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Solvent and Linker Influences on AQ~/dA*t Charge-Transfer State Energetics and
Dynamics in Anthraquinonyl-Linker-Deoxyadenosine Conjugates

Introduction

It is now widely accepted that radical cations (holes) can
migrate long distances through the DNAstack by a series of
short-range hops.” A major target for oxidative damage to
DNA is guanine (G), the base with the lowest ionization
energy®~10 In their investigations of hole transport, Schuster
et al. injected holes (@) into duplex DNA by photoexciting a
covalently attached anthraquinone (AQ) chromophore at the en
of a duplext! In particular, AQ was joined to theéend of one
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The goal of this work is to produce high yields of long-lived A@A** charge transfer (CT) excited states

(or photoproducts). This goal fits within a larger context of trying generally to produce high yields of long-
lived CT excited states within DNA nucleoside conjugates that can be incorporated into DNA duplexes.
Depending upon the energetics of the anthraquinonyl (A@)z*) state as well as the reduction potentials

of the subunits in particular anthragquinonyl-adenine conjugates, CT quenching of tRgr&®) state may

or may not occur in polar organic solvents. In MeOH, big30-acetyl)NSé-(anthraquinone-2-carbonyl)-2
deoxyadenosine (AQCOdA) behaves as intended and foR@#& /dA*") CT state with a lifetime of 3 ns.
However, in nonpolar THF the AQ/dA*" CT states of AQCOdA are too high in energy to be formed, and

in DMSO a}(AQ*~/dA*") CT state is formed but lives only 6 ps. Although the lowest energy excited state
for AQCOdA in MeOH is &3(AQ*/dA*") CT state, folNé-(anthraquinone-2-methylenyl)-Beoxyadenosine
(AQMedA) in the same solvent it is%,7*) state. Changing the linking carbonyl in AQCOdA to methylene

in AQMedA makes the anthraquinonyl subunit harder to reduce by 166 mV. This raises the energy of the
3(AQ " /dA'") CT state above that of th&z,7*) in AQMedA. The conclusion is that anthraquinonyl-dA
conjugates will not have lowest energy AQIA** CT states in polar organic solvents unless the anthraquinonyl
subunit is also substituted with an electron-withdrawing group that raises the AQ-subunit’s reduction potential
above that of AQ. A key finding in this work is that the lifetime of tF(@&Q*/dA**) CT excited state (ca.

3 ns) is ca. 500-times longer than that of the correspont{id@-~/dA**) CT excited state (ca. 6 ps).

transfer (CT) excited state (or photoproduct) in these hairpins
was NDF/A*" that was separated from a terminal PTZ electron
donor by three to seven intervening As. As the number of inter-
vening As increased, the lifetime of the NDIPTZ* photo-
product increased to 336. Unfortunately, the yield of the latter
CT product was at most-12% and dropped as its lifetime
lengthened. The root cause of the low CT efficiency in this
gsystem s that the lifetime of back CT within the primary NDI
dA** excited state is only 4 p<.Clearly this system would be

DNA strand via a flexible eight-atom long linké? Giese etal. ~ @menable to producing high yields of long-lived CT photoprod-
studied both superexchange and multistep hopping mechanism4!Cts; if NDI could be replaced with a photoacceptor chro-
for hole transport from & to the 3-G in a GGG sequence in mophore (PC).for. which the initial PC/dA** CT excited-state
DNA where the donor and acceptor sites were separated by A/Thad a longer lifetime.

base paird3 A recent series of papers has investigated injecting ~ With the above objective in mind, this work explores condi-
adenine cations (A holes) into DNA and subsequently tions under which a long-lived AQ/dA** CT excited state
transferring them to other donors such as G or phenothiazinemight be formed in a closely linked anthraquinonye2zoxy-
(PTZ)1416 |n one interesting experiment, naphthaldiimide adenosine (AQ-dA) nucleoside conjugate. The effects on the
(NDI) and PTZ were incorporated into the same DNA hairpin photoinduced CT process due to changing both the type of linker
and photoexcited to produce NDIPTZ* photoproducts with and solvent polarity are explored with a variety of time-resolved
lifetimes of hundreds of microsecon#sThe initial charge and continuous spectroscopic techniques. As will be discussed

next, while the3(,7*) state of AQ (T;) can readily oxidize
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OAc ~ CT is the lowest energy(mr,7*) state rather than the lowest
e 0 i %3* u 0 2 energyl(rr,7*) state as in the latter ones. By way of background,
E Ao/ O‘O note that AQ is “special” in that intersystem crossing (ISC) from
its lowest energy singlet excited staté(ar*) state, is so fast
AQCOAm © AQCOdA © (<50 ps) that AQ does not fluoresé&Indeed the extremely
fast }(nz*) — 3(r,7*) ISC rate is precisely what makes AQ
22)‘ NN o NN O o interesting in the context of forming within a nucleoside
QA ) conjugate a high yield of 8CT excited state with a lifetime
HO N\)DN/kE O‘IO HN\)Z}N/kE O‘IO >1 ns. Key questions then become will CT occur from the

AQMedA I AQCOA o (n*) or ¥(z,7*) state and, if from the latter, how long will

) ) i ] the resulting®CT state live.
Figure 1. Structural drawings of two AQ-dA nucleoside conjugates, . . . S
an AQ-A base conjugate, and the spectroscopic AQ model, AQCOAm.  On the basis of extensive investigation of the solvent
Note that 35-O-acetyl groups were added in the case of AQCOdA to  dependence d{Py*/dU"") CT energetics and dynamics in Py-
improve this nucleoside’s solubility in organic solvents. dU conjugates, one reasonably expects that CT quenching of

) . the 3(r,7*) states in AQ-dA conjugates to ford{AQ*~/dA*™)
base Sta(ik of a DNA duplex if the free energy of forming the ' CT states will be more favorable in polar solvents such as MeCN
AQ*"/dA*™ CT excited state from the;Tstate of AQ A\Gcr) and methanol (MeOH) and less favorable in nonpolar solvents
were less than zero. Equation 1 summarizes this condition asgch as tetrahydrofuran (THF). In MeOH hydrogen bonding to

- the carbonyl groups in the AQ subunit of the AQ /dA** CT
AGcr = —E(Ty) + €[Ey,(dA™/dA) — state might add additional CT state stabilization in excess of
Eyo(AQ/AQ )] + W(r — ry) (1) that seen in the polar but not hydrogen bonding solvent MeCN
(see more below). Importantly, only locally excited, pyrenyl

whereE(Ty) is the energy of the Tstate of AQ,eis the charge  (7.7*) states and pyrene- dU CT states have been observed
of an electronEy, is the electrochemical midpoint (or reduction) ~experimentally in pyrenyl-dU nucleosides and identified in
potential in volts for the indicated coupla(r) is the Coulombic ~ computation®2”:33of pyrenyl-dU nucleoside models. In par-
work involved in forming the radical pair separated by a distance ticular, states arising from excitation of electrons in amido-linker
r, andr is greater than the sum of the donor and acceptor radii orbitals to empty dU orbitals or of electrons in pyrenyl orbitals
(ro). In polar solventsw(r) is negligible!819 to empty amido-linker orbitals were not seen. Presumably such
The energy the Tstate of AQ is about 2.70 eV (ca. 460 “linker” CT transitions were energetically unfavorable. However
nm) 20 Thus, if the second term in eq 1 is less that 2.70 eV, one in AQ-dA nucleoside conjugates, AQ is ca. 1.1 V easier to
would expect CT quenching of the AQ, Btate. Generally, a  reduce than dU in Py-dU conjugates. Thus states arising from
AGct value of about—200 meV is sufficiently negative to  excitation of electrons in amido-linker orbitals to empty AQ
produce rapid CT quenching. The reduction potential of AQ/ orbitals (AQ~/Am*t CT) may be low enough in energy to be
AQ*~ in dimethylformamide (DMF) is reported to be0.86 V kinetically important in AQ-dA conjugates.
(versus SCE}! while the reduction potential of dA/dA in Potentially important excited states in AQ-dA conjugates
acetonitrile (MeCN) is reported to be 1.72 V (versus S€E). inclyde the singlet and triplet @) states, singlet and triplet
Thg solvation energy change on going from DMF to MeCN is (7,7*) states, the hoped for lowest enerdAQ*~/dA**) CT
est|m§teq to be only-0.02 e\? and WI|| be neglr_scted here. state, and new singlet and triplet AQAm** CT states.
Substituting theE(Ty) and B> values into eq 1 yield&\Ger Considering polarity, the least polar states are the*jrand
equgl to—120 meV.. Because CT quenching between AQ and (7,7*) states; AQ-/Am** CT states should be modestly polar,
dA in polar organic solvents is a close .caII and because \ hereas A®@/dA* CT states should be very polar. Thus in
covalently linking AQ and adenine subunits can affect the ., q)ar solvents AQ/dA*" CT states should be much higher
parameters in eq 1, each AQ-adenine conjugate must bein energy than in polar solvents. In contrast, the energies of

In\fAesttrl]gatec.i 'nd'\f'dALéaHY to (s:ee.hovvt It gteha:/es. Fi 1 (n,7*) and (z,7*) states should vary only modestly as solvent
hthraquinonyl-Adenine L-onjugate structures. migure polarity is changed. The energies of AQAm*" CT states

igates and  model anthracuinons that are Sudied in i wori Should be stabilzed somewhat more than those aFfrand
JBgth AQCOdA and AQMegA are nucleoside coniugates that "(7r,t*) states as solvent polarity is increased, but much less than
1ug those of AQ /dA*" CT states. Finally note that hydrogen

are linked via N of adenine and C2 of AQ. In the first, the bonding was very stabilizing for PYdU CT states in Py-dU

linker is a carbonyl group, and in the second, it s a methylene nucleosides, because it did not also stabilize the pyrenyl (donor)
A A is simil A A hat it lacks th S ;
group. AQCOA is similar to AQCOdA except that it lacks the ¢ subunit in the ground state. This is not likely to be the case for

sugar of the nucleoside; AQCOAmMm is spectroscopic model o A, . :
the AQ group in which dA and A have been replaced with a AQ™/Am-* (.:T states, bgcause hydrogen bonding can stablize
both the amido (donor) linker in the ground state as well as the

methyl group except for retention of®N X I Aet
Expectations and Unknowns for Photoinduced CTin AQ-  carbonyls of AQ™in the AQ™/dA™" CT state.

dA Conjugates.Related studies of pyrenyl-Bleoxyuridine (Py- Our goal in this study to develop excited-state energy level
dU) nucleoside conjugat®s3 have dealt almost exclusively  diagrams that categorize the important excited state changes that
with singlet excited states, bothr,@*) and Py*/dU~ CT occur to the above types of states in AQ-dA conjugates as
types?23L In AQ-dA nucleoside conjugates, there are two solvent polarity and hydrogen bonding capability are changed.
important differences compared to Py-dU conjugates. One, theThese diagrams, however, will not be complete electronic
direction of CT is reversed; consequently the desired CT excited manifolds of these molecules. Rather, generation of complete
state in the former conjugates is AQdA** with an oxidized excited state, energy level representations will necessitate
rather than a reduced DNA base as in the latter conjugates. Two theoretical studies along the lines of INDOs CIS discrete reaction
in the former conjugates the excited state to be quenched byfield (DRF) computation® that employ explicit solvent models
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to analyze the electronic structures of ensembles of thermally

accessible solute/solvent configurations generated via molecular

dynamics®?

Materials and Methods

General Synthetic Methods MeOH, MeCN, THF, and
dimethyl sulfoxide (DMSO) solvents were purchased from
Burdick & Jackson (spectroscopic or HPLC grade) and used as

received. Other reagents, chemicals, and solvents were obtained

from common suppliers and were usually used without further
purification. AQCOAmM, AQCOdA, and AQCOA were synthe-
sized as described by Abdou efaAQMedA was synthesized

as described below. High-resolution El (electrospray ionization)
MS were recorded in positive ion mode at the Mass Spectrom-
etry Laboratory of the Georgia Institute of Technology. NMR
spectra were recorded on a Varian Unit$00 using DMSO-

ds as solvent at GSU. Chemical shifts féH NMR were
recorded relative to DMSO (2.49 ppm).

Synthesis of AQMedA.N®-(-p-2-Deoxyribofuranosyl)-N6-
(anthraquinone-2-methylenyl)adenine (AQMedA).N°-(3-p-
2-Deoxyribofuranosyl)-6-chloropurine (200 mg, 0.74 mmol) was
suspended im-butanol (20 mL) and heated under reflux with
2-aminomethylanthraquinone hydrobromide (600 mg, 2.1 mmol
2.8 equiv) and triethylamine (0.5 mL, 5 equiv). After 2 h the
mixture was evaporated to dryness. Coevaporation of the residu
from xylenes and purification by silica gel column chromatog-
raphy (80 mL, eluted with a mixture of dichloromethane/
methanol 95:5 v/v) afforded the desired product as a yellow
foam (270 mg, 77% yield, 96% purity by reverse-phase HPLC).
IH NMR (300 MHz, DMSO¢s): d(ppm) 8.68 (s, 1H, RH),
8.40 (s, 1H, H), 8.12-8.20 (m, 5H, H/Hs —g"), 7.84-7.94 (m,
3H, Hya4), 6.35 (t, 1H,J = 6.7 Hz, H), 5.30 (d, 1H,J =
3.9 Hz, OH), 5.17 (t, 1H,J = 5.6 Hz, OH), 4.87 (s, 2H,
CHy-linker), 4.40 (s, 1H, H), 3.86-3.87 (m, 1H, H/), 3.47-
3.63 (M, 2H, H/Hsp), 2.68-2.78 (M, 1H, Hy), 2.22-2.30
(M, 1H, Hyp). UV, Amax (MeOH) 256, 265, 272 (sh), 326 nm.
13C NMR (75 MHz, DMSOds): S(ppm) 182.60, 182.23,
152.33,147.42,139.87, 134.53, 134.44, 133.06, 131.76, 127.09
126.73,126.70, 124.90, 88.01, 83.93, 70.92, 61.84. HR ESI MS
m/z (MT): CusH21NsOs Caldd 471.15427, found 471.15430.

2-Aminomethylanthraquinone Hydrobromide. 2-Bromo-
methylanthraquinone (1 g, 3.3 mmol) was dissolved in hot
dimethylformamide (50 mL) and, after a careful cooling to
prevent crystalization, treated with a saturated solution of
methanolic ammonia. The crude product was crystallized,
filtered, washed with MeOH, and dried to gl g of thedesired
product, which was used without a further purification to make
AQMedA.

UV —Visible Absorbance Spectroscopic MethodsAbsor-

e
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Figure 2. Absorbance and relative emission spectra for AQCOdA in
deoxygenated THF; sample concentrations in 1-cm path length cells
were, respectively, 1.4 107> M and 7.4x 10°% M for absorbance
and emission experiments.

solvent-saturated nitrogen gas into a quartz cuvette equipped
with an open-screw cap and a Teflon-silicone septum (Wilmad
Glass, Part # WG-9F/OC-Q-10) for 2@0 min while stirring.
Emission spectra were recorded on PTI (Photon Technology
International, Inc.) QuantaMaster-1 spectrofluorometer using
5-nm excitation and emission SBWs. Generally spectra were
recorded from 340 to 625 nm at 0.5 nm intervals using 5-s
integration times at each wavelength. All samples were excited
at 326 nm in 1-cm quartz cuvettes using a right-angle excitation
and emission geometryAf»s was 0.065-0.10). Polarization
artifacts were avoided by positioning an achromatic depolarizer
in the excitation beam and recording emission spectra through
a polarizer adjusted to 54.With respect to vertical. All spectra
were corrected for the wavelength dependent emission sensitivity
of the fluorometer using appropriate wavelength correction
factors (W/cm units) developed at GSU. Additionally, all
spectra were corrected for possible variation of excitation
intensity by normalization with respect to the intensity of Raman
scattering from deioninzed water. A description of the method
used to calculate relative emission quantum yields for AQMedA

in various solvents is given in the Supporting Information.

Results

Absorbance and Emission Spectra for AQCOdA in THF.
Figure 2 presents absorbance and emission spectra for AQCOdA
in THF. Importantly, the absorbance spectra for AQCOdA,
AQCOAmM (lacking adenine), and AQ itself are nearly identical
to each other. However, while AQCOdA emits in THF, neither
AQCOAmM nor AQ emit in any solver® In AQ the lowest
electronic singlet excited state i&,7*), and it rapidly (<50

bance spectra were recorded on a Shimadzu UV 2501PC highps) intersystem crosses to tfgr,7*) manifold.3® This rapid

performance spectrophotometer equipped with a double mono-

chromator for reduced stray light. The spectral bandwidth

loss of singlet state population renders AQ emissionless at room
temperature. Clearly the fact that AQCOdA emits in THF means

(SBW) for absorbance spectra was 1 nm, and sample concentrathat a new type of lowest energy singlet excited state is present

tions are given in the figure captions. Molar absorption
coefficients €) of anthraquinonyl compounds were measured
by weighing a 2-3 mg sample tat0.01 mg and dissolving it
by stirring for one week in a 100-mL volumetric flask with the
desired solvent. Quantitative dilutions were made to produce
Beer’s law plots fok calculation. The: values for AQCOAmMm,
AQCOdA, AQCOA, and AQMedA in a number of solvents
are given in Table 1S.

UV —Visible Emission Spectroscopy and Emission Quan-
tum Yield Methods. Except where noted otherwise, samples
for emission measurements were deoxygenated by bubbling

in the molecule that is not present in AQ. Other substituted AQs
do emit, however, such as 1,4-diaminoanthraquiri@nin
amine-substituted AQs, the lowest energy excited singlet state
is an amine-to-AQ CT state. Whereas fifez*) state in AQ

has an ultrafast ISC rate to tRgr,7*) state, the singlet amine-
to-AQ CT state does not. Rather, it lives long enough to
fluoresce. By anlogy with amine-substituted AQs and for
convenience of discussion, we assign the fluorescent, lowest
energy singlet state in AQCOdA as arising from excitation of
electrons in amido orbitals to empty AQ orbitals (ACAmM**

CT). As noted in the Introduction section, AQ is ca. 1.1 V easier
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to reduce than dU. Thus it is reasonable to expect low energy 0.12 - AQCOGA in THF

AQ*"/Am** CT states to be kinetically important in AQ-dA r n

conjugates. 010 0609 ps
Figure 1S presents expanded views of the absorbance spectra 80-300 ps

of both AQCOAmM and AQCOdA in THF, DMSO, and MeOH.
Note that the strong band in the 325-nm region is an allowed
1(r,m*) absorption and that absorption to th@,z*) state in

the 460-nm region is forbidden. Both AQCOAmM and AQCOdA
show the expected red-shift fzr,7*) absorption on going from
THF (nonpolar) to DMSO (polar) solvent. What is striking,
however, is that this absorption is strongly blue-shifted with

———— 800-1000 ps

Change-in-Absorbance
o
8
T

respect to its location in DMSO on going to MeOH, even though ool bu v w1 TS L
MeOH is also a polar solvent. Evidence that the 325 (mz*) 450 500 550 600 650 700
state in these two compounds is likely strongly mixed with a Wavelength (nm)

new(AQ ~/Am") CT state is provided by the molar absorption 0.020 -

(¢) data in Table 1S, where the absorption of AQCOAmM varies
nearly a factor of 2.5 on going from MeOHzfs = 3.9 mM2
cm 1) to THF (e324= 9.6 mM~1 cm™1). Most likely the strong
blue-shift of the long-wavelength absorption edge of the 325-
nm band in AQCOAmM and AQCOdA on going from DMSO to
MeOH is due to solute/solvent hydrogen bond interactions that
are present in MeOH but absent in DMSO.

An important feature in the absorbance spectra of AQCOdA

0.015

0.010

Change-in-Absorbance

0.005 -
shown in the bottom panel of Figure 1S is increased absorbance [
in the 376-440 nm region compared to that for AQCOAm. i
Certainly the extent of amido conjugation is extended in oooo e e b
AQCOdA compared to AQCOAm. Aditionally, the possibility 0 200 400 600 800 1000
of AQ*/dA** CT transitions is now real in the former Time (ps)

compound. Although AQ/dA** CT transitions are forbidden  Figure 3. TA kinetics for 5.0 mM AQCOdA in THF following
and thus have very small oscillator strength, they can borrow photoexcitation at 400 nm with a ca. 250-fs duration (fwhm) laser
intensity from nearby allowed transitions. This may well be pulse: (top) TA spectra averaged over the indicated time intervals after

L : excitation (data points joined with straight lines) and (bottom) TA
happening in the 376440 nm region for AQCOdA. As for kinetics at 640 nm (solid circles are data points, and the solid line is a

AQCOAM in the top panel of Figure 1S, changing solvent for |east-squares fit). The fitting equation in the bottom panel was a sum
AQCOdA from DMSO to MeOH blue-shifts both the long-  of two exponentials with zero constant terRi= 0.98): (0.070) 16t

wavelength edge of the 325-nm absorbance band and as welb ps and (0.012) 1.% 0.5 ns.
lessens the strength of the new 37210 nm absorbance. Again ; .
solute/solvent hydrogen bond interactions in MeOH appear to (AQ/dAT)CT
be the likely cause.

Femtosecond TA Spectra and Kinetics for AQCOdA in
THF. Figure 3 presents transient absorbance (TA) spectra at ;
three times after photoexcitation at 400 nm with a ca. 250-fs (AQ/Am
duration (fwhm) laser pulse (top panel) and TA kinetics at 640
nm (bottom panel) for AQCOdA in THF. Two TA decay
processes are seen in Figure 3 and throughout the-@80 3{AQ"M!\m*) CT
nm region: 16 ps and 1.9 ns. The TA spectra show that excited
state absorbance features for both of these relaxations are
substantially the same. Figure 2S replots these same TA spectra 1.9 ns
normalized at 520 nm. The normalized TA plots show that the Sy Y
e oo oo s 4. Exco e anry oo g o AGCOUA n THE

. . -~ The question mark indicates that the time window of the femtosecond
the absorbance at earlier times. Thus the 16-ps relaxationTa experiment did not allow observation of this state.
corresponds the solvent relaxation about the charge distribution
of the excited state. The 1.9-ns TA decay in THF then is excited state, and tH@AQ‘*/dAﬁL) CT state is shown at h|gher
reasonably assigned to the emittiH§Q*~/Am**) CT state of  energy than thé(AQ*—/Am+) CT state. We do not know the
AQCOdA. Having said this, we must recognize that in THF exact location of thé(AQ*~/dA**) CT state with respect to the
there is no evidence of AQdA*" CT state formation. Certainly, I(n*) state, but suspect that tRAQ*~/dA**) CT lies above
the nonpolar nature of THF significantly raises the energy of the(nz*) state as shown in the figure. The 1.9-ns lifetime of
AQ "/dA™* CT states relative to their energy in more polar the }(AQ*-/Am**) CT state allows ample time for ISC to its
solvents. Importantly, CT states with the largest dipoles will 3AQ*~/Am**) CT state. We also do not know the exact location
be both destabilized most in nonpolar solvents and stabilized of the 3(AQ*~/Am**) CT state with respect to tHiér,7*) state,
most in polar ones. but suspect that it lies below tRer,7*) as implied in the figure.

Figure 4 presents an energy level diagram for AQCOdA in The question mark by the ISC relaxation between the singlet
THF that summarizes the above discussion. In it the fluorescentand triplet AQ~/Am** CT states indicates that the time window
1(AQ*~/Am*™) CT state is shown as the lowest energy singlet of the femtosecond TA experiments did not permit observing

7)CT Y {16 ps
?

solvent

hvaye hvem
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Figure 5. TA kinetics for 4.5 mM AQCOdA in DMSO following
photoexcitation at 400 nm with a ca. 250-fs duration (fwhm) laser
pulse: (top) TA spectra for the indicated times after excitation (data
points joined with straight lines) and (bottom) TA kinetics at 460 nm
(solid circles are data points, and the solid line is a least-squares fit).
The fitting equation in the bottom panel was a sum of two exponentials
with zero constant termR(= 0.99): (0.0087) 6+ 1 ps and (0.0023)
22+ 1.1ns.

the TA spectrum of thé(AQ*~/Am**) CT state. One perhaps
surprising result is that ultrafast ISC between tesr*) state
and the triplet manifold did not occur in competition with
internal conversion within the singlet manifold to populate the
fluorescent!(AQ*~/Am*™) CT state. Thus althoughna*) —
3(r,*) 1ISC may be ultrafast, internal conversion within the
singlet excited-state manifold is even faster for AQCOdA in
THF.

Femtosecond TA Spectra and Kinetics for AQCOdA in
DMSO. As noted above AQCOdA does not emit in DMSO
and MeOH. Clearly thé(AQ*~/Am**) CT state seen above in
THF is no longer the lowest energy singlet state for AQCOdA
in these two polar solvents. Two possibilities immediately come
to mind. One, thé(n,7*) state may again be the lowest singlet
state, or two, perhaps an AQdA*" CT state is now the lowest

Hussein et al.
1 - + <06ps
(AQ/Am™) CT
(AQdAy CTL Y
N (AQ7AmT) CT
6 ps
hVexe 22ns
So Y Y

Figure 6. Excited-state energy level diagram for AQCOdA in DMSO.

and a broad moderate absorption from 400 to 600 nm in
MeCN238 Thus it too can contribute to the TA of an AQ

dAt CT state. On the basis of the similarity with AQ
absorption features, it appears reasonable to assign the 6-ps TA
spectrum for AQCOdA in DMSO to the AQ/dA** CT state.
Relatedly, the singlet pyrenddUs~ CT state in PAdU has a
lifetime of only 5.6 ps in MeCN?

The decay of the short-lived AQdA*" CT state yields a
second excited state with a lifetime of 2.2 ns. The TA of the
second state looks neither like that of the initial AQA*" CT
state nor that of the anthraquinon§{z,7*) state3® In this
circumstance, reasonable assignments are eithek(#@ ~/
Amt) or 3(AQ/Am*") states. If AQCOdA fluoresced in
DMSO, the former would be the correct assignment. However,
since the nucleoside does not emit in DMSO, it appears that
the 3(AQ*~/Am*™) assignment is more reasonable.

Figure 3S presents femtosecond TA spectra and kinetics plots
for AQCOA (lacking the sugar in AQCOdA) in DMSO. As in
Figure 3 for AQCOdA in DMSO, AQCOA has two TA decay
processes through out the 44000 nm region: 5.5 ps and 1.9
ns. The final state for AQCOA looks remarkably like the final
state for AQCOdA. This is reasonable for two anthraquinonyl
AQ*~/Am**T CT states as this type of state would be much the
same in these two compounds. The initial TA spectrum for
AQCOA is again highly structured as was the case for
AQCOdA, but for AQCOA it absorbs more strongly in the 600
660 nm region (maximizing near 700 nm) than in the 500-nm
region, whereas for AQCOdA the TA decreases from 560 to
660 nm. Similarly to the TA spectrum of AQCOA, the TA
spectrum of the adenine radical cation in aqueous solution shows
rising absorbance beginning at 480 nm that maximizes past 590
nmA° In contrast, the TA of dA in MeCN is flat from 400 to
600 nm38 Thus the initial TA spectra for AQCOA and
AQCOdA in DMSO appear to be due, respectively, to*AQ
At and AQ~/dA*t CT states, whereas the long-lived state in
both compounds appears to be #(&Q*~/Am**) CT state.

Figure 6 presents an energy level diagram for AQCOdA in

energy excited state. Figure 5 presents TA spectra for AQCOdA DMSO that summarizes the above discussion. In it the non-

in DMSO at three times after photoexcitation at 400 nm with a
ca. 250-fs duration (fwhm) laser pulse (top panel) and TA
kinetics at 460 nm (bottom panel). Two TA decay processes
are seen in Figure 5 and through out the 4660 nm region:

6 ps and 2.2 ns. In contrast to the TA spectra in Figure 3, the

fluorescent3(AQ*~/Am**) CT state is shown as the lowest
energy and longest lived excited state; also #eQ°~/dA"")
CT state is shown at lower energy than #&Q*~/Am*") CT
state. Both thé(AQ*~/Am*") and(AQ*~/dA*") CT states must
be below thel(n*) state: the former because it should be

TA spectra in Figure 5 show that excited-state absorbancelocated much as it was in THF, and the latter because it is
features are not the same for these two relaxations. Also, theobserved as the ca. 6-ps transient. The reason thaAlg-/

6-ps TA spectrum in Figure 5 is not similar to that of figaQ-~/
Am") CT state seen in Figure 3. Rather, the highly structured

dA*") CT lies below thel(AQ*~/Am*) CT state is that it is
more stabilized in DMSO due to its larger dipole moment.

absorbance bands throughout the visible region for the 6-psFinally, singlet and triplet AQ/Am** CT states are expected

transient have features in the 45650 region that are similar
to those of AQ™ in dimethylformamide (DMF}’ The radical
cation of dA has a strong absorption in the 3800 nm region

to have more spirorbit splitting compared to the singlet and
triplet AQ*~/dA** states. This is consistent with locating the
3(AQ*~/Am*) CT state as the lowest energy triplet state. For
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- 0.020 The TA kinetics data in Figure 7 show that there is a 7-ps solvent
r T, =7ps - relaxation about the ultra rapidly form&AQ ~/dA*") CT state { ~
0.040 | o, ° ]
8 XS 7.=3.0ns 3 ns).
2 4
8 ]
-g 0.030 0015 that during the lifetime of the 7-ps species the absorbance
2 [ 1 increases in the blue region (near 460 nm) and decreases in the
< F red region (near 580 nm). This is the same type of spectral blue-
£0020 1 1 shift that was seen for AQCOdA in THF, and here as there it
°g’a [ 0.010 reflects solvent reorientation about the initially formed excited
£ 0.010 ] state. After solvent relaxation the excited state decays with a
o [ 3-ns lifetime. The highly structured TA spectrum of the 3-ns
O S T 1 0,005 lived state with its pronounced absorbance maxima at 500 and

0 200 400 600 800 1000 560 nm mark it as due to AQ. A bit surprisingly at first glance
Time (ps) there is almost no absorbance increase beyond 600 nm compared

o— ot
Figure 7. TA kinetics for 5.0 mM AQCOdA in MeOH following to the TA spectrum observed for thAQ"/dA™") CT state of

photoexcitation at 400 nm with a ca. 250-fs duration (fwhm) laser AQ(.:,OdA+in DMSQ (Figure 5). The strong blue shift of the
pulse: (top) TA spectra averaged over the indicated times after exci- AQ* /dA*" CT state’s TA in MeOH compared to DMSO could

tation (data points joined with straight lines) and (bottom) TA kinetics reflect hydrogen bonding interactions between the nucleoside’s
at 460 nm (open circles) and 580 nm (solid circles). The solid lines AQ*~/dA** CT state and MeOH. If so, they are consistent with
are least-squares fits using a sum of two exponentials with zero constanty qitional stabilization of the AQ/dA*+ CT state in the latter
term: 460 nm R = 0.80), (-0.010) 7+ 2 ps and (0.037) 2.& 0.5 - S
ns: 580 nm R = 0.99), (0.0053) 7t 2 ps and (0.0083) 3.2 0.5 ns. solvent compared to DMSO.I At this time it is |mportant to recall

] ] ) that AQCOdA does not emit in MeOH! If the 3-ns lived state
AQCOdA in DMSO as for AQCOdA in THF, internal conver-  yere a singlet state, there would be detectable fluorescence (even
sion within the singlet manifold is faster than ISC from the om al(AQ*/dA™*) CT state as fluorescence froiPy+/dUs-)

Y(n*) state to the triplet manifold. This has the consequence ¢t gtates in Py-dU nucleoside conjugates was always readily
that the AQ /dA** CT state is formed as a singlet via relaxation observable2-24264142The characteristic AQ bands at 500

of the (AQ""/ Am'+.) CT state, and the resultirigAQ'—/ dA™) and 560 nm in the highly structured TA spectrum of the 3-ns
CT state has a lifetime of only 6 ps. The key difference between lived state in Figure 7 and the lack of emission for AQCOdA

the energy level diagram for AQCOdA in THF (Figure 4) and ;. \ie0H ; ‘aning the 3-ns i
the diagram for the same nucleoside in DMSO (Figure 6) is ;?AQ?SdA?E)mé)+ne to support assigning the 3-ns lived state as

that in the latter polar solvent the energy of f#AQ*~/dA*")

CT state is lowered (or stabilized) to an energy between those Figure 8 presents_ an energy IeveI_ diagram foréQC(.)_dA in
of the singlet and triplet AQ/Am** states. The fact that the ~MEOH that summarizes the above discussion. In it(A&Q""/

YAQ*/dA*+) CT state lives only 6 ps in DMSO means that dA*") CT state is shovyn as the lowest energy excited state; the
the TA of the3(AQ*/Am*+) CT state is now observable within AQ /dA) CT _state is not shown because |_t was not observed.
the time window of the femtosecond TA experiment. Thel(n*) state is shown as lowest energy singlet state because
Femtosecond TA Spectra and Kinetics for AQCOdA in presumably it was responsible for ultrafast population of the
MeOH. Both MeOH and DMSO are polar solvents but because “(7.77*) state. In turn the(w,7*) state was most likely rapidly
MeOH can hydrogen bond with solutes, it can lower the energy duenched to form th§AQ*~/dA™) CT state ¢ ~ 3 ns). Key
of occupied amido linker orbitals as noted earlier in the to this sequence of excited-state relaxations was raising of the
Introduction section. Additionally, hydrogen bonding will likely ~ €nergy of the(AQ"~/Am**) CT state above that of tHén,*)
have a net stabilizing effect on the energy of the singlet and state. Presumably solute/solvent hydrogen bond interactions
triplet AQ*/dA** CT states of AQCOdA, as was previously Were responsible for this critical occurrence. In MeOH AQ-
observed for Py/dUs~ CT states in Py-dU nucleosides. Figure COdA behaves as the type of AQ-dA conjugate that we had
7 presents TA spectra at four times after photoexcitation at 400 intended to make. It embodies three key conditions: (1) the
nm with a ca. 250-fs duration (fwhm) laser pulse (top panel) 3(AQ*/dA*") CT state is the lowest energy excited state in the
and TA kinetics at 460 and 580 nm (bottom panel) for AQCOdA compound, (2) thé&(n7*) state is the lowest energy singlet state,
in MeOH. Two relaxation lifetimes are seen in Figure 7 and and (3) (nz*) — 3(w,n*) ISC is much faster than charge
through out the 436640 nm region: 7 ps and 3.0 ns. Note transfer from thel(ns*) state to form the!(AQ*~/dA*t) CT
that all of the plotted TA spectra are for the decay of the 3-ns excited state. While we had hoped that the last of these three
lived state. The TA kinetics plots in the bottom panel show conditions would be true for AQ-dA conjugates that fulfilled
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emission quenching for AQMedA on going from THF to MeCN
indicates that an AQ/dA*t CT state is nearby but higher in
energy than the emitting state.

Figure 4S shows that the emission spectrum for AQMedA
in THF is substantially different from those in MeOH and
MeCN. In fact it appears to be comprised of emission from
two states. Upon aeration, most of the long wavelength emission
(450-600 nm) is quenched and the short wavelength emission
(370-450 nm) is relatively enhanced. Whereas the excited state
structure of AQMedA in THF is complicated, it clearly does
not have a lowest energy AQdA** CT excited state. We will,
therefore, make no further attempt to analyze the nature of the
emitting states in THF and will instead focus our attention on
MeOH.

Nanosecond TA Spectra and Kinetics for AQMedA in
MeOH. As noted in the Introduction, whether an AQIA**"

sample concentrations in 1-cm path length cells were, respectively, 3.0CT state will be below thé(z,7*) state in AQ-dA conjugates

x 10°°M and 1.4x 10~°M for absorbance and emission experiments.

the first two conditions, it was not obvious a priori that this
would be the case.

Two interesting corollaries can be drawn from these findings.
The first one is that for AQCOdA in MeOH the time &h,*)
— 3(AQ*"/dA*") ISC (presumably via thé(,7*) state) is less
than 600 fs. Notably this ISC time that is faster than the time
required for MeOH to relax#(~ 7 ps) about the solute’s
3(AQ*"/dA*") CT excited state. The fact that complete I1SC
occurs while the solvent is remains thermally equilibrated about
the solute’s ground-state charge distribution explains why CT
did not occur from thé(n,z*) state: under these circumstances
the energy of thé(AQ*~/dA*") CT state was too higf? In
support of the above analysis, we note that a simil&f0 fs
singlet-triplet ISC time was previously reported following
photoexcitation of tetrakig¢nitrophenyl)ethylené? The second
corollary is that the ca. 3-ns lifetime of tfAQ*~/dA**) CT
state observed for AQCOdA in MeOH is approximately 500-
times longer than the ca. 6-ps lifetime of the corresponding
1(AQ*~/dA*") CT state observed for AQCOdA in DMSO. Thus
photoexcitation of an AQ-dA conjugate in a polar solvent can
form a3(AQ*~/dA*") CT excited state in apparently high yield
with a lifetime greater than that generally seen'{@y+/dU")
CT excited states in Py-dU nucleosides.

Absorbance and Emission Spectra for AQMedA in

in polar solvents is a close call. Additionally, excited state and
electrochemical energy considerations took no account of the
possible introduction of other new types of excited states below
the (n,7*) state. For AQCOdA in MeOH, a new AQ/Am*+

CT state did not intervene between tHez*) state and the
target AQ /dA*t CT state, but in DMSO one did. The
consequences for the spin (whether a triplet or a singlet) and
therefore the lifetime of the ultimately formed AQdA*+ CT
state were dramatically different in these two solvents. To better
focus on its lowest energy excited state’'s TA spectrum and
lifetime in MeOH, AQMedA was investigated by means of
nanosecond TA spectroscopy. In these experiments the excita-
tion pulse was 6-ns long (fwhm), and the excitation wavelength
was 341 nm.

Figure 10 presents the TA spectrum seen 15 ns after
photoexcitation (top panel) and TA kinetics at 430 and 370 nm
(bottom panel) for AQMedA in MeOH. The negative TA signal
at 430 nm is due to emission fromaAQ CT state and has a
lifetime of 4 ns. In contrast the positive TA signal at 370 nm is
due to the formation (4 ns) and decay (56 ns) of the longest
lived excited state of AQMedA. The TA spectrum of the 56-ns
lived final excited state is a good match with that of #rez*)
state of AQ itsel® Clearly the lowest energy excited state of
AQMedA in MeOH is not the desired AQ/dA*t CT state.
Figure 5S presents a time-expanded look at the 430-nm TA

MeOH. Figure 9 presents absorbance and emission spectra forSignal along with a plot of the time response of the nanosecond
AQMedA in MeOH. The shape of the 326-nm absorbance band !aser system and the convoluted fit to the 430-nm data using a

for AQMedA is identical in THF, MeCN, and MeOH when
normalized at 326 nm. Table 1S shows, however,dhgtvaries

a little more than a factor of 2 as the solvent is changed in this
series. Similar molar absorption variation with solvent change
was also seen for AQCOdA. Such solvent induee@riations

4-ns lifetime for the emission signal. Significantly, the 430-nm
TA data is delayed with respect to the instrument response of
the laser system as required for emission from an excited state
with a 4-ns lifetime.

Figure 11 presents an energy level diagram for AQMedA in

in (7r,*) absorption are consistent with solvent induced changes MeOH that summarizes the above discussion. In it3{her*)

of the energy of nearby forbidden CT states. The most striking

state is shown as the lowest energy excited state. To account

and unexpected aspect of the spectra in Figure 9 is thatfor the 4-ns emission, tH.AQ CT state is shown as the lowest

AQMedA emits in MeOH, and as well in THF and MeCN. The
normalized emission spectra in MeOH and MeCN are nearly

energy singlet excited state. To account for the 50-fold emission
guenching seen on changing solvent from THF to MeCN, the

superimposable with wavelength maxima at 436 nm; these }(AQ* /dA*") CT state is placed near but above théQ CT
emission spectra are unaffected by switching from deoxygenatedstate. Both théLAQ and Y(AQ*~/dA*") CT states are below

to aerated solutions. The relative emission quantum yields in
the THF, MeCN, MeOH solvent series are, respectively, 1.0,

the (n*) state as internal conversion within the singlet
manifold dominates ISC from th¥nz*) state to the3(mw,7*)

0.019, and 0.029. By replacing the linking carbonyl in AQCOdA state. In fact the energetics and dynamics of the two lowest
with methylene in AQMedA, we had hoped to avoid having a energy states in Figure 11 are similar to those seen for common
singlet linker-to-AQ {LAQ) CT state below the energy of the  organic fluorophores (see also Figure 4 for AQCOdA in THF);
1(n*) state. The observed emission for AQMedA suggests that i.e., emission occurs from a lowest energy singlet excited state
unfortunately &LAQ CT state is still present below thén z*) (r ~ a few nanoseconds) that decays both to the ground state
state even in MeOH! Importantly, substantial (ca. 50-fold) and to a longer lived triplet excited state. It differs from many
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Figure 10. TA spectrum and kinetics for 5.& 10> M AQMedA in
MeOH following photoexcitation at 341 nm with a 6-ns duration (fwhm)
laser pulse: (top) TA spectrum averaged over an 8-ns time window
centered 15 ns after excitation (data points joined with straight lines)
and (bottom) TA kinetics data (closed circles) at 430 and 370 nm as

50

labeled. The solid lines are instrument-response convoluted Ieast-square@f the AQ

fits to the TA data using a either a single exponential or a sum of two
exponentials both with a zero constant term: at 430mn¥ 4.1 +

0.5 ns and at 370 nmy, = 4 + 1 ns (rise time) and,; = 56 + 4 ns
(decay). Goodness of fit was judged by uniformity of distributed
residuals. See Figure 5S for an expanded plot of the 430 nm TA
(emission) kinetics overlayed with the instrument response of the
system.
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Figure 11. Excited-state energy level diagram for AQMedA in MeOH.

organic fluorophores in that there is!gAQ*~/dA**) CT state
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answer is that changing the linking carbonyl in AQCOdA to
methylene in AQMedA makes the anthraquinonyl subunit harder
to reduce by 166 m\#>44This raises the energy of the AQ
dA** CT state above that of thiz,7*) in AQMedA. Surpris-
ingly, the aminomethylenyl linker still forms a low energy,
fluorescentLAQ CT state below thé(n*) state. If this were

not the case, AQMedA would be as emissionless as AQ itself.
We conclude, therefore, that even if an AQ-dA nucleoside
conjugate were created without’aRAQ CT state below the
1(n,7*) state, this conjugate would still not necessarily form a
long-lived3(AQ*~/dA*") CT excited state. This is true because
unless the AQ subunit were also substituted with an electron-
withdrawing group that made it sufficiently easy to reduce, the
3(AQ*~/dA*T) CT state would be higher in energy than the ultra
rapidly formed3(r,7*) state.

Conclusions

The goal of this work is to produce high yields of long-lived
AQ*~/dA*+ CT excited states (or photoproducts). This goal fits
within a larger context of trying generally to produce high yields
of long-lived CT excited states within DNA nucleoside conju-
gates that can be incorporated into DNA duplexes. An additional
consideration is that such nucleoside conjugates should have at
most two linking atoms joining their subunits to enable
regiocontrol within an organized series of primary and secondary
CT reactions in a multiply covalently labeled DNA duplex
assembly.

Analysis of the energetics 8fAQ*/dA*") CT state formation
from the 3(wr,n*) state of anthraquinonyl-dA nucleososide
conjugates indicates that CT quenching between AQ and dA in
polar organic solvents is a close call. Depending upon energetics
3(r,*) state as well as the reduction potentials of
the subunits in particular anthraquinonyl-adenine conjugates,
CT quenching of the AG(x,z*) state may or may not occur.
This paper establishes four main results regarding the ordering
of the prominent lowest energy excited states of the AQCOdA
nucloside in the solvent series THF, DMSO, and MeOH and
of the AQMedA nucleoside in MeOH: (1) for AQCOdA in
THF an emissivé(AQ*/Am*) CT state t ~ 2 ns) forms but
not an AQ/dA*" CT state, (2) for AQCOdA in DMSO a
1(AQ*~/dA**) CT is formed but is exceedingly short-lived (
~ 6 ps), (3) for AQCOdA in MeOH the targeté@AQ*~/dA*)

CT state is formed and lives much longers 3 ns) than the
corresponding singlet AQ/dA** CT state seen in DMSO, and
(4) for AQMedA in MeOH surprisingly the unwanted (but
unmistakably identifiedf(r,7*) state ¢ ~ 56 ns) is formed
via an emissivéLAQ CT state ¢ ~ 4 ns).

For AQ-dA compounds in which the anthraquinof z*)
state is the lowest energy singlet excited state, the time of
Ynm*) — 3(AQ*~/dA*") ISC is <600 fs; this is faster than
MeOH relaxation about an AQ/dA*+ CT excited state. The
fact that complete ISC occurs while the solvent is remains
thermally equilibrated about the solute’s ground-state charge
distribution explains why CT does not occur from tfaz*)
state for AQCOdA in MeOH: under these circumstances the
energy of thé(AQ*~/dA*") CT state is too highs Another key

near but above the fluorescing singlet state that significantly observation in this work is that the ca. 3-ns lifetime of the
quenches emission in polar solvents. Since the lifetime of the 3(AQ*~/dA**) CT state observed for AQCOdA in MeOH is

1(AQ*~/dA*") CT state is most likely ca. 6 ps, it should not be
observable against the TA signal due to the 4-ns li%le8iQ
CT state.

One might reasonably ask, “Why is the lowest energy excited
state for AQCOdA in MeOH an AQ/dA*t CT state, while
for AQMedA in the same solvent it is ¥m,7*) state?” The

approximately 500-times longer than the ca. 6-ps lifetime of
the corresponding(AQ*~/dA*") CT state observed for AQ-
COdA in DMSO. Thus photoexcitation of an AQ-dA conjugate
in a polar solvent can form ¥AQ*~/dA*+) CT excited state in
apparently high yield with a lifetime greater than that generally
seen forl(Py"/dU*~) CT excited states in Py-dU nucleosides.
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