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Abstract
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The complex [Re(CO)3(dppz)(py′-OR)]+ (dppz = dipyrido[3,2-a:2′,3′-c]phenazine; py′-OR = 4functionalized pyridine) offers IR sensitivity and can oxidize DNA directly from the excited state,
making it a promising probe for the study of DNA-mediated charge transport (CT). The behavior
of several covalent and noncovalent Re-DNA constructs was monitored by time-resolved IR
(TRIR) and UV/visible spectroscopies, as well as biochemical methods, confirming the long-range
oxidation of DNA by the excited complex. Optical excitation of the complex leads to population
of MLCT and at least two distinct intraligand states. Experimental observations that are consistent
with charge injection from these excited states include similarity between long-time TRIR spectra
and the reduced state spectrum observed by spectroelectrochemistry, the appearance of a guanine
radical signal in TRIR spectra, and the eventual formation of permanent guanine oxidation
products. The majority of reactivity occurs on the ultrafast timescale, although processes
dependent on slower conformational motions of DNA, such as the accumulation of oxidative
damage at guanine, are also observed. The ability to measure events on such disparate timescales,
its superior selectivity in comparison to other spectroscopic techniques, and the ability to
simultaneously monitor carbonyl ligand and DNA IR absorption bands makes TRIR a valuable
tool for the study of CT in DNA.

INTRODUCTION
The ability of DNA to mediate charge transport (CT) has been established using a variety of
redox-active probes and in a great diversity of experimental systems.1–3 The efficiency of
DNA-mediated CT is affected by several factors, including the extent of electronic coupling
between the probe and the DNA base stack, coupling within the base stack itself, the driving
force of the CT reaction, and the base sequence. DNA CT has been observed over long
molecular distances with little attenuation,4–6 suggesting its utility in molecular-scale
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devices7–9 and in biological systems.2,10–13 Many of the properties of DNA CT have been
elucidated in experiments involving the slow accumulation of oxidative damage at low
potential guanine sites. While such methods remain useful in the investigation of DNA CT,
a general probe for direct, time-resolved monitoring of these processes remains elusive.
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Time-resolved infrared (TRIR) spectroscopy offers several advantages over other timeresolved methods for the study of CT events.14 With the proper choice of IR-active probe
and solvent medium, changes in the absorption pattern of well-resolved, transient IR bands
provide kinetic information on specific photophysical, chemical, and biochemical processes,
together with structural characterization of the excited states and reaction intermediates
involved. One common family of probes are coordination complexes of the type
[Re(CO)3(N,N)(L)]n, where N,N stands for an α-diimine ligand such as 2,2′-bipyridine
(bpy), phenanthroline (phen), or dppz (dipyrido[3,2-a:2′,3′-c]phenazine) and L represents an
axial ligand, often Cl (n = 0) or functionalized pyridine (n = 1+).15–23 Photophysical or
photochemical reactions involving these Re complexes are manifested in TRIR spectra as
changes in the intensities and positions (energies) of absorption bands due to CO stretching
vibrations of the Re(CO)3 group, ν(C≡O). Variation of the N,N and L ligands affords fine
control over the excited-state characters and energetics.16,18–20,22–27 These complexes have
also proven useful as biochemical probes for fluorescence imaging,28 for monitoring the
dynamics of structural fluctuations,29,30 and especially, for triggering photoinduced electron
transfer (ET).31 Information on ET kinetics and intermediates provided by TRIR is more
direct than that obtained using UV/visible time-resolved spectroscopic methods due to their
low specificity. Recently, the presence of tryptophan along the ET pathway in Re(CO)3(4,7dimethyl-1,10-phenanthroline)-modified azurin was shown to increase the rate of ET.32–34
Although other coordination complexes, such as dicarbonyl Ru species, W(CO)5(4cyanopyridine), and [Ru(bpy)(CN)4]2− have been employed as TRIR probes, tricarbonyl Re
complexes have been studied much more extensively.14,16,35 Most studies have focused on
using TRIR to monitor protein ET. TRIR can also be used to monitor changes in the
vibrational frequencies and IR band intensities of organic functionalities in ET assemblies.36
Of particular interest, TRIR spectra were recorded following the 267 nm excitation of the
four canonical nucleotides and of poly(dG-dC)·poly(dG-dC) and poly(dA-dT)·poly(dAdT).37 In that work, the lifetimes of the transient states of the free nucleotides ranged from
2.2 to 4.7 ps, while those of the polymers were an order of magnitude longer. Upon 200 nm
photoionization of 5′-dGMP and poly(dG-dC)·poly(dG-dC), evidence for the formation of
the guanine radical was observed by TRIR as the growth of a transient band at 1702 cm−1.38
In other experiments, TRIR was used to observe the triplet state of thymine and of 2′-dT,39
as well as to unravel the pH-dependent photophysics of 5′-G, 5′-GMP, and poly(G).40
Importantly, these studies indicate that TRIR can be used to monitor photoinduced changes
of DNA and of [Re(CO)3(N,N)(L)]n simultaneously, making it possible to investigate both
the donor and the acceptor sites of Re-DNA CT assemblies. Although interactions between
Re complexes and DNA have been studied by UV/visible spectroscopy,41,42 these
interactions had not been investigated by vibrational methods until very recently.43,44
Here, TRIR spectroscopy is used in conjunction with other methods to observe the DNAmediated oxidation of guanine in DNA by photoexcited [Re(CO)3(dppz)(py′-OR)]+, where
py′-OR represents pyridine functionalized at the 4 position (Figure 1). The influence of
guanine on the photochemical behavior of the Re complex bound to DNA is investigated by
comparing results obtained in four different DNA contexts, including two in which the
complex is covalently tethered to specific locations on the duplex. The data presented show
that the photoexcited Re complex can oxidize guanine at a distance of several bases away by
DNA-mediated CT and that this process can be monitored on the ps to μs timescale by
TRIR. The results of this study, in which TRIR is used for the first time to observe DNAmediated CT between photooxidants and guanine in well-defined covalent constructs, shows
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that the DNA sequence surrounding the metal complex binding site has a large influence on
the photophysics and photochemistry of the system.
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EXPERIMENTAL SECTION
Materials
Most reagents for metal complex synthesis and coupling were purchased from SigmaAldrich unless otherwise indicated. 3-(pyridin-4-yl)propanoic acid (py′-OH) was purchased
from Chess GmbH (Mannheim, Germany). Reagents for DNA synthesis were purchased
from Glen Research (Sterling, VA). All reagents were used as received.
Complex and Conjugate Synthesis
Preparation of [Re(CO)3(dppz)(py′-OH)](PF6) was adapted from previously described
methods.41 Following the synthesis, the PF6− counter anion was exchanged (QAE Sephadex
A-25 resin, GE Healthcare) for chloride ion in order to increase the solubility of the complex
in aqueous media. Because facile proton loss from the carboxylic acid-modified pyridine
ligand results in an overall neutral zwitterionic species, altering the extent of electrostatic
repulsion between complex molecules and of electrostatic attraction to DNA, the protected
ethyl ester version of the complex, [Re(CO)3(dppz)(py′-OEt)]+ (py′-OEt = ethyl 3(pyridin-4-yl)propanoate), was used for some experiments.
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Oligonucleotide Synthesis and Modification
Oligonucleotides were synthesized using standard solid-phase phosphoramidite chemistry
on an Applied Biosystems 3400 DNA synthesizer. Covalent tethers were appended to the 5′OH termini of resin-bound oligonucleotides as described by Holmlin.45 The alkyl tether was
added to the DNA strand by successive treatment with carbonyldiimidazole and
diaminononane. Agitation of the resin-bound, amine modified DNA strands in the presence
of excess (5 mg) [Re(CO)3(dppz)(py′-OH)]Cl, O-(benzotriazol-1-yl)-N,N,N′,N′tetramethyluronium hexafluorophosphate (HBTU), 1-hydroxybenzotriazole hydrate
(HOBT), and diisopropylethylamine (DIEA) in anhydrous DMF for 24 hrs resulted in
covalent attachment of the metal complex to the DNA. Cleavage from the resin was effected
by incubation in NH4OH at 60 °C for 6 h. Oligonucleotides were purified by reversed-phase
HPLC and characterized by MALDI-TOF mass spectrometry (see Supporting Information).
Oligonucleotide concentrations were determined by UV/visible spectrophotometry
(Beckman DU 7400). Annealing was accomplished by incubating solutions containing
equimolar amounts of complementary strands in buffer (10 mM NaPi, 50 mM NaCl buffer;
pH 7.0) at 90 °C for 5 min followed by slow cooling over 90 min to ambient temperature.
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Assay for Oxidative DNA Damage
Oxidative DNA cleavage experiments were performed using a protocol adapted from
Zeglis46 with the following adjustments. Oligonucleotides were labeled at the 3′-end by
incubating a mixture of 2 μL single-stranded DNA (4 μM), 5 μL [α-32P]-dTTP (Perkin
Elmer), 2 μL terminal transferase (TdT; New England Biolabs), 5 μL CoCl2 solution
(included with TdT), and 5 μL terminal transferase reaction buffer (included with TdT) for 2
h at 37 °C. Before gel purification, strands were incubated at 90 °C for 20 min in 100 μL
10% aqueous piperidine to induce cleavage of damaged strands. Following purification and
annealing, samples (10 μL, 2 μM) were irradiated in parallel for 2 hrs using a solar simulator
(Oriel Instruments) fitted with a 340 nm internal long pass filter. Samples were then treated
with 0.2 units calf thymus DNA and 10% piperidine (v/v), heated for 30 min at 90 °C, and
dried in vacuo. After gel electrophoresis, oxidative damage was quantified by
phosphorimagery (ImageQuant). Sample counts are reported as % of total counts per lane
and were corrected by subtracting the dark control.
J Am Chem Soc. Author manuscript; available in PMC 2012 August 31.
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UV/visible spectroelectrochemistry was carried out using a custom-built, optically
transparent, thin-layer electrode (OTTLE) cell (path length = 0.1 mm) consisting of vapordeposited platinum working and pseudoreference electrodes and a Pt-wire auxiliary
electrode.47 The potential of the cell was controlled by a potentiostat (CH Instruments
Model 650A electrochemical workstation). Samples consisted of saturated solutions of metal
complexes in dry acetonitrile with 0.1 M Bu4NPF6 electrolyte. Samples were degassed by
bubbling argon and introduced into the optical cell using a gas-tight syringe prior to
measurement. The cell was held at a reducing potential, and spectra were acquired on a
Hewlett Packard 8452A diode array spectrophotometer every 4 s until the sample was fully
reduced.
UV/Visible Emission and Transient Absorption Spectroscopy
Steady-state emission spectra were recorded on a Fluorolog-3 spectrofluorometer (Jobin
Yvon) using 2 mm slits. Scattered excitation light was rejected from the detector by
appropriate filters. Reported spectra are averages of at least five consecutive measurements.
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All time-resolved UV/visible spectroscopic measurements were carried out at the Beckman
Institute Laser Resource Center. Nanosecond luminescence decay measurements and
transient absorption (TA) measurements were performed using the third harmonic (355 nm)
of a 10 Hz, Q-switched Nd:YAG laser (Spectra-Physics Quanta-Ray PRO-Series) as the
excitation source (8 ns pulse width, 5 mJ/pulse). Probe light was provided by a
synchronized, pulsed 75 W Hg-Xe arc lamp (PTI model A 1010), and detection was
accomplished using a photomultiplier tube (Hamamatsu R928) following wavelength
selection by a double monochromator (Instruments SA DH-10). Scattered light was rejected
using suitable filters. The samples were held in 1 cm path length quartz cuvettes (Starna)
equipped with stir bars. TA measurements were made with and without excitation, and were
corrected for background light, scattering, and fluorescence.
Picosecond emission decay measurements48–51 were performed using the third harmonic of
a regeneratively amplified mode-locked Nd:YAG laser (355 nm, 1 ps pulse width after
amplification) as the excitation source and a picosecond streak camera (Hamamatsu C5680,
photon-counting mode) as the detector. Emission was observed under magic angle
conditions using a 550 nm long-pass cutoff filter.
TRIR Spectroscopy
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The ULTRA instrument at the STFC Rutherford Appleton Laboratory has been used. It is
described in detail elsewhere.52 In brief, a titanium sapphire laser-based regenerative
amplifier (Thales) produces 800 nm, ~50 fs pulses at a 10 kHz repetition rate. The laser
output is split in two parts, one of which is either frequency doubled or used to drive an
OPA (Light Conversion, TOPAS) equipped with SHG and SFG units to produce a pump
beam at 400 or 355 nm, respectively. The second pumps a TOPAS OPA, yielding signal and
idler beams that are difference frequency mixed to generate ~400 cm−1 broad mid IR probe
pulses. An optical delay line is used to introduce a delay between the pump and probe
beams, and the mid IR probe spectrum is recorded at a given time delay using two 128
element HgCdTe detectors (Infrared Associates). For ns-μs measurements, the sample was
pumped with 355 nm, 0.7 ns FWHM pulses (AOT, AOT-YVO-20QSP/MOPO), and probed
with electronically synchronized 50 fs IR pulses.53 The sample solutions were placed in a
round dip ca. 0.75 mm deep, drilled into a CaF2 plate and tightly covered with a polished
CaF2 window. The cell was scanned-rastered across the area of the dip in two dimensions to
prevent laser heating and decomposition of the sample. FTIR spectra measured before and
after the experiment demonstrated sample stability.
J Am Chem Soc. Author manuscript; available in PMC 2012 August 31.

Olmon et al.

Page 5

Fitting Methods

NIH-PA Author Manuscript

TRIR data were simulated at each time delay as a series of Gaussian terms in order to extract
kinetic data from overlapping transient bands. The area of each Gaussian was calculated,
and kinetic decays were constructed as the change in area with delay time. Nanosecond
time-resolved emission, TRIR, and TA data were fit by nonlinear least-squares analysis
using IGOR Pro software (Wavemetrics). Model functions consisted of a linear series of
exponential terms of the form y(t) = Σ ai exp[−t/τi], where ai and τi are the pre-exponential
factor and lifetime, respectively, of the ith term. Up to three exponential terms were included
until reasonable fits were obtained. For time-resolved emission data, the percent relative
contribution reported in Table 1 represents the number of photons emitted at the probe
wavelength by each emissive population, and is calculated as anτn/Σaiτi (the area under the
decay for the nth exponential term normalized to the total area under the decay curve). For
TRIR and TA data, the percent relative contribution represents the change in absorbance of
species n extrapolated to time t = 0, and is calculated as an/Σai.
Picosecond emission data were collected at 1 ns, 5 ns, and 50 ns time ranges and spliced
together before fitting. Data were compressed logarithmically in time prior to fitting in order
to decrease the bias of long time data on the fit. These data could not be fit well to a series of
exponential terms and were instead analyzed by the maximum entropy method using a
MATLAB (MathWorks) routine written at Caltech.48–51
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RESULTS
Research Strategy and Design of Re-DNA CT Assemblies
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With the aim to establish DNA oxidation by electronically excited rhenium tricarbonyldiimine complexes, we have employed a newly developed Re sensitizer, [Re(CO)3(dppz)(py
′-OR)]+ (R = H, Re′-OH; or R = CH2CH3, Re′-OEt), which can be covalently linked to DNA
(Figure 1). Three design elements make this a promising probe for the study of DNAmediated CT. The first is the incorporation of TRIR-active carbonyl ligands. Re carbonyldiimine complexes are useful probes in TRIR spectroscopic experiments due to the intense
and well-resolved bands corresponding to carbonyl stretching modes. These modes are
extremely sensitive to changes in electron density distribution, molecular structure and
environment.17,24,30,32,54,55 The second design element is the inclusion of the planar dppz
ligand. By incorporating dppz on the metal center, we ensure effective electronic coupling
with the DNA base stack. Indeed, the binding constants for intercalating dppz complexes
such as [Ru(bpy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ are greater than 106 M−1.56 While the
binding of complexes like [Re(CO)3(dppz)(py′-OR)]+ is weaker (105 M−1)41,42,57 due to its
lower electrostatic charge, the decrease of the molar absorptivity of its near-UV absorption
band (i.e., hypochromicity) upon incubation with DNA, as well as an increase in the melting
temperature of the bound DNA duplex by approximately 5 °C (depending on the sequence),
indicate that this Re complex indeed binds by intercalation. The third design element is the
ability to covalently attach the complex to DNA via carboxyalkyl-modified pyridine
incorporated at the axial coordination site. The covalent link between the complex and the
DNA strand, while flexible, restricts diffusion of the unbound complex, ensuring a higher
percentage bound than if the complex were allowed to diffuse freely. In addition, the
covalent link enables us to define the DNA sequence at the binding region, eliminating
sequence effects as a variable. Physical models suggest that in the equilibrium geometry
(disregarding frayed end effects) tethering restricts binding to the region within three base
pairs from the end of the duplex.
The DNA duplexes used were designed to test for the effect of the DNA sequence on the
efficiency of DNA oxidation. For systems in which guanine, an effective hole trap, is placed
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near the expected binding site of the Re complex, charge injection may be followed by facile
back electron transfer (BET). Such nonproductive reactions are competitive with permanent
charge trapping at guanine sites.58–60 The frequency of nonproductive events can be reduced
by replacing guanine at the Re binding site with inosine (I), a base analog that has a higher
oxidation potential than guanine [E° (I•+/I) ≈1.5 V vs. NHE; E° (G•+/G) = 1.29 V vs.
NHE].60–64 With these considerations in mind, four DNA sequences were designed (Figure
1). Two of them contain only adenine and thymine (AT-30) or guanine and cytosine
(GC-30) and are expected to reveal the effect of the absence or presence, respectively, of
strong guanine thermodynamic hole traps on DNA oxidation by noncovalently bound Re′OH. Two DNA sequences were also designed to test for the effect of neighboring guanine
on the efficiency of long range DNA oxidation by covalently-bound Re. These are
Re-25(G), which contains guanine next to the Re binding site, and Re-25(I), in which
guanine is replaced by inosine.
Sensitizer Characterization
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The photophysics of [Re(CO)3(dppz)(py′-OH)]+ and [Re(CO)3(dppz)(py′-OEt)]+ are very
similar, suggesting that modification at the py′ carbonyl has little effect on the energetics of
the complex. For example, each complex exhibits absorption maxima at 364 and 382 nm (ε
≈ 11,000 M−1 cm−1),41,65 with a tail that extends into the visible region.66 The emission
spectra of both complexes show maxima at 554 and 595 nm. At 570 nm, Re′-OH and Re′OEt each show a biexponential emission decay in acetonitrile, with lifetimes on the order of
200 ns (~10%) and 10 μs (~90%), tentatively attributed to emission from different 3IL
states.66 Tethering the Re species to DNA, therefore, is expected to have negligible
influence on the energetics of the complex.
The reduction potential of the emissive 3IL state(s), E° (*Re+/Re0), of the Re label can be
estimated as the sum of the ground state reduction potential, E° (Re+/Re0), and the zero-zero
excited-state energy, (E0,0).67 The exact value of E0,0 is unknown, but it is estimated to lie
between the energy at which the excitation and emission spectra coincide (480 nm, 2.58 eV)
and the energy of the emission maximum in aqueous solution (570 nm, 2.18 eV). For Re′OEt in acetonitrile, E° (Re+/Re0) was reported as −850 mV vs. NHE,66 predicting the
excited-state reduction potential to lie between 1.33 and 1.73 eV. As an oxidant,
electronically excited Re′-OEt is clearly strong enough to oxidize guanine, and it may be
strong enough to oxidize adenine [E° (A•+/A) = 1.42 V vs. NHE].68 The latter reaction,
however, is expected to be slower due to the lower driving force.
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Hole injection into the DNA base stack must coincide with reduction of the metal complex.
In order to characterize this reduced state independently, IR spectroelectrochemical
reduction of saturated Re′-OEt in acetonitrile was carried out (Figure 2). Before reduction,
the spectrum exhibits a band at 2036 cm−1 assigned to the totally symmetric in-phase
ν(C≡O) vibration A′(1), and a band at 1932 cm−1 due to quasidegenerate totally symmetric
out-of-phase A′(2) and equatorial CO antisymmetric A″ ν(C≡O) vibrations.17,54,69
Reduction results in a bathochromic shift of these bands to 2029 cm−1 and 1922 cm−1,
respectively. This shift is similar to that observed previously23 upon reduction of
[ReCl(CO)3(dppz)] and its small magnitude is consistent with occupation of the phenazine
π* orbital of the dppz ligand in the [ReI(CO)3(dppz•−)(py′-OEt)] reduction product.24
Subsequent regeneration of the initial species via reoxidation was 95% complete, suggesting
partial irreversible decomposition of the electrogenerated product; however, these
decomposition products are not expected to interfere in time-resolved spectroscopic
experiments employing fast photocycles. An attempt was made to duplicate the experiment
in D2O buffer (10 mM NaPi, 50 mM NaCl, pD 7.0) in order to generate spectra that would
be more directly comparable to TRIR measurements conducted in D2O buffer. Although the
low solubility of the complex and the strong background absorbance of the solvent in this
J Am Chem Soc. Author manuscript; available in PMC 2012 August 31.
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energy region prevented precise analysis, band positions, widths, and relative intensities
were similar to those observed in acetonitrile solutions.
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Oxidative Damage Pattern of Re-25(G) and Re-25(I) Observed by PAGE
Figure 3 shows DNA-mediated oxidative damage in 2 μM solutions of Re-25(G) and
Re-25(I) observed after 2 hours of broadband (λ > 340 nm) irradiation and 20% PAGE
analysis. Damage occurs as base radicals, formed following hole injection by the excited Re
complex, react with solution species such as H2O or O2 to form irreversible products.70,71
Subsequent treatment of the 3′-[32P]-labeled DNA with piperidine induces cleavage at
damage sites. For both Re-25(G) and Re-25(I), damage is observed primarily at the 5′-G site
of the 5′-GG-3′ doublet, several bases distant from the Re complex binding site predicted
from physical models. Importantly, the low concentrations used in these experiments
preclude interstrand damage (i.e., it is unlikely that the Re moiety of one construct will
intercalate into the base stack of another). The observation of damage at the 5′-GG-3′ site
indicates that long-range photoinduced hole injection from the Re label to DNA indeed
occurs, consistent with results obtained for a similar Re-DNA conjugate.66 However, the
extent of damage is consistently greater in the case of Re-25(I) than Re-25(G).
Emission Measurements

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Many Re tricarbonyl complexes of dppz behave as DNA light switches,18–23,41,42 much like
their Ru counterparts,72 and the complexes studied here are no exception. In the absence of
DNA, negligible emission is observed from an aqueous solution of Re′-OH or Re′-OEt;
however, in the presence of AT-30 and in the Re-25(I) sample, a prominent emission band is
observed that exhibits a maximum at 570 nm and a shoulder near 600 nm, resembling the
emission spectrum seen for similar Re complexes in organic solvents.19,21,22,41,42,57,65 By
comparison with the emission of [Ru(bpy)3]2+ in deaerated acetonitrile, the emission
quantum yield of Re′-OEt in the presence of AT-30 in buffer is 0.008 (compared to 0.062
for [Ru(bpy)3]2+).73 In the presence of GC-30 and in the Re-25(G) sample, the emission is
much less intense, the maxima are shifted to 585 nm, and no shoulder is observed. Steadystate emission spectra of AT-30 alone and in the presence of Re′-OEt are shown in Figure
S1. Interestingly, the DNA oligomers used in this study are themselves emissive under 355
nm excitation, giving rise to a broad band near 450 nm that tails into the visible region. All
efforts were made to ensure that this is not an effect of the instrument, solvent, scattering, or
impurities. Such emission, ascribed to excitons or charge transfer excited states, has
previously been observed in DNA oligomers but not in calf thymus DNA.74–76 The Reloaded AT-30 sample shows overlapping DNA and Re′-OEt emission. By scaling and
subtracting the emission band due to DNA alone, it is possible to isolate emission from only
the intercalated complexes. Significantly, emission from Re′-OEt becomes strongly
quenched on going from AT-30 to GC-30 (Figure 4). A similar decrease is observed for
Re-25(G) compared to Re-25(I). The concentrations of DNA and of the Re complex are the
same in all of the samples, but the intensity of emission decreases as AT-30 ≈ Re-25(I) >
Re-25(G) ≈ GC-30.
Differences in emission intensity are also observed in time-resolved measurements carried
out on the nanosecond timescale with a PMT detector (response time 8 ns) and on the
picosecond timescale using a streak camera (response time 55 ps). On the nanosecond
timescale, the time-integrated emission intensity of Re-25(G) at 570 nm is 14% that of
Re-25(I), and the intensity of GC-30 is 12% that of AT-30, following the trend observed in
stationary spectra. Even on the picosecond timescale, the instantaneous emission intensity
extrapolated to t = 0 is lower in the GC-30 and Re-25(G) samples than in the AT-30 and
Re-25(I) samples, respectively. In addition, on this timescale the time-integrated emission
intensity of Re-25(G) is 79% that of Re-25(I), and the intensity of GC-30 is 69% that of
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AT-30. These observations clearly indicate reaction(s) between electronically excited Re
complex and DNA occurring on the picosecond to nanosecond timescale. Based on results
of the PAGE experiment, hole transfer from *Re to G is most likely a prominent
contributing reaction pathway.
The emission decay of the four DNA samples is highly multiexponential, with lifetimes
varying over four orders of magnitude, from ~100 ps to ~500 ns. The present data do not
allow us to attribute individual emission decay components to particular species present in
the solution, although steady-state results suggest that DNA excimer emission contributes
significantly (~20 %) to the total decay. After accounting for DNA excimer emission, which
decays with a lifetime of only a few ns,76 about half of the Re emission decays within 50 ns,
and the remainder persists for hundreds of ns. Maximum entropy fitting of the emission
decays yields several distributions of rate constants (Figure S2),. The lifetime distributions
vary only slightly between samples, and in every sample, the majority component has a
lifetime of less than 1 ns. Notably, while most of the lifetimes are shortened slightly on
going from AT-30 to GC-30 and from Re-25(I) to Re-25(G), no decay component is
observed that corresponds to quenching of the excited Re sensitizer by guanine. Considering
the significant quenching in steady-state measurements of the GC-30 and Re-25(G) samples,
it seems that quenching at the reactive binding site(s) is ultrafast, probably tens of
picoseconds or faster, but involves only a fraction of the excited population.
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Time-Resolved Infrared (TRIR) Spectra
Whereas emission spectra provide evidence for ultrafast hole injection from electronically
excited Re into the GC-30 and Re-25(G) samples, TRIR has the potential to characterize the
reacting state(s) of the Re complex and to detect products and intermediates. To this effect,
TRIR spectra were investigated in the picosecond (1–100 ps) and nanosecond-tomicrosecond time domains in the regions of the Re(CO)3 ν(C≡O) and DNA organic
carbonyl vibrations.
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Typical picosecond TRIR spectra obtained in the ν(C≡O) region after 355 nm excitation are
shown in Figure 5 for AT-30 and GC-30. The spectra measured 1 ps after excitation show
negative bands due to bleaching of the ground state absorption (2036 and 1939 cm−1) and
broad transient bands at 2026 and 1908 cm−1. Over the course of time, both features decay
in intensity while a sharp band grows in at 2031 cm−1 (overlapping with the 2036 cm−1
bleach) together with a broad band between 1915 and 1935 cm−1. These new transients
partially overlap with the parent bleaches at 2036 and 1939 cm−1; hence, the growth of the
transients is accompanied by a decrease in the intensities of both bleaches and a distortion of
the band shape of the 1939 cm−1 bleach. The down-shift in the energies of the transient
bands from the ground-state positions is typical of ππ* 3IL(dppz) excited states.19–23,26,27,54
Tentatively, we attribute the initially formed 2026 and 1908 cm−1 transient bands to a
hot 3IL state localized at the phen part of the dppz ligand, 3IL(phen). Subsequent electron
density reorganization and cooling produce another 3IL state localized predominantly at the
phenazine part, 3IL(phz), manifested as the sharp 2036 cm−1 band. The 3IL(phz) IR
spectrum is more similar to that of the ground states than the 3IL(phen) spectrum since the
electronic changes in 3IL(phz) occur further away from the Re center. The excited-state
conversion is largely completed in the first 100 ps. The spectra measured at 100 and 500 ps
also show a shoulder at ~2020 cm−1 that probably corresponds to a residual population of
the IL(phen) state. The ps spectra do not show any bands attributable to Re→dppz MLCT
states, which are expected to occur at higher energies.
The GC-30 sample shows very similar behavior (Figure 5, bottom); however, there is one
important difference: the ~2031 cm−1 3IL(phz) feature at longer time delays (>50 ps) is
much weaker relative to the initially formed transient than in the case of AT-30. In
J Am Chem Soc. Author manuscript; available in PMC 2012 August 31.
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accordance with the ultrafast GC-30 emission intensity quenching, we attribute this
deficiency to a partial picosecond quenching of the 3IL state(s) by CT with guanine to
produce [ReI(CO)3(dppz•−)(py′-OH)] and G•+. The lack of IR features in the TRIR spectra
due to the reduced Re complex is likely caused by two factors. The first is very close
similarity with the spectrum of the 3IL(phz) state (compare with Figure 2); the second is
very fast BET that regenerates the ground state and keeps the concentration of the reduced
state low. The persistence of the 2031 cm−1 band of GC-30 into the nanosecond-tomicrosecond domain (see below) demonstrates that the relaxed 3IL(phz) state of Re′-OH
shows little reactivity, if any. This spectral feature could also correspond to a population of
Re complexes that are protected from solvent quenching by DNA binding but are not well
coupled to the base stack.
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The picosecond TRIR spectrum of AT-30 in the DNA region is very similar to that
measured in the nanosecond time domain (Figure 6). The spectra show instantaneous
formation of bleach bands at ca. 1618 (weak), 1635, 1660, and 1690 (weak) cm−1 that are
not accompanied by the formation of transients. These bleaches originate from a decrease in
the intensity of the nucleobase carbonyl IR bands upon excitation, rather than band shifts,
and they compare well with bleaches observed upon direct 267 nm photoexcitation of
nucleic acid polymers.37 The GC-30 sample shows strong bleaches at about 1577, 1619
(weak), 1648 and 1679 cm−1, again without the formation of transients. Notably, on the
picosecond timescale there is no evidence of a transient due to oxidized G•+ or G•, which
would be expected at ~1700 cm−1.38,43,44 The absence of such a transient is consistent with
the ultrafast BET proposed above.
Picosecond TRIR spectra (Figure S3) of the Re-25(I) and Re-25(G) samples in both the
Re(CO)3 ν(C≡O) and the DNA carbonyl regions closely resemble those of the AT-30 and
GC-30 samples, respectively. Importantly, the 3IL(phz) band intensity at 100–500 ps is
much lower for Re-25(G) than Re-25(I) relative to the initial transient, again indicating
ultrafast *Re→G CT. Absence of any [ReI(CO)3(dppz•−)(py′-OH)] or G•+/G• IR features
suggests ultrafast BET, as in the case of GC-30.
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TRIR spectra recorded between 1 ns and 10 μs after photoexcitation are shown in Figure 6.
The spectral patterns are very similar to those obtained in picosecond experiments at 100 ps
and longer: The 3IL(phz) bands, as well as the bleaches in the DNA region, appear
prominently in all four samples. Despite these similarities, closer examination reveals
several important spectral differences. The AT-30 and Re-25(I) samples both show a weak
isolated positive band at 2070 cm−1 and a broad, positive absorbance near 1980 cm−1. The
2070 cm−1 band can be assigned definitively to the MLCT excited state based on analyses
of related complexes.19–23,25–27,54,69,77 This assignment predicts two additional lowintensity absorption bands near 2015 cm−1 and 1960 cm−1 due to hypsochromic shift of the
A′(2) and A″ modes upon excitation of the complex into the MLCT state. These features are
probably encompassed by the broad unresolved absorption between 1960 cm−1 and 1990
cm−1 and eclipsed by the much stronger absorption of IL states at higher energies. The
MLCT features are absent in the GC-30 and Re-25(G) spectra. The AT-30 and Re-25(I)
samples also exhibit a pronounced shoulder near 2020 cm−1 that is weaker for GC-30 and
nearly absent in the Re-25(G) sample. This shoulder grows in intensity with increasing
sample irradiation during the experiment, so it is in part related to transient absorption of a
side photoproduct. However, its greater intensity in the AT-30 and Re-25(I) samples may be
due to the presence of an underlying MLCT band or residual population of the 3IL(phen)
state, as observed in the picosecond experiments (see above). Importantly, on the
nanosecond timescale, TRIR spectra of GC-30 in the DNA region show a growing band at
~1700 cm−1 attributable to the oxidized guanine radical, G•+ or G•. This transient is very
similar to that observed at 1702 cm−1 in both 5′-dGMP and poly(dG-dC)·poly(dG-dC) upon
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200 nm photoionization, which was assigned to oxidized guanine (although the particular
ionic state of this radical was not determined).38,43,44
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The nanosecond kinetic behavior of the four samples differs substantially in several ways
(Table 1). (i) The bleach recoveries and 3IL(phz) decays of the AT-30 and Re-25(I) are
largely composed of long-lived components (≥ 20 μs) with smaller contributions on the
timescale of tens to hundreds of nanoseconds. The occurrence of such slow microsecond
processes, which have no counterparts in emission decays, indicates the presence of longlived, non-emissive 3IL excited states or transient species. (ii) The AT-30 and Re-25(I)
MLCT band at ~2070 cm−1 is fully formed in the 1 ns spectra and decays monotonically
over time with lifetimes of 9 and 32 ns, respectively. In general, the lifetimes of the MLCT
bands are significantly different than those of the IL bands, showing that the 3IL
and 3MLCT states are not equilibrated. Importantly, the 2070 cm−1 MLCT band is
completely absent in the spectra of the GC-30 and Re-25(G) samples, probably due to very
fast quenching of the 3MLCT excited state by guanine. (iii) Compared with AT-30 and
Re-25(I), both GC-30 and Re-25(G) show faster 3IL decay and bleach recovery (iv) Direct
IR evidence for G•+/G• formation was obtained for the GC-30 sample, where a band appears
with a lifetime of 210 ns in the DNA spectral region at ~1700 cm−1 and then decays over
~20 μs with a lifetime estimated roughly as 6 μs (Figure S4).
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As in the picosecond TRIR spectra, we do not see any distinct signals attributable to the
reduced Re sensitizer [ReI(CO)3(dppz•−)(py′-OH)] in any of the samples. This again is
because its IR spectrum is nearly identical with that of the 3IL(phz) state; moreover, the
yield of reduced Re species is low due to efficient BET.
Visible TA
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Transient absorption decay in the visible spectral range at 475 nm was investigated in order
to compare the TRIR kinetics specific to the Re(CO)3 moiety with those of the dppz part of
the chromophore. A single exponential term was a poor model for the transient decay,
indicating that more than one transient species exists during the course of the measurement.
Biexponential fit parameters for the transient decays are shown in Table 1. It should be
noted that the TA experiments were performed with a time resolution of about 10 ns, so they
only provide information on the slower kinetics and longer-lived intermediates. Still, the TA
decay lifetimes for each sample are comparable to the decay of the TRIR band near 2030
cm−1, including the lifetime shortening upon guanine incorporation near the Re binding site.
It follows that the same states and processes are monitored by both methods. In a similar
system, the TA spectrum of the reduced state following 355 nm excitation of a Re-DNA
conjugate could not be distinguished from the spectrum of the excited state, presumably due
the greater concentration of the excited state and the strong similarity between the two
spectra.66 However, a change in the lifetime of the transient upon DNA binding suggested
that DNA-mediated quenching by guanine was taking place. A similar effect is expected for
the conjugates studied here.

DISCUSSION
Interactions Between [Re(CO)3(dppz)(py′-OR)]+ and DNA
Strong interactions between intercalating metal complexes and DNA are well known. As
observed with several other dppz-bearing cationic metal complexes, incubation with DNA
results in hypochromicity of the electronic spectrum and increased luminescence of the
complex.78–80 Certainly, the light switch effect is a strong indicator of intercalative binding.
Biexponential emission decays observed for other light switch complexes bound to DNA,
such as dppz complexes of Ru, have been attributed to the existence of two different
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intercalative binding modes: a perpendicular mode, in which the metal-phenazine axis of the
dppz ligand lies along the DNA dyad axis, and a side-on mode, in which the metalphenazine axis lies along the long axis of the base pairs.81 In a similar way, the
multiexponential emission decays observed for the Re complexes are probably due in part to
the existence of several binding modes. Emission decay lifetimes of intercalated complexes
are also affected by the DNA sequence to which they are bound.82–84 Although the range of
DNA binding sites in the tethered complexes is limited, the tether is flexible enough to allow
for binding at any of several locations, each of which may have a different effect on the
luminescence lifetime. Similarly, for non-tethered samples, slight variations in the sequence
at the binding site may contribute differently to the overall decay. DNA sequence effects,
therefore, also contribute to the multiexponential emission decay kinetics of bound
complexes.
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The bleaches observed in the organic carbonyl stretching region (1600 cm−1 to 1700 cm−1)
of the TRIR spectra could be another indication of the strong interaction between the
complexes and DNA. It is possible that such bleach signals arise from direct photoexcitation
of DNA, but excited states thus generated are expected to persist for only a few
nanoseconds.76 On the contrary, the μs DNA bleach recovery lifetimes, commensurate with
the Re excited-state lifetimes observed herein, indicate that the bleached signals originate
from perturbation of the bases upon photoexcitation of the electronically coupled Re
chromophore. A similar effect was observed previously upon 400 nm photoexcitation of
[Ru(dppz)(tap)2]2+ intercalated nonspecifically into poly(dG-dC)·poly(dG-dC).85 In that
work, a series of overlapping bleach and transient signals in the organic carbonyl stretching
region at short times (2 ps to 2 ns) was attributed to guanine oxidation by excited Ru via a
proton-coupled electron transfer (PCET) mechanism. Such a mechanism seems unlikely in
our system because of the absence of TRIR transients that could be assigned to changes in
cytosine carbonyl stretching frequency.
Guanine Oxidation by *[Re(CO)3(dppz)(py′-OR)]+
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Previous work has shown that extended irradiation of mixtures of [Re(CO)3(dppz)(py)]+ and
supercoiled plasmid DNA at λ > 350 nm results in nicks in the DNA backbone.42 In that
work, the yield of cleavage did not depend on the concentration of singlet oxygen,
suggesting that cleavage is the result of direct oxidation of guanine by the excited complex.
The experimental results described here provide further evidence for the oxidation of
guanine in DNA duplexes by photoexcited [Re(CO)3(dppz)(py′-OR)]+. In PAGE
experiments, oxidation was observed preferentially at the the 5′-guanine of the 5′-GG-3′
doublet. Importantly, the observation of oxidation at this site, at least three base pairs
removed from the Re binding site, indicates that long-range DNA-mediated CT has
occurred. The preferential oxidation of the 5′-guanine of the doublet is typical for long-range
DNA-mediated CT processes.86,87 This pattern is due to localization of the injected hole at
guanine, the site of lowest oxidation potential.68 Once localized on guanine, proton transfer
with base-paired cytosine results in the formation of the neutral guanine radical (k ≈ 107
s−1).38 In this state, the radical is quite stable, and can persist for > 1 ms.88 In the present
study, a greater yield of guanine damage was observed by PAGE at the guanine doublet in
Re-25(I) than in Re-25(G). This result can be attributed to the effect of the flanking guanines
in Re-25(G). For each photon absorbed, CT may occur to any low potential guanine site that
is well-coupled to the probe. Statistically, transfer to and trapping at the guanine doublet is
more probable in Re-25(I) than in Re-25(G) since CT to inosine is expected to be
thermodynamically less favorable. The long-range DNA-mediated oxidation of guanine
observed in the gel experiment is not surprising, given the favorable driving force and strong
electronic coupling between the complex and DNA.
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The spectroscopic data are also consistent with guanine oxidation. By both steady-state and
time-resolved emission, the luminescence intensity of each AT-30 and Re-25(I) is greater
than that for GC-30 and Re-25(G), respectively. In early work, a similar disparity in the
emission intensity of [Re(CO)3(dppz)(py)]+, a known DNA light-switch complex, bound to
poly(dA)·poly(dT) versus poly(dG)·poly(dC) was ascribed to steric inhibition of binding to
the latter duplex.42 Such an interpretation falls short on several accounts. First, it cannot
explain the difference in emission intensity observed between Re-25(I) and Re-25(G);
exchanging guanine for inosine at the Re binding site is expected to present a negligible
change in steric interactions between the complex and the duplex. Second, it is not
consistent with the equal degree of hypochromicity observed in the electronic spectrum of a
similar Re complex when bound to either poly(dG-dC)·poly(dG-dC) or poly(dA-dT)
·poly(dA-dT).57 Finally, it contradicts the strong luminescence observed from the bulkier
light switch complex [Ru(bpy)2(dppz)]2+ bound to poly(dG-dC)·poly(dG-dC).72,89 A more
consistent explanation put forth involves facile quenching of the Re excited state by
guanine.43,44,57 CT from excited Re to guanine accounts well for our observation that the
Re-25(G) and GC-30 samples, in which guanine neighbors the intercalation site, show less
emission than the Re-25(I) and AT-30 samples, in which direct interaction between the
complex and guanine is prevented.
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TRIR spectra reported above provide further information on the rate and mechanism of
guanine oxidation in GC-30 and Re-25(G). The reduced yield of the IL(phz) state relative to
AT-30 and Re-25(I) suggests that *Re→G CT involves the IL(phen) state and occurs on a
comparable timescale as the IL(phen)→IL(phz) conversion, namely a few tens of
picoseconds. In addition, the absence of MLCT features in spectra observed on the
nanosecond timescale shows that parallel CT involving the MLCT state occurs with a subnanosecond lifetime. Under some circumstances, IL(phz) could be reactive as well, but we
have no direct evidence for a process involving this state. The rate of *Re→G CT cannot be
determined exactly by TRIR because the spectral patterns of the IL-excited and reduced
states cannot be distinguished. Nevertheless, the picosecond-timescale CT rates are further
corroborated by comparison of the instantaneous (t = 0) emission intensity between samples.
On the nanosecond timescale, the four samples give similar emission decay rates, although
the integrated emission intensity is much less for Re-25(G) and GC-30 than for Re-25(I) and
AT-30.
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The reason for the absence of a guanine oxidation signal in TRIR spectra of Re-25(G) and
Re-25(I) is unclear, but it may be an effect of the mixed base sequence used in these
constructs. In previous studies of guanine oxidation by [RuIII(phen)2(dppz)]3+, a strong
transient was observed in the visible region that was attributed to the neutral guanine radical
when the complex was intercalated in poly(dG)·poly(dC) or poly(dG-dA)·poly(dC-dT), but
no signal was seen when the complex was intercalated in poly(dG-dT)·poly(dC-dA).88 This
difference was attributed to sequence dependent variations in the redox potential of guanine
or structural variations, which would alter the coupling in the system.
Long-Lived Transient States
In addition to the reactive Re states, TRIR and TA measurements indicate that one or more
non-emissive transient states persists long after the emissive species has been depleted. We
have established that the long-lived transients are composed primarily of mixtures of Re in
the 3IL(phz) excited state and in the reduced state, [Re(CO)3(dppz•−)(py′-OR)]. The longlifetime decay processes observed by these absorption methods therefore contain
contributions from the decay of these two states. From the 3IL(phz) state, the decay is likely
due to internal conversion to the ground state. From the reduced state, the decay is caused by
charge recombination, i.e., BET. The observation of long-lived transients in the AT-30
sample and the possibility for the oxidation of adenine by excited Re indicate that some
J Am Chem Soc. Author manuscript; available in PMC 2012 August 31.
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amount of charge injection may occur in the absence of guanine. However, the lack of
evidence for the formation of A•+ and the relatively strong emission observed in the AT-30
system suggest that if CT with adenine occurs, it is slow, minimally competitive with
emission, and followed by fast BET.
Suggested Mechanism of DNA-Mediated Guanine Oxidation
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Based on spectroscopic evidence, a model can be generated for the oxidation of guanine by
excited [Re(CO)3(dppz)(py′-OR)]+ (Figure 7). Photoexcitation of the complex populates a
mixture of close lying IL(phen), IL(phz) and MLCT excited states, presumably spin-triplets,
that are clearly observed by TRIR. (Such a mixture of states has been observed
experimentally in several rhenium tricarbonyl complexes and has been verified in
computational models.16,17,19,21–23,26,27,41,90) Based on our TRIR results, it appears that
different excited states are more or less likely to participate in DNA-mediated CT. The
MLCT state in particular, which is not observed in samples where the excited complex is in
direct contact with guanine, seems to be more easily quenched than the IL states. The CT
reactivity appears to decrease in the order MLCT > IL(phen) > IL(phz). It is also possible
that conversion between excited states affects the apparent rates and yields observed for
charge injection or emission. The reaction pathways from the excited state are also governed
by the extent of electronic coupling in the system, which itself is determined by the
dynamics of the probe and of the bases themselves.66 At the instant of excitation, two major
populations exist. The first involves complexes which are poorly bound or which are bound
to DNA in orientations that are not conducive to electron transfer. In this population, the
mechanism of relaxation involves either quenching by water, as is observed for dppz
complexes of Ru in polar, protic solvents,56,91 or emission. Emission is expected to occur
primarily from the 3IL state, as reported for [Re(CO)3(dppz)(py)]+ in acetonitrile.19 In the
second population, the excited complex is well coupled to the DNA. Here, excited state
quenching via positive charge (i.e., hole) injection into the DNA duplex is the preferred
reaction pathway. Indeed, primarily coherent CT at a distance of ten base pairs was observed
in systems utilizing 2-aminopurine as a hole donor.60 Such processes are rapid. In systems
involving DNA-bound ethidium, DNA-mediated CT over distances of several bases was
observed to occur in 5 ps.92 Further, emission quenching is not limited to the population that
exists in a CT-active configuration at the moment of excitation; reorientation of the bound
oxidant to generate such a configuration may occur within the lifetime of the excited state.
The rate of reorientation for DNA-bound ethidium is 75 ps,92 although for a larger molecule
such as [Re(CO)3(dppz)(py′-OR)]+, this rate may be slower. Following charge separation,
charge recombination (BET) may occur. After all, the ground state oxidation of
[ReI(CO)3(dppz•−)(py′-OH)]0 [E° (Re+/Re0) = −0.85 V vs. NHE] by G•+ [E° (G•+/G) = 1.29
V vs. NHE]68 is thermodynamically favorable, and immediately after charge separation, the
system exists in a CT-active state. Back reaction along this pathway is consistent with the
absence of a guanine signal at short times in TRIR experiments. While this non-productive
reaction pathway can be invoked to explain some of the experimental observations,
additional pathways must be operative; quantitative deactivation of the charge separated
state via short-range BET would prevent the eventual formation of permanent oxidative
damage. A third population, then, involves molecules that are well coupled during charge
injection, but that lose coupling before BET can take place due to reorientational motion of
either the probe or the bases. The holes thus isolated within the base stack are quite stable
and can migrate away from the site of injection, further reducing the probability for BET to
occur and increasing the yield of permanent oxidative damage.60 Charge migration is
limited in rate by stacking and destacking motions of the duplex, which form transient
delocalized electronic domains.93,94 The 210 ns rate of formation for the guanine radical
signal observed at ~1700 cm−1 by TRIR in the GC-30 sample may therefore reflect the rate
of this conformational gating.
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Complexes that contain IR-active moieties show promise as probes for the study of DNA
CT. In this work, we have used PAGE and time-resolved spectroscopy to observe the
oxidation of guanine in DNA by photoexcited [Re(CO)3(dppz)(py′-OR)]+. Although no
direct evidence for this reaction is afforded by UV/visible methods, fast excited-state
quenching by guanine provides indirect evidence that oxidation is taking place. Direct
evidence for the formation of guanine oxidation products is observed biochemically by
PAGE analysis and spectroscopically by TRIR following photoexcitation of Re′-OH in the
presence of GC-30. Similarities between the spectral features and kinetics of this system
with those of other DNA sequences containing guanine allow us to conclude that the
photochemical processes observed in the GC-30 sample are general. In these systems, the
rate of guanine oxidation (herein 210 ns) is dictated largely by motions of the bases, which
allow for long-range charge separation and prevent BET, rather than by the intrinsic
photophysics of the photosensitizer complex. In this respect, the role of Re′-OH is similar to
that of other photooxidants that have been used in DNA CT studies.60,93,94
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Unlike the well-known [Ru(phen)2(dppz)]2+ DNA “light-switch,” rhenium(I) tricarbonyldppz complexes are strong enough photooxidants to inject positive charge into DNA directly
from their electronically excited state(s), i.e., without the use of an external quencher and
involvement of diffusion-controlled steps. This allows for ultrafast charge injection, with
possible applications in mechanistic studies of DNA-mediated CT and in development of
DNA-based photonic devices. However, the present study indicates that charge injection by
[Re(CO)3(dppz)(py′-OR)]+ preferentially involves the initially populated IL(phen) and the
minor MLCT states, with the long-lived 3IL(phz) state showing little reactivity, if any. This,
together with fast BET, limits the reaction yield. From the experimental point of view, Re
tricarbonyl-diimines have the advantage of being both ET phototriggers and probes by virtue
of their sensitive IR spectral responses to changes in the electron density distribution.32,34
However, in the particular case of dppz complexes, the TRIR spectral analysis is
complicated by the close resemblance of 3IL(phz) and reduced-state spectral patterns that
renders the two species indistinguishable. It is suggested that optimization of the Rephotooxidant structure will improve both the charge injection efficiency and the IR spectral
response.
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A complete picture of DNA CT requires the observation of processes on very different
timescales. At the instant of photoexcitation, the extent of coupling between the probe and
the base stack, and between the bases themselves, defines two populations of DNA: one that
is CT-active and one that is CT-inactive. The outcomes of fast processes, such as
fluorescence and charge injection, are determined based on the relative sizes of these
populations. At longer times, base motions change the energetic landscape, offering
alternative reaction pathways, such as charge migration and trapping, that were not available
immediately after excitation. TRIR allows for the observation of processes at all of these
timescales, making it a valuable addition to the methods employed for the study of DNAmediated CT.
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Figure 1.

Schematic illustration of [Re(CO)3(dppz)(py′-OR)]+, the covalent linker, and the DNA
sequences used for studies of guanine oxidation. Experiments involving AT-30 and GC-30
were conducted in the presence of the free complex Re′-OH. In the covalent assemblies
Re-25(G) and Re-25(I), the Re photooxidant is tethered to the 5′ end of one strand via a
peptide linkage.
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Figure 2.

Steady-state FTIR spectra (bottom) of saturated Re′-OEt in acetonitrile recorded during bulk
reduction using an OTTLE cell. Arrows indicate spectral changes that occur upon reduction.
The difference in absorbance between the fully reduced species and the initial species is also
shown (top).
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Figure 3.

NIH-PA Author Manuscript

Quantification of oxidative damage observed for Re-25(I) (X = I; red) or Re-25(G) (X = G;
blue) by PAGE analysis. Aqueous samples containing 3′-[α-32P]-radiolabelled (indicated by
*) Re-DNA constructs (2 μM) were irradiated for 2 hrs and treated with piperidine to induce
cleavage at damaged bases. Cleavage products were separated by 20% PAGE and imaged
by phosphorimagery. Quantitation was accomplished by normalizing counts at each site to
total counts per lane. Traces were corrected for false positives by subtracting the dark
control (DC). The arrow indicates the 5′-guanine of a 5′-GG-3′ doublet. Re is expected to
bind 2–3 bases in from the 5′-end of the duplex.
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Figure 4.
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Steady-state emission spectra of 20 μM Re′-OEt and 0.5 mM DNA (base pairs) in D2O
buffer (10 mM NaPi, 50 mM NaCl; pD 7.0) solution following excitation at 355 nm.
Emission spectra of Re′-OEt with AT-30 (red) or GC-30 (black) have been corrected for
emission from DNA alone.
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Figure 5.

Picosecond-timescale TRIR difference spectra of 4.8 mM (base pairs) AT-30 (top) or GC-30
(bottom) with 0.5 mM Re′-OH measured at specified time delays after 355 nm, 50 fs
excitation. Each probe data point is separated by ca. 2.1 cm−1. Arrows indicate changes in
the spectra with time. Delay times displayed are a subset of the data collected. (Similar
TRIR spectra of Re-25(I) and Re-25(G) are shown in Figure S3.)
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Figure 6.

Nanosecond-timescale TRIR difference spectra showing changes in the IR absorbance of
systems containing 0.5 mM [Re(CO)3(dppz)(py′-OR)]+ and 4.8 mM DNA (base pairs)
following 355 nm excitation. Both the Re(CO)3 ν(C≡O) (1860–2150 cm−1) and the DNA
C=O stretching (1550–1850 cm−1) regions are shown. Arrows indicate changes in the
spectra with time. Delay times displayed are a subset of the data collected. The growth of
the signal at ~1700 cm−1 in the GC-30 sample is shown in the inset.
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Figure 7.
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The proposed model for the oxidation of guanine by photoexcited [Re(CO)3(dppz)(py′OR)]+. Photoexcitation in the poorly coupled system results in emission (hν′) or nonradiative decay to the ground state. Photoexcitation in the well-coupled system results in
charge injection over an arbitrary distance to form reduced [Re(CO)3(dppz)(py′-OR)]0
(Rered) and the guanine radical cation (G•+). During the excited state lifetime of the
complex, the poorly coupled system may undergo reorientation, allowing charge injection.
From the charge-separated state, facile back electron transfer (BET) competes with charge
migration and trapping, resulting either in no reaction or the formation of permanent
oxidation products. Base motions may result in isolation of the injected charge, favoring the
trapping pathway.
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These values reflect an increase in intensity.

f
Processes faster than 8 ns are convoluted with instrument response.

e
Uncertainty estimated at 10%.

d

c
Uncertainty estimated at 20%.

“Long” indicates incomplete decay.

b

Determined by different methods for absorption and emission; see Experimental Section.
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