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ABSTRACT: Investigating the migration of excited-state energy in
DNA is crucial for a deep understanding of protection mechanisms
and light-induced DNA damage. While numerous reports focused
on single electron transfer and Förster-type energy transfer in DNA,
studies on the Dexter-type triplet−triplet energy transfer are scarce,
in particular, those with direct detection of photoexcited triplet
states. Herein, we present direct measurements of the distance-
dependent triplet−triplet energy transfer rates through DNA by
using transient absorption spectroscopy. This was achieved through
the synthetic incorporation of thioxanthone as an energy donor and
naphthalene as an energy acceptor into a DNA double strand at
defined positions. The energy transfer rates strongly depend on the
number of A-T base pairs (up to four) separating the energy donor
from the energy acceptor. We observed a fast energy transfer rate with a time constant of 17 ns for the DNA sample in which the
donor and acceptor are directly adjacent in the DNA. By analyzing two additional donor−acceptor distances, a steep exponential
distance dependence with an attenuation factor of 1.15 Å−1 could be obtained. Our results demonstrate that DNA acts as a poor
conductor of triplet energy when energy donors with triplet energies below 2.7 eV are used, complementing more indirect studies on
sensitized DNA damage.
KEYWORDS: DNA, energy transfer, oligonucleotides, photochemistry, time-resolved spectroscopy

■ INTRODUCTION
Solar ultraviolet (UV) light can be a threat to DNA, leading to
light-induced DNA damage which, in the worst case, can lead
to skin cancer.1−3 Nonetheless, in most cases, the excited states
in DNA decay extremely fast (<1 ps) into charge-separated
states. These return to their ground state through charge
recombination, a property of DNA that protects it from light-
induced damage.4−6 However, excited singlet states can also
lead to photochemical reactions. For example, cyclobutane
pyrimidine dimers (CPDs) are the most common DNA
damage and are formed by singlet photochemistry on ultrafast
time scale and in a nearly barrierless reaction at the site of
excitation.7−9 In addition to the well-studied singlet photo-
chemistry in DNA, it has been shown that excited triplet states
also play an important role in the formation of DNA damage
such as one-electron oxidation, cross-linking or CPDs.10−15

Singlet energy transfer typically occurs via dipole−dipole
interactions, known as Förster Resonance Energy Transfer
(FRET),16 from an excited donor to an acceptor. In contrast,
triplet−triplet energy transfer (TTET) proceeds predomi-
nantly through the exchange mechanism (Dexter-type),17

which shares mechanistic similarities with electron transfer.18

Dexter energy transfer requires orbital overlap and, therefore,
close proximity between the donor and acceptor. The range of

triplet energy transfer can be significantly extended by
introducing bridging units that enable through-bond energy
transfer,19 a phenomenon extensively studied in molecular
systems.20,21 In certain cases, triplet-to-singlet energy transfer
via dipole−dipole interactions has also been observed,22 or
both mechanisms may operate in tandem.23 Depending on the
thermodynamic barriers introduced by the bridging units,
energy transfer may occur sequentially through intermediate
states via a hopping mechanism, provided these states are
energetically accessible, or through tunneling. The mechanism
by which triplet energy transfer in DNA leads to DNA damage
is not yet fully understood, primarily because it is challenging
to excite and localize triplet states in DNA at defined positions.
Yet understanding the different photochemical mechanisms
leading to DNA damage is crucial for elucidating the different
pathways to skin cancer.
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In recent studies, triplet states of DNA bases have been
made accessible by photosensitizers, which were selectively
incorporated into the DNA as C-nucleosides. By indirect
detection methods, we observed distance-dependent energy
transfer in the DNA leading to CPD damage.24−26 Localized
triplet states of DNA bases have been spectroscopically
observed,27−29 and emission-based measurements involving
DNA-intercalated metal complexes as energy donors suggest
the occurrence of triplet−triplet energy transfer.30,31 However,
the observed shallow distance dependence of energy migration
deviates from the predictions of the exchange mechanism,30,31

instead aligning more closely with long-range Förster trans-
fer32,33 or a combination of both mechanisms.30 This
highlights the limitations of relying on indirect, emission-
based techniques, which can introduce ambiguity regarding the
underlying mechanism, particularly in complex systems like
DNA.34 Another study led by Brun and Harriman used
intercalated acridine orange as energy donor tracking energy
transfer to a palladium complex by transient absorption
methods.35 However, a definitive conclusion is challenging,
as dipole−dipole interactions occurred simultaneously, and the
lack of covalent bonding between the energy donor and
acceptor further complicated the interpretation of the results.
To the best of our knowledge, we provide the first direct
evidence of an exchange-type triplet energy transfer through
DNA, demonstrated using transient absorption spectroscopy.
Our study thus complements prior experimental and
theoretical studies on triplet states and photosensitization in
DNA.36−43

■ RESULTS AND DISCUSSION

Design of the Study

We selected thioxanthone (TX) as the triplet energy donor
and naphthalene (Ntl) as the triplet energy acceptor. This
extensively studied donor−acceptor pair has well-established
triplet−triplet absorption spectra (see Scheme 1) and energy
transfer kinetics, making it a textbook example for triplet−
triplet energy transfer.44 Moreover, the long triplet state

lifetimes of both the donor and acceptor chromophore (>10
μs),45 which is typical for organic chromophores, facilitate the
detection of slower quenching processes anticipated at greater
donor−acceptor distances. The triplet state energy of
thioxanthone is reported at 2.75 eV46 giving the required
thermodynamic driving force for the energy transfer to
naphthalene (2.63 eV).45 Notably, this energy should be
insufficient to directly sensitize the DNA bases by triplet−
triplet energy transfer,40,47 in alignment with our prior study
monitoring CPD damage with a thioxanthone C-nucleoside as
the sensitizer.26 These characteristics make the TTET donor−
acceptor pair an ideal candidate for studying triplet energy
migration in DNA in a direct fashion. In this study, the triplet
energy donor thioxanthone and the triplet energy acceptor
naphthalene were integrated into complementary DNA
strands, both as C-nucleosides at specific distances using
phosphoramidite chemistry. We investigate three DNA double
strands abbreviated as TX-Ntl-n, along with three reference
DNA samples labeled TX-n (where n = 0, 1, 2), corresponding
to the number of two alternating A-T base pairs separating the
TX and Ntl C-nucleosides (see Scheme 1). The reference
samples were synthesized under identical conditions, however,
at the position of the Ntl C-nucleoside, the initial base
(thymine) is reinstalled. This allows us to directly assess the
presence and absence of the energy acceptor on the
photochemistry of the TX C-nucleoside.
Synthesis

The synthesis of the corresponding thioxanthone C-nucleoside
as a DNA building block for our study was reported previously
by one of our groups. The naphthalene C-nucleoside 4 was
obtained by a similar synthetic approach.26 Briefly, the first and
key step is a Heck reaction. The TBDMS-protected glycal 1 for
this reaction was obtained from TBDMS-protected thymidine
by elimination of thymine, while 1-bromonaphthalene was
available from a commercial supplier.48 In this case the catalyst
Pd2(dba)3 with the ligand Q-Phos proved to be most effective
with a combined yield of 79% of singly and doubly TBDMS-
protected product 2. The TBDMS group in the 2’-position
shields the down face of the glycal 1. As a result, the Heck
reaction occurs stereoselectively to the desired and natural-like
β-anomer 2. The further reactions are deprotection of the
TBDMS groups of 2, stereoselective reduction of the carbonyl
group at the 3′-position of 3 and conversion of 4 in two steps
to the desired phosphoramidite 6 were carried out following
our previously established procedures (Scheme 2).26

The DNA double strands TX-Ntl-0, TX-Ntl-1 and TX-Ntl-
2 were prepared using the TX- and Ntl-containing
phosphoramidites as DNA building blocks. Both phosphor-
amidites were characterized by 1H and 31P NMR spectroscopy
as well as HR ESI-MS (Figures S27−S29). The resulting DNA
single strands were synthesized via automated oligonucleotide
solid-phase synthesis and purified by RP-HPLC through
fractional collection. Fractions containing the desired DNA
strand, determined by MALDI-TOF-MS, were combined, and
the purity was confirmed again using analytical RP-HPLC
(Figures S32−S34). The complementary DNA single strands
modified either with TX or Ntl were annealed to double
strands by heating to 90 °C for 10 min and slow cooling to
room temperature. As control DNA samples, double strands
were prepared without the triplet energy acceptor naphthalene
(Figure 1, top). Furthermore, a reference DNA sample
containing only Ntl (Ntl-Control) was prepared (i.e., without

Scheme 1. Top: Structure of Energy Donor (TX) and
Acceptor (Ntl) Containing C-Nucleosides and Color-Coded
Reference Triplet−Triplet Absorption Spectra Obtained for
the Isolated Chromophores in Acetonitrile upon 355 nm
Laser Excitationa

aBottom: Schematic representation of the DNA double strands TX-
Ntl-n used to analyze the distance dependence of the TTET kinetics
in DNA double strands.
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TX; see Figure 1 for its structure). The unmodified DNA
single strands for the latter double strands were purchased.
Optical Spectroscopy

The UV−vis absorption spectra of all DNA double strands
show ∼ 20 nm red shifts of the long-wavelength absorption
band of thioxanthone to 397 nm compared to the absorption
spectrum of thioxanthone in acetonitrile with a maximum at
378 nm (Figure 1, bottom). The observed red shift can be
explained by the more polar DNA environment, assuming that
the TX chromophore is intercalated in the DNA base stack.
This leads to a stabilization of the S1 (π-π*) state.49 As a result,
a relatively high concentration (90 μM, based on double-strand
DNA) of the samples was required to ensure efficient
excitation at our laser wavelength 355 nm and sensitive TA
detection accordingly. As is evident from the reference spectra
of naphthalene in MeCN and the DNA double strand Ntl-
Control (see Figure 1), both the naphthalene chromophore
and the conventional DNA bases do not absorb at 355 nm,
ensuring selective laser excitation of TX (see Section S4.2 for
further control experiments).

Scheme 2. Synthesis of Naphthalene C-Nucleoside 4 and Phosphoramidite 6 as DNA Building Block

Figure 1. Top: Sequences of DNA double strands TX-n modified
with TX and TX-Ntl-n modified with both TX and Ntl. Bottom:
color-coded UV−vis absorption spectra of 90 μM DNA double
strands TX-n, TX-Ntl-n and Ntl-Control (dark blue) in aqueous
buffer solution (250 mM NaCl, 10 mM Na−Pi buffer, pH 7.0) and of
80 μM thioxanthone (pink) or 200 μM naphthalene (purple) in
MeCN.

Figure 2. Mechanistic studies of TX-Ntl-0 (dark blue) and TX-0 (light blue) with 355 nm laser pulses. (A) Transient absorption spectra recorded
100 ns after excitation. The triplet−triplet absorption band of NtlDNA is highlighted in purple. (B) and (C) Time-resolved measurements at
different detection wavelengths and time scales. (D) Time-gated 77 K emission of TX in MeCN (dotted line) and TX-Ntl-0 in aqueous buffer (250
mM NaCl, 10 mM Na−Pi buffer, pH 7.0) integrated 10 ms − 100 ms (blue) and 4.0 to 4.3 s (purple) after laser excitation.
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Transient absorption spectroscopy employing a pulsed 355
nm laser (∼20 mJ, ∼5 ns pulse duration) was used to excite
the DNA double strands in deaerated aqueous solution
containing 250 mM NaCl and 10 mM Na−Pi buffer (buffer
pH 7: 6.1 mM sodium phosphate monobasic and 3.9 mM
sodium phosphate dibasic). The first sample we investigated
was TX-Ntl-0, in which TX and Ntl are adjacent without any
base pairs in between, together with the reference DNA double
strand TX-0. We first analyzed the TA spectrum of TX-0.
Immediately following excitation (100 ns), two absorption
bands appeared at 320 and 612 nm, along with a ground-state
bleach (GSB) observed at ∼ 400 nm (Figure 2A).
These bands are associated with a TX-localized triplet state

of the C-nucleotide of TX (3TXDNA),
46 which is rapidly

generated via intersystem crossing from the singlet-excited
state.50 Compared to the triplet absorption spectrum of TX in
MeCN (Figure S1A), the bands exhibit slight shifts, a
phenomenon previously noted for TX in protic solvents and
attributed to substitution at position 2.51 We obtain a triplet
state lifetime of 59.3 μs for TX-0 (Figure 2B, top panel),
within the lifetime range of unquenched 3TX and its derivatives
in aprotic and protic solvents.52−54 We conclude that the
triplet-excited state of the C-nucleotide of TX is not quenched
by the DNA bases in line with prior investigations, where CPD
as a result of triplet−triplet energy transfer was only observed
for triplet energy donors with higher triplet energies (>2.80
eV).26 Exciting the DNA TX-Ntl-0 yielded an additional
absorption band centered at 424 nm alongside the triplet
absorption spectrum of TX directly after excitation (a 100 ns
delay time was used to ensure the absence of stray light and
fluorescence). This absorption band could be attributed to the
Ntl-localized triplet state of the C-nucleotide (3NtlDNA).
Compared to the triplet absorption spectrum of Ntl in
MeCN (Figure S1A), the fine structure is lost due to
broadening and the spectrum is shifted to longer wavelengths.
However, these observations can be traced back to the solvent
influence on the Ntl triplet55 and to the conversion of Ntl to
the 2′-deoxyribofuranoside at the α-position.56 In line with our
observations, Kiefhaber et al. reported a similar transient
absorption spectrum for 3Ntl, with a peak at 420 nm, when
they investigated the TTET dynamics between TX and Ntl
connected by a peptide bridge.57 We found that both transient
species concurrently decay with a lifetime of 14.2 μs (Figure
2B). Assigning the species with the ∼420 nm absorption band
to 3NtlDNA raises the question of why both 3NtlDNA and
3TXDNA appear to form after excitation (100 ns delay) and
decay with essentially identical lifetimes. This is particularly
puzzling given that (i) we have ruled out the direct excitation
of NtlDNA and (ii) the proposed energy transfer mechanism
suggests that 3NtlDNA should be generated during the
quenching of 3TXDNA. Indeed, the C-nucleotides of TX and
Ntl in the TX-Ntl-0 DNA are in close proximity (3.4 Å based
on regular stacking distance),58 which is within the typical
distance required for efficient Dexter-type energy transfer (<1
nm). Consequently, we expect the energy transfer to occur
nearly instantaneously (<100 ns). However, detection in that
range is challenging due to the strong fluorescence signal from
TX (see also Section S4.4), which causes detector saturation.
For this reason, a detection wavelength of 640 nm was chosen
for 3TXDNA (Figure 2C), where the TX singlet state does not
emit anymore. Time-resolved measurements show indeed a
more complex kinetic scenario, and a biexponential fit resulted
in a lifetime of 17 ns for the faster component, superimposed

by the longer lifetime (compare Figure 2B). The seemingly
incomplete quenching of 3TXDNA prompted us to conduct
time-gated 77 K emission spectroscopy. Interestingly, we
observed two emission signals at different time intervals, which
can be attributed to the phosphorescence of 3TXDNA followed
by that of 3NtlDNA (Figure 2D). Compared to the
phosphorescence of TX in MeCN, the emission from the
thioxanthone C-nucleoside is significantly red-shifted (∼40
nm), indicating a decrease in triplet state energy. Similar
environment effects on triplet-related properties in DNA were
predicted and observed before.26,59,60

We propose that the lower triplet state energy of TXDNA
reduces the energy gap to 3NtlDNA, which enables back energy
transfer (bTTET) at room temperature reaching an equili-
brated state.61−63 At 77 K bTTET becomes negligibly slow as
is evident from time-gated emission spectra shown in Figure
S11. Based on all these observations, we estimate the triplet
state energy of NtlDNA to be 2.61 eV. Determining the triplet
energy of TXDNA is more challenging due to its broad
phosphorescence spectrum. However, using the relative
distribution of triplet states between NtlDNA and TXDNA at
77 K and in the equilibrated state at room temperature, we
estimate its energy to be approximately 2.63 eV (see Section
S4.7 of the SI for details). These energy estimations support
the assumption that TX has a lower triplet state energy than
the DNA bases, consistent with the absence of characteristic
transient absorption bands from the nucleotides.40 Emission
quenching of singlet-excited TXDNA seems to be a minor
process and occurs on a shorter time scale than the observed
initial 3TXDNA decay and 3NtlDNA formation (Section S4.4),
ruling out significant contributions of Förster-like energy
transfer processes. To summarize the results obtained for DNA
TX-Ntl-0, after the formation of 3TXDNA we unequivocally
observe rapid triplet−triplet energy transfer to NtlDNA with
kTTET = (58.8 ± 11.7) × 106 s−1 (see SI for calculation of
kTTET), reaching an equilibrated state

64 of 3TXDNA and 3NtlDNA
owing to the almost isoenergetic triplet states. These triplet
states decay on a much longer time scale (kTTET, kbTTET ≫ kTX,
kNtl). Interestingly such an energy transfer equilibrium has also
been described by Kiefhaber et al. for the same donor−
acceptor pair in a peptide environment.57

Next, we examined the DNA double strand TX-Ntl-1, with
two A-T base pairs separating the TX and Ntl C-nucleotides, in
conjunction with the reference DNA TX-1. The TA spectra
recorded 100 ns after 355 nm laser excitation are almost
identical for these DNA samples (Figure 3A).
Yet, time-resolved measurements of 3TXDNA at 612 nm,

where it can be monitored in isolation, reveal a faster
deactivation in the presence of NtlDNA (TX-Ntl-1) in
comparison to its absence (TX-1). This observation suggests
3TXDNA quenching by NtlDNA (Figure 3B). Indeed, we observe
the formation of the 3NtlDNA band at longer delay times (inset
of Figures 3A, and S9). Comparative kinetic measurements at
424 nm show the slow formation of 3NtlDNA in TX-Ntl-1
(Figure 3C). This signal rise cannot be observed for TX-1,
which again shows a lifetime being typical for unquenched
3TX. For this rather slow quenching process, we ruled out the
possibility of inter-DNA energy transfer (from TX of one DNA
double strand to Ntl in another DNA double strand, compare
results with TX-Ntl-2 presented below) and attribute this to
intra-DNA triplet energy migration from 3TXDNA to NtlDNA (in
the same DNA double strand). Moreover, 3TXDNA was only
moderately quenched by dissolved oxygen in the air-saturated
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solution of TX-0, underscoring the protective geometry of the
DNA backbone. To determine the energy transfer constant,
the decay trace of 3TXDNA at 612 nm was fitted
monoexponentially until the energy transfer efficiency ηEnT
reaches ∼ 30% and back energy transfer has to play a minor
role, making the reasonable assumption that TTET is faster
than bTTET. Using the unquenched (τ = 63.1 μs) and
quenched lifetime of 3TXDNA (τ = 25.9 μs) we calculate an
energy transfer rate constant of kTTET = (22.7 ± 4.0) × 103 s−1.
In contrast to TX-Ntl-0 the (back) energy transfer constant in
TX-Ntl-1 is several orders of magnitude slower due to the
larger separation of the C-nucleotides in the DNA (10.2 Å),
and on the same order as the triplet decay constants of TXDNA
and NtlDNA (kTTET > kbTTET ∼ kTX, kNtl). As a result, an
equilibrium-like state is reached on a much slower time scale
(Figure S9C).
Lastly, the DNA double strands TX-Ntl-2 and TX-2 were

examined. Virtually identical TA spectra are observed after
excitation (Figure 4A). However, in contrast to the pair with
the shorter donor−acceptor distance investigated in Figure 3,
kinetic traces of 3TXDNA yield essentially identical lifetimes,
taking experimental errors into account. Only a minor lifetime

decrease from 55.3 ± 0.8 to 55.0 ± 0.9 μs is observed with the
introduction of the Ntl C-nucleotide into the DNA double
strand (Figure 4B). The high photostability of the DNA
samples allowed us to perform several independent sets of
measurements, supporting the reliability of the obtained
lifetimes (see Section S4.7). Based on this, we calculated an
energy transfer constant of (100 ± 400) s−1. However, we
would like to note that the deviation is higher than the
calculated energy transfer constant and should be seen as an
upper limit while kTTET = 0 s−1 sets the lower limit. In any case,
at this donor−acceptor distance with four A-T base pairs in-
between the donor and the acceptor (17 Å), TTET becomes
negligibly small. Given that 3TXDNA is virtually not quenched
by Ntl in TX-Ntl-2 on this long time scale which would enable
efficient diffusion of large DNA fragments, we can also exclude
the possibility of inter-DNA energy transfer as a competing
pathway alongside the primary intra-DNA energy migration. In
a somewhat related system with a methoxyxanthone C-
nucleoside as light absorber, the CPD yields are very similar
for double stands with zero or four separating A-T base pairs.65

The completely different behavior observed in this study with a
drastically more pronounced distance dependence already
indicates a Dexter-like instead of a FRET-like energy migration
mechanism.
During our experimental work, we observed a secondary

process in all TX-containing DNA samples following 355 nm
laser excitation, likely associated with the neighboring DNA
bases. However, this process is unrelated to the primary focus
of this study on triplet energy migration and does not affect the
results. A detailed description, along with several control
experiments, is provided in the Supporting Information
(Section S4.3).
Distance-Dependence of Triplet−Triplet Energy Transfer
The above-mentioned triplet−triplet energy transfer rates in
the three DNA samples with varying donor−acceptor
separation were plotted against the respective donor−acceptor
distance on a semilogarithmic scale (Figure 5). The distance
dependence of electron transfer (ET) and TTET, both
governed by exchange-type mechanisms between a donor
and an acceptor, is empirically described by the exponential
rate equation kDA = k0 · exp(−β · rDA).20,21,66,67 Where β is the
attenuation factor and it is fundamentally determined by the
effective barrier height, ΔEeff, which inversely correlates with
the probability of electron tunneling.68,69 In the so-called
superexchange mechanism, coupling between donor and
acceptor is facilitated by orbitals of bridging units, which
greatly surpasses the two-electron exchange integral in
magnitude.70,71 In a simplified model proposed by Closs et
al.,72 the attenuation factor for ET is approximately half that of
TTET, which can be conceptualized as the simultaneous
exchange of two electrons broadly supported by ab initio and
semiempirical calculations.73 However, this assumption does
not hold true, when intermediate virtual donor−acceptor CT
or bridge-localized excited states are involved in the energy
transfer pathways.19 In such a scenario, the β value can be
lower than the sum of the superexchange constants of electron
and hole transfer (see Section S5 for further explanations).71,74

In environments with high barrier heights (ΔEeff > 1 eV),
such as vacuum or certain solvents, β values typically range
from 1.5 to 5 Å−1.74,75 Molecular bridging significantly
enhances the exchange mechanism between donor and
acceptor attributed to a reduced ΔEeff and low lying virtual

Figure 3. Mechanistic studies of TX-Ntl-1 (dark green) and TX-1
(light green) with 355 nm laser pulses. (A) TA spectra recorded 100
ns after excitation. Inset: TA spectrum of TX-Ntl-1 recorded 50 μs
after excitation. The triplet−triplet absorption band of NtlDNA is
highlighted in purple. (B) Kinetic TA measurements at 612 nm. (C)
Kinetic TA measurements of TX-Ntl-1 (purple) and TX-1 (light
purple) at 424 nm.

Figure 4.Mechanistic studies of TX-Ntl-2 (dark red) and TX-2 (light
red) with 355 nm laser pulses. (A) TA spectra recorded 100 ns after
excitation. (B) Kinetic TA measurements at 612 nm.
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bridge states that mediate electronic coupling. For instance,
TTET between Ru and Os complexes employing aromatic
spacers such as phenyleneethynylene76,77 and phenylene78

units are typically associated with attenuation factors <1 Å−1. If
the effective barrier height approaches the available thermal
energy, TTET and ET can occur via a hopping mechanism
with real intermediate states, significantly extending the
transfer range and reducing β to values as low as <0.1 Å−1.79,80

The DNA double helix presents a distinctive structure with
arrays of π-stacked nucleobases separated by 3.4 Å. This
configuration favors charge and energy transfer along the bases
(through-space) rather than along the sugar−phosphate
backbone (through-bond).81 Tunneling and hopping mecha-
nisms for charge transfer, particularly hole transfer, have been
extensively studied in DNA systems.81−90 In contrast, research
on TTET within DNA remains limited and is usually based on
indirect detection methods.24,26,30,35 The handful of studies on
this topic are further complicated by the combined effects of
Förster- and Dexter-type energy transfer between intercalated
donor and acceptor molecules.30,35 These interactions obscure
a clear understanding of the underlying mechanisms leading to
vastly different β values and contradicting interpretations.31
Among the free nucleotides thymidine has the lowest triplet

state energy (ET = 3.2 eV).
40,91,92 In recent studies, led by one

of our groups, the distance dependence of triplet−triplet
energy transfer in DNA using high triplet energy donors was
thoroughly investigated by detecting the formation of T−T
dimers. When sensitizers with ET > 3.0 eV where employed, a
shallow distance dependence (0.13−0.37 Å−1) suggested that a
hopping mechanism was operative.24,26 The triplet energies of
the free nucleotides (≥3.2 eV) cannot support such a hopping
mechanism, however stabilizing effects in DNA can signifi-
cantly lower triplet state energies.93 For instance, an average
triplet state energy of 2.8 eV has been inferred for thymine in
supercoiled circular DNA.47 Accurately determining triplet
state energies of nucleobases within the DNA stack is

challenging, as they are influenced by distinct local environ-
ments. Recently, the triplet state energy of thymine in poly-A-
T sequences − most relevant to our system − has been
calculated at 3.0 eV using a free energy perturbation method
that accounts for DNA effects.94

Applying the above-mentioned fit function, we obtain an
attenuation factor of 1.15 Å−1, which is considerably higher
than values reported in previous studies of long-range TTET in
DNA using triplet sensitizers with ET > 3.0 eV

24,26 and more
resembling reports of insulating bridging units in other
molecular systems.68,95 Hence, a hopping mechanism involving
intermediate states of DNA bases26,34,39 is unlikely, which is
consistent with the absence of triplet state signals from DNA
bases in the transient absorption spectra.40 Considering the
effective barrier height between the triplet donor (∼2.63 eV)
and the bridge (calculated at 3.0 eV for poly-A-T sequences)
the attenuation factor supports a concerted TTET exchange
mechanism, however, the involvement of virtual bridge or CT
states cannot be excluded completely (see Section S5 for
details).94 Based on these findings, we propose that a tunneling
mechanism facilitates intra-DNA energy transfer in TX-Ntl-1
and most likely in TX-Ntl-2 as well.70,76,77,96 The most
plausible scenario involves a through-space mediated exchange
interaction across the A-T pairs (Figure 5).

■ CONCLUSIONS
In this study, we have demonstrated that the DNA structure
supports triplet energy transfer between thioxanthone (donor)
and naphthalene (acceptor), which proceeds via a tunneling
mechanism when a direct donor−acceptor orbital overlap is
not feasible. Both chromophores were placed as artificial C-
nucleotides at defined places in the DNA sequences. Through
transient absorption spectroscopy, we provide direct evidence
for triplet−triplet energy transfer and determined energy
transfer rates for three specific donor−acceptor separations:
directly adjacent (3.4 Å), separated by two (10.2 Å) and by

Figure 5. Sequences of DNA double strands TX-Ntl-n, experimentally observed distance dependence of triplet−triplet energy transfer from
3TXDNA to NtlDNA, schematic energy diagram of triplet−triplet energy transfer with plausible tunneling mechanism via the thymine triplet state. The
table displays the quenched (τ for TX-Ntl-n) and unquenched (τref for TX-n) TX triplet lifetimes and the resulting TTET rate constants. See Table
S1 for details.
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four alternating A-T base pairs (17 Å). From these
measurements, we calculated an attenuation factor of 1.15
Å−1, consistent with related DNA electron transfer studies.
Notably, the energy transfer rate observed in the DNA double
strand with longest separation between donor and acceptor
shows that energy migration becomes negligible at a donor−
acceptor separation of four base pairs (17 Å) comparable to
molecular donor−acceptor systems with insulating bridging
units.68,95 This highlights DNA as a relatively poor conductor
of triplet energy when hopping is thermodynamically
unfeasible. While the triplet state energy of nucleobases is
reduced due to π-stacking in DNA, it remains sufficiently high
to suppress long-ranged energy migration by UVA-absorbing
triplet donors and is likely entirely impractical when using
visible light-absorbing sensitizers, whose triplet energies are
usually well below 2.7 eV.45,97 This serves as an effective
protective mechanism for DNA against sunlight-driven
sensitization. These findings align with the conclusions of
Miranda et al., who established an alert limit for phototoxicity
in chemicals at an ET ∼ 2.8 eV.47

■ ASSOCIATED CONTENT
Data Availability Statement

All experimental data have been provided in the main text and
the SI. The data sets shown in the main paper be found under
https://doi.org/10.25358/openscience-12363.
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00364.

Materials and methods, experimental details, character-
ization data, additional steady-state and time-resolved
spectroscopic results, raw data sets, and control
experiments (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Hans-Achim Wagenknecht − Institute of Organic Chemistry,
Karlsruhe Institute of Technology (KIT), Karlsruhe 76131,
Germany; orcid.org/0000-0003-4849-2887;
Email: wagenknecht@kit.de

Christoph Kerzig − Department of Chemistry, Johannes
Gutenberg University Mainz, Mainz 55128, Germany;
orcid.org/0000-0002-1026-1146; Email: ckerzig@uni-

mainz.de

Authors

Sebastian Häcker − Institute of Organic Chemistry, Karlsruhe
Institute of Technology (KIT), Karlsruhe 76131, Germany

Till J. B. Zähringer − Department of Chemistry, Johannes
Gutenberg University Mainz, Mainz 55128, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.5c00364

Author Contributions
§S.H. and T.J.B.Z. contributed equally to this paper, names
ordered alphabetically.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge generous financial support from the JGU
Mainz the KIT and the German Research Foundation (DFG,
grant number KE 2313/7-1). T.J.B.Z. is grateful to the German
Federal Environmental Foundation (DBU) for a PhD
fellowship (grant number 20022/028).

■ REFERENCES
(1) Pfeifer, G. P.; Besaratinia, A. UV Wavelength-Dependent DNA
Damage and Human Non-Melanoma and Melanoma Skin Cancer.
Photochem. Photobiol. Sci. 2012, 11 (1), 90−97.
(2) Cadet, J.; Douki, T. Formation of UV-Induced DNA Damage
Contributing to Skin Cancer Development. Photochem. Photobiol. Sci.
2018, 17 (12), 1816−1841.
(3) Taylor, J. S. Unraveling the Molecular Pathway from Sunlight to
Skin Cancer. Acc. Chem. Res. 1994, 27 (3), 76−82.
(4) Crespo-Hernández, C. E.; Cohen, B.; Hare, P. M.; Kohler, B.
Ultrafast Excited-State Dynamics in Nucleic Acids. Chem. Rev. 2004,
104 (4), 1977−2020.
(5) Middleton, C. T.; De La Harpe, K.; Su, C.; Law, Y. K.; Crespo-
Hernández, C. E.; Kohler, B. DNA Excited-State Dynamics: From
Single Bases to the Double Helix. Annu. Rev. Phys. Chem. 2009, 60
(1), 217−239.
(6) Kohler, B. Nonradiative Decay Mechanisms in DNA Model
Systems. J. Phys. Chem. Lett. 2010, 1 (13), 2047−2053.
(7) Heil, K.; Pearson, D.; Carell, T. Chemical Investigation of Light
Induced DNA Bipyrimidine Damage and Repair. Chem. Soc. Rev.
2011, 40 (8), 4271−4278.
(8) Cadet, J.; Grand, A.; Douki, T. Solar UV Radiation-Induced
DNA Bipyrimidine Photoproducts: Formation and Mechanistic
Insights. In Photoinduced Phenomena in Nucleic Acids II; Barbatti,
M.; Borin, A. C.; Ullrich, S., Eds. Topics in Current Chemistry;
Springer International Publishing: Cham, 2014; Vol. 356, pp 249−
275 DOI: 10.1007/128_2014_553.
(9) Schreier, W. J.; Schrader, T. E.; Koller, F. O.; Gilch, P.; Crespo-
Hernández, C. E.; Swaminathan, V. N.; Carell, T.; Zinth, W.; Kohler,
B. Thymine Dimerization in DNA Is an Ultrafast Photoreaction.
Science 2007, 315 (5812), 625−629.
(10) Cadet, J.; Douki, T.; Ravanat, J.-L.; Di Mascio, P. Sensitized
Formation of Oxidatively Generated Damage to Cellular DNA by
UVA Radiation. Photochem. Photobiol. Sci. 2009, 8 (7), 903−911.
(11) Epe, B. DNA Damage Spectra Induced by Photosensitization.
Photochem. Photobiol. Sci. 2012, 11 (1), 98−106.
(12) Cuquerella, M. C.; Lhiaubet-Vallet, V.; Cadet, J.; Miranda, M.
A. Benzophenone Photosensitized DNA Damage. Acc. Chem. Res.
2012, 45 (9), 1558−1570.
(13) Aparici-Espert, I.; Garcia-Lainez, G.; Andreu, I.; Miranda, M.
A.; Lhiaubet-Vallet, V. Oxidatively Generated Lesions as Internal
Photosensitizers for Pyrimidine Dimerization in DNA. ACS Chem.
Biol. 2018, 13 (3), 542−547.
(14) Francés-Monerris, A.; Hognon, C.; Miranda, M. A.; Lhiaubet-
Vallet, V.; Monari, A. Triplet Photosensitization Mechanism of
Thymine by an Oxidized Nucleobase: From a Dimeric Model to
DNA Environment. Phys. Chem. Chem. Phys. 2018, 20 (40), 25666−
25675.
(15) Wagenknecht, H.-A. Remote Photodamaging of DNA by
Photoinduced Energy Transport. ChemBioChem 2022, 23 (2),
No. e202100265.
(16) Förster, Th. Mechanisms of Energy Transfer. In Comprehensive
Biochemistry; Elsevier, 1967; Vol. 22, pp 61−80 DOI: 10.1016/B978-
1-4831-9712-8.50010-2.
(17) Dexter, D. L. A Theory of Sensitized Luminescence in Solids. J.
Chem. Phys. 1953, 21 (5), 836−850.
(18) Hsu, C.-P. The Electronic Couplings in Electron Transfer and
Excitation Energy Transfer. Acc. Chem. Res. 2009, 42 (4), 509−518.
(19) Skourtis, S. S.; Liu, C.; Antoniou, P.; Virshup, A. M.; Beratan,
D. N. Dexter Energy Transfer Pathways. Proc. Natl. Acad. Sci. U.S.A.
2016, 113 (29), 8115−8120.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c00364
JACS Au 2025, 5, 2770−2778

2776

https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00364/suppl_file/au5c00364_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00364?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00364/suppl_file/au5c00364_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Achim+Wagenknecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4849-2887
mailto:wagenknecht@kit.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Kerzig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1026-1146
https://orcid.org/0000-0002-1026-1146
mailto:ckerzig@uni-mainz.de
mailto:ckerzig@uni-mainz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Ha%CC%88cker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Till+J.+B.+Za%CC%88hringer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00364?ref=pdf
https://doi.org/10.1039/c1pp05144j
https://doi.org/10.1039/c1pp05144j
https://doi.org/10.1039/c7pp00395a
https://doi.org/10.1039/c7pp00395a
https://doi.org/10.1021/ar00039a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00039a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0206770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.physchem.59.032607.093719
https://doi.org/10.1146/annurev.physchem.59.032607.093719
https://doi.org/10.1021/jz100491x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100491x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C000407N
https://doi.org/10.1039/C000407N
https://doi.org/10.1007/128_2014_553
https://doi.org/10.1007/128_2014_553
https://doi.org/10.1007/128_2014_553
https://doi.org/10.1007/128_2014_553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1135428
https://doi.org/10.1039/b905343n
https://doi.org/10.1039/b905343n
https://doi.org/10.1039/b905343n
https://doi.org/10.1039/c1pp05190c
https://doi.org/10.1021/ar300054e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.7b01097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.7b01097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP04866E
https://doi.org/10.1039/C8CP04866E
https://doi.org/10.1039/C8CP04866E
https://doi.org/10.1002/cbic.202100265
https://doi.org/10.1002/cbic.202100265
https://doi.org/10.1016/B978-1-4831-9712-8.50010-2
https://doi.org/10.1016/B978-1-4831-9712-8.50010-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-1-4831-9712-8.50010-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1699044
https://doi.org/10.1021/ar800153f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800153f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1517189113
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(20) Wenger, O. S. Photoinduced Electron and Energy Transfer in
Phenylene Oligomers. Chem. Soc. Rev. 2011, 40 (7), 3538.
(21) Albinsson, B.; Mårtensson, J. Excitation Energy Transfer in
Donor−Bridge−Acceptor Systems. Phys. Chem. Chem. Phys. 2010, 12
(27), 7338.
(22) Galley, W. C.; Stryer, L. Triplet-Singlet Energy Transfer in
Proteins. Biochemistry 1969, 8 (5), 1831−1838.
(23) Cravcenco, A.; Ye, C.; Gräfenstein, J.; Börjesson, K. Interplay
between Förster and Dexter Energy Transfer Rates in Isomeric
Donor−Bridge−Acceptor Systems. J. Phys. Chem. A 2020, 124 (36),
7219−7227.
(24) Antusch, L.; Gaß, N.; Wagenknecht, H.-A. Elucidation of the
Dexter-Type Energy Transfer in DNA by Thymine−Thymine Dimer
Formation Using Photosensitizers as Artificial Nucleosides. Angew.
Chem., Int. Ed. 2017, 56 (5), 1385−1389.
(25) Gaß, N.; Wagenknecht, H.-A. Synthesis of Benzophenone
Nucleosides and Their Photocatalytic Evaluation for [2 + 2]
Cycloaddition in Aqueous Media. Eur. J. Org. Chem. 2015, 2015
(30), 6661−6668.
(26) Häcker, S.; Schrödter, M.; Kuhlmann, A.; Wagenknecht, H.-A.
Probing of DNA Photochemistry with C-Nucleosides of Xanthones
and Triphenylene as Photosensitizers To Study the Formation of
Cyclobutane Pyrimidine Dimers. JACS Au 2023, 3 (7), 1843−1850.
(27) Wang, X.; Martínez-Fernández, L.; Zhang, Y.; Wu, P.; Kohler,
B.; Improta, R.; Chen, J. Ultrafast Formation of a Delocalized Triplet-
Excited State in an Epigenetically Modified DNA Duplex under Direct
UV Excitation. J. Am. Chem. Soc. 2024, 146 (3), 1839−1848.
(28) Eisinger, J.; Shulman, R. G. Excited Electronic States of DNA.
Science 1968, 161 (3848), 1311−1319.
(29) Lamola, A. A.; Guéron, M.; Yamane, T.; Eisinger, J.; Shulman,
R. G. Triplet State of DNA. J. Chem. Phys. 1967, 47 (7), 2210−2217.
(30) Hurley, D. J.; Tor, Y. Donor/Acceptor Interactions in
Systematically Modified RuII − OsII Oligonucleotides. J. Am. Chem.
Soc. 2002, 124 (44), 13231−13241.
(31) Holmlin, R. E.; Tong, R. T.; Barton, J. K. Long-Range Triplet
Energy Transfer between Metallointercalators Tethered to DNA:
Importance of Intercalation, Stacking, and Distance. J. Am. Chem. Soc.
1998, 120 (37), 9724−9725.
(32) Lakowicz, J. R.; Piszczek, G.; Kang, J. S. On the Possibility of
Long-Wavelength Long-Lifetime High-Quantum-Yield Lumino-
phores. Anal. Biochem. 2001, 288 (1), 62−75.
(33) Kang, J. S.; Piszczek, G.; Lakowicz, J. R. Enhanced Emission
Induced by FRET from a Long-Lifetime, Low Quantum Yield Donor
to a Long-Wavelength, High Quantum Yield Acceptor. J. Fluoresc.
2002, 12 (1), 97−103.
(34) Giese, B. Long-Distance Charge Transport in DNA: The
Hopping Mechanism. Acc. Chem. Res. 2000, 33 (9), 631−636.
(35) Brun, A. M.; Harriman, A. Energy- and Electron-Transfer
Processes Involving Palladium Porphyrins Bound to DNA. J. Am.
Chem. Soc. 1994, 116 (23), 10383−10393.
(36) Zhang, X.; Hu, H.; Liu, W.; Wang, Y.; Liu, J.; Wu, P. Selective
Heavy Atom Effect Forming Photosensitizing Hot Spots in Double-
Stranded DNA Matrix. J. Phys. Chem. Lett. 2021, 12 (38), 9205−9212.
(37) Jin, P.; Wang, J.-N.; Wang, X.; Jia, M.; Pan, H.; Mei, Y.; Chen, J.
Tracking the Early Stage of Triplet-Induced Photodamage in a DNA
Dimer and Oligomer Containing 5-Methylcytosine. J. Phys. Chem. B
2023, 127 (31), 6878−6886.
(38) Lu, C.; Gutierrez-Bayona, N. E.; Taylor, J.-S. The Effect of
Flanking Bases on Direct and Triplet Sensitized Cyclobutane
Pyrimidine Dimer Formation in DNA Depends on the Dipyrimidine,
Wavelength and the Photosensitizer. Nucleic Acids Res. 2021, 49 (8),
4266−4280.
(39) Blancafort, L.; Voityuk, A. A. Thermally Induced Hopping
Model for Long-Range Triplet Excitation Energy Transfer in DNA.
Phys. Chem. Chem. Phys. 2018, 20 (7), 4997−5000.
(40) Gut, I. G.; Wood, P. D.; Redmond, R. W. Interaction of Triplet
Photosensitizers with Nucleotides and DNA in Aqueous Solution at
Room Temperature. J. Am. Chem. Soc. 1996, 118 (10), 2366−2373.

(41) Nakatani, K.; Yoshida, T.; Saito, I. Photochemistry of
Benzophenone Immobilized in a Major Groove of DNA: Formation
of Thermally Reversible Interstrand Cross-Link. J. Am. Chem. Soc.
2002, 124 (10), 2118−2119.
(42) Vendrell-Criado, V.; Rodríguez-Muñiz, G. M.; Cuquerella, M.
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