donor than G,30,31

Figure 4. (a) TRIR spectra recorded between 1 ps (purple) and 50 ps (red) after 265 nm excitation of cCO/CG (structure shown on the right) in
D2O solution with 50 mM D2PO4

−/ DPO4
2− buffer and 100 mM NaCl. (b) Ground-state bleach (GSB) recovery monitored at 1662 cm−1

(frequency indicated by an asterisk in panel a). The markers are the experimental TRIR signals, the solid curve is from a global fit. The vertical dash-
dotted line designates the linear-logarithmic break.
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intrastrand ET should be facile in CpO. The resulting C•−,
stacked with O•+, should acquire a deuteron from its H-bonded
partner G along the middle H-bond, forming the same distonic
radical ion base pair G(−D1)−·C(+D3)• as in cGC/CG (the
top base pair shown on the right side of Figure 3). G → C ET
on the opposite strand would also be followed by PT from N1
of O to N3 of C•− in the resulting O·C•− base pair. This
follows because O is a better acid than G (the pKa values for G/
G(−H1)− and O/O(−H1)− are 9.432 and 8.6,33 respectively).
In both scenarios, a longer decay component is expected.
The absence of a long-lived decay component in cCO/CG is

suggested to arise from poor base stacking. Although the two
miniduplexes differ only by the substituents on two atoms of a
single G residue, evidence points to significant structural
differences. The O·C base pair is expected to have the same
Watson−Crick H-bonding motif as the G·C base pair,34 and
NMR spectroscopy indicates that both G·C and O·C are
properly base paired (Figure S4). However, the two base pairs
are poorly stacked in the calculated structure of cCO/CG
(Figure 5a) that best reproduces the ECCD spectrum (Figure
S3); the internucleotide distances (defined as the distance
between the C5 atoms) are 5.13 and 6.56 Å for CpO and CpG,
respectively. These distances are much greater than the average
distance between π-stacked C and G in cCG/CG of 3.86 Å
(Figure 5b). Structural studies have previously identified a
steric clash between the C8 carbonyl of 8-oxo-G and the O4
and the 5′-phosphate oxygen of the same nucleotide, which is
relieved by a minor change in bond angles.35 In the case of the
cCO/CG miniduplex, the 5′ phosphate closest to the triazole
reorients, causing the G·C base pair to buckle in the DFT-
optimized structure (Figure 5a). The greater separation
between base pairs in cCO/CG provide an unusual opportunity
to observe the effects of base pairing on excited-state dynamics
in the absence of well-ordered base stacking in aqueous
solution.
We propose that the 4.6 ps component seen in cCO/CG

reflects relaxation taking place within single base pairs in the
miniduplex. In a landmark computational study, it was shown
that excitation of an isolated G·C base pair transfers an electron
and a proton from G to C followed by decay to the ground
state via an S1/S0 conical intersection (CI).37 The overall
mechanism of electron-driven proton transfer was subsequently
described for an isolated A·T base pair.38 Broad spectral lines
consistent with short excited-state lifetimes were observed in
spectroscopic experiments on single G·C base pairs in the gas
phase,39 but the decay kinetics were not observable. A recent

computational study by Kumar and Sevilla suggests that the
same mechanism is operative in the isolated O·C base pair.40

Because all three bases in cCO/CG can absorb at the pump
wavelength, the 4.6 ps component could reflect deactivation
occurring in both base pairs on similar time scales.
Very recently, the biradical state produced by the transfer of

an H atom (an electron-driven PT mechanism as described
above) from G to C along the middle H-bond of single G·C
base pairs was detected in chloroform solution.41 This biradical
state formed by interstrand H atom transfer was observed to
decay with a lifetime of 2.9 ps.41 The short lifetime is largely
harmonious with theoretical predictions,37 even if relaxation
takes place somewhat more slowly than might have been
expected for a barrierless process. Bleach recovery signals in ref
41 decay with a lifetime of 7.2 ps due to vibrational cooling.
This lifetime, which was measured in chloroform solution, is
similar to the 4.6 ps lifetime measured here in aqueous solution.
In general, vibrational cooling takes place more rapidly in
aqueous solution compared to other solvents.42

The TRIR spectra recorded between 1 and 5 ps do not
exhibit the ‘rise, blue-shift, and decay’ dynamics that are the
typical signature of VC on the ground state.14 This could
indicate that the lifetime of a biradical state is closer to the 4.6
ps lifetime as slower IC will wash out the contribution to the
bleach recovery signals from VC. The lack of a VC signature
may also indicate that all bases in cCO/CG are located in stable
base pairs. An excited state of any base that is neither stacked
nor base paired would be expected to decay on a subpicosecond
time scale, resulting in VC on the ground electronic state. In
addition, the TRIR spectrum of the C monomer exhibits a
strong positive signature at ∼1570 cm−1 with a lifetime of ∼30
ps.43 The absence of these signatures suggests that monomer-
like decay is not an important pathway.
Definitive assignment of the 4.6 ps state is not possible at this

time also because the observed dynamics are likely a composite
of interstrand H atom transfer in both the G·C and O·C base
pairs. Preliminary calculations performed on the neutral 9-
methyl-G(−D1)• radical H-bonded with the neutral 1-methyl-
C(+D3)• radical predicts a positive feature at approximately
1630 cm−1 (see Figure S6 in ref 145). In comparison, positive
signals are observed in the 1580−1620 cm−1 region (Figure 4a)
not far from the predicted position. Analogous calculations for
vibrational modes of an O·C base pair have not yet been
reported.
The excited-state dynamics in these two closely related

miniduplexes richly illustrate the competition between

Figure 5. Optimized structures for (a) cCO/CG and (b) cCG/CG at the B3LYP/6-311G(d,) level. Images were prepared using the UCSF Chimera
software package.36
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interstrand electron-driven PT37,38 and the PCET mechanism
first described in ref 1. Evidence suggests that both channels are
accessible even when all bases are stacked and paired.9 In the
absence of base stacking, interstrand electron-driven PT, which
results in ultrafast IC to the electronic ground state, is the only
operative channel, while intrastrand ET44 (and the interstrand
PT coupled to it)1 can only be observed when stacked bases are
present. Interestingly, radicals formed on the same strand via
intrastrand ET (and possibly followed by interstrand PT) are
much longer-lived than ones formed by electron-driven PT in
poorly stacked base pairs. The long lifetimes observed in the
former case are due to charge recombination that takes place
deep in the Marcus-inverted region.29

The competition between the two channels in regular
duplexes containing stacked base pairs appears to be strongly
influenced by energetics. When C is stacked with G, the
intrastrand ET channel lies lower in energy compared to
interstrand ET.25 On the other hand, in sequences with
repeating nucleotides (i.e., ApA, GpG, CpC, TpT) interstrand
ET may be more accessible than intrastrand ET on account of
the lower driving force for charge separation between identical
nucleobases.24,25 Consistent with this hypothesis, the amplitude
of the faster decay component that is assigned to electron-
driven PT in base pairs is larger in duplexes with nonalternating
vs alternating base sequence.1

■ CONCLUSIONS
We have observed the excited-state dynamics by TRIR
spectroscopy of the shortest possible DNA duplex that
possesses both base stacking and pairing. The photophysical
pathways in cCG/CG are remarkably similar to those in the
longer d(GC)9·d(GC)9 duplex, suggesting that excited states in
the latter system are localized over just two base pairs. In
sequences where intrastrand ET is more favorable than
interstrand ET (e.g., in cCG/CG and d(GC)9·d(GC)9), charge
separation between two π-stacked nucleobases on the same
strand leads to a pair of radical ions, which can trigger
interstrand PT, even in a duplex containing just two base pairs.
The state reached by intrastrand ET and interstrand PT
subsequently decays on a time scale of tens to hundreds of
picoseconds. In contrast, in sequences with more easily
accessible interstrand ET (e.g., cCO/CG and nonalternating
duplexes), short-lived excited states are proposed to be more
prominent due to rapid IC by interstrand electron-driven PT,
which constitutes an additional PCET decay channel.
The ability to incorporate modified nucleobases, such as 8-

oxoguanine, into cyclic miniduplexes offers a route to selective
excitation and probing of specific residues. Replacing a single G
by 8-oxo-G in the cCG/CG miniduplex greatly accelerates
excited-state relaxation. Although further structural character-
ization of the cCO/CG miniduplex is needed, this system
appears to have well-formed base pairs that are nevertheless
poorly stacked and possibly separated by water molecules.
These observations support for the first time in aqueous
solution the electron-driven PT deactivation channel predicted
for the isolated G·C base pair.37 They also illustrate the
exquisite sensitivity of excited-state deactivation in duplex DNA
to the interplay between intrastrand and interstrand processes.
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