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ABSTRACT: The dynamics of excited electronic states in self-assembled structures formed between silver(I) ions and cyto-
sine-containing DNA strands or monomeric cytosine derivatives were investigated by time-resolved infrared (TRIR) spec-
troscopy and quantum mechanical calculations. The steady-state and time-resolved spectra depend sensitively on the under-
lying structures, which change with pH and the nucleobase and silver ion concentrations. At pH ~4 and low dCzo strand con-
centration, an intramolecularly folded i-motif is observed in which protons, and not silver ions, mediate C-C base pairing.
However, at the higher strand concentrations used in the TRIR measurements, dCzo strands associate pairwise to yield duplex
structures containing C-Ag*-C base pairs with a high degree of propeller twisting. UV excitation of the silver ion-mediated
duplex produces a long-lived excited state, which we assign to a triplet excimer state localized on a pair of stacked cytosines.
The computational results indicate that the propeller-twisted motifs induced by metal-ion binding are responsible for the
enhanced intersystem crossing that populates the triplet state, and not a generic heavy atom effect. Although triplet excimer
states have been discussed frequently as intermediates in the formation of cyclobutane pyrimidine dimers, we find neither
computational nor experimental evidence for cytosine-cytosine photoproduct formation in the systems studied. These find-
ings provide a rare demonstration of a long-lived triplet excited state that is formed in a significant yield in a DNA duplex,
demonstrating that supramolecular structural changes induced by metal ion binding profoundly affect DNA photophysics.

1. Introduction

The study of metallo-DNAs has flourished recently because
their versatility and metal-based functionality make them of
great interest in bioinorganic! and supramolecular chemistry,?2
and because of their promising applications in biomedicine3-4
and environmental monitoring.5 Many metal ions bind nonspe-
cifically to the phosphate backbone of DNA, where they can
promote the collapse of DNA strands into irregular, condensed
structures.6 On the other hand, metal ions such as Ag*, Cu2+, and
Hg?+ can coordinate selectively to nucleobases and form metal-
mediated base pairs.# 7-10 The highly directional bonds be-
tween the nucleobases and metal ions facilitate the formation
of ordered supramolecular structures that extend the struc-
tural vocabulary of DNA.4 10-11 In addition to structural effects,
bound metal ions confer new electronic properties to DNA
through metal ion-nucleobase interactions. For example,
DNAzymes are of great interest for DNA-based catalysis!2-13
and for metal ion sensing.# 14

DNA has been used for many years as a supramolecular plat-
form for organizing extrinsic chromophores into photoactive
assemblies. While DNA can perturb the photophysics of extrin-
sic chromophores as in the case of fluorescent silver clusters,!%
15-18 metal ions can also alter the photophysical properties of
the DNA bases.19 Most attention to date has been focused on the
very short-lived singlet excited electronic states that form in

DNA strands,20-24 and triplet excited states in DNA remain
poorly understood. Triplet excited states can initiate deleteri-
ous photoreactions on account of their long lifetimes either di-
rectly as in the triplet-mediated formation of cyclobutane py-
rimidine dimers (CPD), or indirectly through the photosensiti-
zation of singlet oxygen.25-27 However, there is great uncer-
tainty about the conditions that lead to the formation and per-
sistence of triplet excited states. Furthermore, their involve-
ment in photochemical damage has been difficult to confirm
because the very low quantum yields of triplet excited states
formed in DNA strands make them difficult to observe using
time-resolved spectroscopy. Metallo-DNA assemblies are ex-
cellent model systems for exploring triplet states in DNA be-
cause of the dual role that metal ions play in determining the
metallo-DNA structure and perturbing the electronic structure
of the resulting assemblies through charge transfer (CT) inter-
actions and heavy atom effects on intersystem crossing (ISC)
rates.

Here, we characterize excited state populations and their evo-
lution in supramolecular assemblies formed when silver ions
bind to cytosine monomers and to the all-cytosine oligonucleo-
tide, dCzo, using time-resolved vibrational spectroscopy and
quantum mechanical calculations. Silver-cytosine DNA systems
were chosen for this study because C-Ag+*-C base pairs form su-
pramolecular nanostructures that are highly stable and among
the best characterized in solution.28-30 This high level of



structural characterization is a prerequisite for our use of high-
level quantum mechanical calculations to interpret excited
state dynamics. In particular, we present evidence that a long-
lived excited state that was reported previously!? in a silver
ion-dCz0 assembly (Ag-dCzo) is an unusual triplet excimer state
that forms between a pair of stacked cytosines. This state is
reached via ISC from a CT excited state with a singlet multiplic-
ity that acts as a doorway state. Instead of promoting ISC by a
heavy-atom effect, silver ion binding stabilizes twisted ar-
rangements of C-Ag*-C base pairs that favor triplet state for-
mation. Finally, although triplet excimer states have been pro-
posed to be important intermediates on the pathway to CPDs,31
this reactive pathway is inhibited in the silver-cytosine assem-
blies investigated here.

2.RESULTS

2.1 Experimental Results. To understand the vibrational
spectroscopic signatures of silver ion binding, IR absorption
spectra were recorded for several cytosine compounds in the
presence and absence of silver ions. Because of the propensity
of silver ion to form C-Ag*-C base pairs by coordinating to the
N3 atoms of two cytosine residues, the ratio of the moles of
added silver ions to moles of cytosine was fixed at 0.5. Hereaf-
ter, we will refer to this ratio as S, and the samples formed by
adding silver nitrate to a D20 solution of dCzo, Cyd, and Cyt will
be referred to as Ag-dCzo, Ag-Cyd, and Ag-Cyt, respectively.
Deuterated water (D20) was used as the solvent because of its
improved transparency in the double-bond stretching region
for the vibrational spectroscopy that is of interest here.

The IR absorption spectrum of Cyd in D20 solution (Figure 1a,
green curve) has four strong bands at 1505 cm-1, 1523 cm-},
1615 cm-, and 1652 cm-1, and a weaker band at 1583 cm-1L. In
the IR absorption spectrum of Ag-dCzo (Figure 1b), the two
bands between 1500 and 1550 cm-! shift to higher frequency
and decrease significantly in amplitude. A similar change is
seen in the Ag-Cyt sample (Figure S1). The weak Cyd band at
1583 cm-tis absent in Ag-Cyd (Figure 1a) but shifts to 1590
cm-! and is better resolved in Ag-dCzo (Figure 1b). The peaks
at 1615 cm-! and 1652 cm-! in Cyd are replaced by a trio of
peaks at 1641 cm-! (shoulder), 1663 cm-1, and 1698 cm-1 in Ag-
dCzo. Adding silver nitrate to the ss-dCzo solution to form the
Ag-dCz0 sample causes the pD to decrease from 8.5 to 6.2. Add-
ing the same concentration of silver nitrate to water produces
no change in pH, indicating that there is a release of a small
quantity of D+ when Ag-dCzo is formed. Importantly, the IR ab-
sorption spectrum of Ag-dCzo is approximately independent of
the pD of the solution from 3.8 to 8.5 (Figure S2a).

To probe the secondary structures present, circular dichroism
(CD) spectra of the various dCz0 samples were measured at dif-
ferent pH values. CD spectra of Ag-dCz0 samples at pH 3.8 and
pH 8.2 are similar (red and black curves, Figure S2b). These CD
spectra agree with the CD spectrum reported previously for Ag-
dCao in ref. 19 and differ from the CD spectrum of ss-dCzo at pH
8.5 (blue curve, Figure S2b). Diluting the pH 3.8 Ag-dC2o solu-
tion by a factor of ten and then re-adjusting the pH to 3.5 with
a drop of concentrated deuterated nitric acid (DNO3) yielded a
dramatically different CD spectrum with a negative peak at 266
nm and two positive peaks at 288 nm and 223 nm (Figure S2b,
green curve). Measurements made with a silver ion-sensitive
electrode indicate that dilution is accompanied by a small re-
lease (~13%) of bound silver ions (Table S1). Given that the IR
and CD spectra of Ag-dCzo are virtually unchanged when the pD
is varied between 3.8 and 8.5, all experiments on Ag-dCzo

solutions were performed at the former pH value, which is es-
tablished naturally in the absence of added pH buffer compo-
nents when 2.7 mM of silver nitrate is added to a 5.4 mM dCzo
solution.
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Figure 1. IR absorption spectra of a) Cyd (green) and Ag-Cyd
(blue) and b) Ag-dCzo (red) in D20. The concentration of C nu-
cleotides is 5.4 mM for all samples. The Ag-dCzo sample was
made by adding 0.5 molar equivalents of AgNOs. Frequencies
in wavenumbers are shown for selected peaks in the Ag-Cyd
and Ag-dCzo spectra.

The excited state dynamics of Ag-dCzo were studied by fs TRIR
spectroscopy (Figure 2a). The TRIR signals were fit to the sum
of three exponentials plus an offset. A global fit was performed
using the same three exponential time constants for the entire
dataset, while the amplitudes of each exponential term and the
offset (i.e, the amplitude of an additional exponential term
with a time constant equal to infinity) were optimized sepa-
rately at every probe wavelength. The spectra of the ampli-
tudes define the decay associated difference spectra (DADS)
and are shown in Figure 2b next to each time constant. At delay
times < 50 ps, broad positive features are seen, especially be-
tween 1400-1500 cm-! and 1560-1620 cm-1, which decay with
time constants of 1.0 ps and 6.7 ps (Figure 2b). The best-fit
time constants from the TRIR measurements for Ag-dCzo and
the other samples are summarized in Table 1.

In the TRIR spectra of Ag-dCzo, a positive band at 1583 cm-L,
which is absent at the earliest delay times, grows in from 100
ps to 3600 ps (Figure 2a). This distinctive band is not observed
in the TRIR spectra of ss-dCzo (Figure S3a). The 1583 cm-! band
rises with a time constant of 1300 = 100 ps (Table 1), and this
growth is reflected in the negative band at 1583 cm-! in the
1300 ps DADS (Figure 2b). The slow growth at 1583 cm-! is
accompanied by a decrease in the amplitude of the bleach at
1667 cm-, resulting in a strong negative peak in the 1300 ps



DADS at the same frequency. The double-difference spectrum
obtained by subtracting the TRIR spectrum at 150 ps from the
TRIR spectrum at 3000 ps shows bands at very similar frequen-
cies (Figure S4).

TRIR signals from Ag-Cyd are shown in Figure 2c and ones from
Cyt and Ag-Cyt are shown in panels b and c in Figure S3. The
Ag-Cyd signals are well described by a fitting function with two
exponential terms plus an offset. The time constants were glob-
ally linked and optimized while the amplitudes were optimized
separately at every probe wavelength to yield the DADS shown
in Figure 2d. At the longest delay time (~3 ns), the TRIR differ-
ence spectrum of Ag-Cyd is mostly negative between 1500 and
1700 cm-! except for a weak peak near 1580 cm-! (see the T =
oo DADS, blue curve in Figure 2d). The broad, negative-going
signal matches the long-time TRIR spectrum measured previ-
ously for cytosine monomers in D20 solution without silver
ions present.32 This signal is assigned to heating of the D20 sol-
vent due to ultrafast nonradiative decay to the electronic
ground state.

To better isolate the positive feature seen near 1583 cm-1, the
signal due to hot D20 absorption was removed from the Ag-Cyd
spectrum. Unlike the Ag-dCzo sample, the Ag-Cyd and Cyd TRIR
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signals change minimally after 500 ps out to our longest delay
time of 3400 ps. To improve the signal-to-noise ratio, the TRIR
signals were averaged between 500 ps and 3400 ps to yield
AApg_cyd,ave and AAcyg avg- The latter spectrum is assigned to
hot D20 molecules that have accepted energy due to nonradia-
tive decay by the excited Cyd molecules. Subtracting the two
averaged spectra yields the blue spectrum in Figure 3. Within
experimental uncertainty, this spectrum compares very well
with the TRIR spectrum from Ag-dCzo at long delay times (red
curve in Figure 3).

Table 1. Time Constants Obtained from Globally Fitting TRIR
Signals to Sums of Two to Four Exponential Functions.”

o (ps) 2 (ps) s
Cyt 4.00+£0.20 () - -
ss-dCao 3.28+0.10 422+1.8 00 -
Ag-Cyt 1.39+£0.07 6.59+0.19 00 -
Ag-Cyd 3.60+0.20 39+4 0o -
Ag-dCyo 1.03£0.04 6.68 £ 0.16 1300 + 100 ©

“Uncertainties are twice the standard deviation.

M\M\f‘\ﬂ“

10+02ps

et W NN\ Ve \

6.710.2|\o/s % \’\/

F—— 1300'+ 100 ps ) '

—— © "\
— e~

W

1500 1600

Wavenumber / cm’”
M ~ X
—— 3.60 £ 0.20 ps
——39.0+1.8ps
| - J
1500 1600 1700

-1
wavenumber / cm

Figure 2. a) TRIR spectra of Ag-dCy in D,O at selected delay times after 265 nm excitation. Spectra at times greater than 100 ps were
drawn with thicker lines to emphasize the growth in the band at 1583 cm’!. b) Decay associated difference spectra (DADS) of Ag-dCa from
global fits using three exponentials plus a spectrum that is constant in time. ¢) TRIR spectra of Ag-Cyd at selected delay times after 265 nm



excitation. d) DADS of Ag-Cyd from global fits using two exponentials plus a time-independent spectrum. The inverted IR absorption
spectrum of each sample is shown by the black dashed curves in panels a and c.
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Figure 3. The transient absorption spectrum of Ag-dCzo at
2000 ps (red curve, left vertical axis) compared with the
TRIR spectrum of Ag-Cyd averaged from 500 to 3400 ps mi-
nus the TRIR spectrum of Cyd averaged over the same time
range (blue, right vertical axis).

The growth of the TRIR band at 1586 cm-! for Ag-dCzo is seen
more clearly in the kinetic traces extracted from the TRIR da-
taset (red circles, Figure 4). At t > 100 ps, the bleach signal at
1666 cm-! (blue circles, Figure 4) approaches the zero-signal
level (i.e., AA = 0) in lockstep with the growth of the positive
signal at 1586 cm-L. In contrast, the ground state bleach (GSB)
signal at 1547 cm-! (green circles, Figure 4) increases slightly
in absolute value over the same period. The GSB signal shows
that bleaching of the ground state population extends beyond
our longest accessible delay time of 3.5 ns, consistent with the
formation of long-lived excited states and/or photoproducts.
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Figure 4. Kinetic traces of Ag-dCzo at frequencies of 1547 cm-!
(green), 1586 cm-! (red), and 1666 cm-! (blue) after 265 nm ex-
citation. Circles are data points, and the solid black curves are

the best fits obtained from global fitting. The vertical dashed
curve marks the linear-logarithmic axis break.

2.2. Computational Results. A cytosine tetramer consisting of
two dCz strands that are joined to create two C-Ag+*-C base pairs
was used as the computational model for the Ag-dCzo experi-
ments (Figure 5a). Hereafter, we will refer to this model as
Ag2(dCz2)2. In each base pair, a silver ion is located approxi-
mately equidistant between the N3 atoms of each cytosine base
with Ag-N3 distances of 2.2 A. The Ag-Ag distance between the
silver ions in the optimized base pairs is 3.23 A. In each base
pair, the planes of the two cytosine residues make an angle of
nearly 90 deg. In contrast, the optimized ground state structure
of a single C-Ag+*-C base pair (Figure 5b), which we denote as
Ag(Cyt)2, lacks propeller twisting and the Cyt bases adopt a
transoid, coplanar arrangement, according to the M052X/6-
31G(d) level of theory.

In the optimized Agz2(dCz2)2 structure shown in Figure 5a, the
C2-N3-N3’-C2’ torsion angles are 97.6° and 94.6° in the base
pairs on the 5" and 3’ ends of the structure, respectively. Each
base pair displays a very high value of propeller twist, which
we estimated from the improper torsion angle N1-N4-N1'-N4’.
Values of -74.2° and -80.0° were found for the 5’ and 3’ base
pairs, respectively. The propeller twisting allows the carbonyl
oxygen of each cytosine in the 3’ base pair to accept a hydrogen
bond (H bond) from the amino group of the base in the 5’ base
pair on the opposite strand (dashed green lines in Figure 5a).
These interplanar H bonds (see discussion section) have short
H...0 distances of 1.87 - 1.89 A.

The 10 lowest singlet excited states calculated for Agz(dCz)z in
aqueous solution at the Franck-Condon (FC) region are de-
scribed in Table S2. To characterize excited state deactivation,
all excited states below 6 eV were optimized. The minima (or
conical intersections) that resulted from optimization of each
vertical excited state are listed in Table S2 and the most im-
portant minima are illustrated schematically in Figure 6a. Sev-
eral competing excited state decay pathways are suggested by
the calculated potential energy landscape: (i) Direct decay to
the ground state through a Si1/So conical intersection where
both upper and lower bases have bonding character (Clexc), (ii)
relaxation to a minimum in the second excited state (Sz), de-
noted Snr+ that is characterized by the density of a nr* state of
a cytosine monomer, but which is delocalized over the two
stacked bases, and (iii) decay of the Sqx* state to an S1 minimum
by overcoming a small barrier. At this minimum, which we des-
ignate Sexc, the excitation is delocalized over the two cytosines
on the same strand and has bonding character between them.
(iv) Alternatively, the Sz can decay to another S1 minimum
with significant CT character (Scr in Figure 6a) between a sin-
gle cytosine and Ag*, where 40% of the photoexcited electron
moves from Ag* to cytosine. A barrier with a height of ~0.2 eV
is found along the decay pathway from the Sqr* state to the Scr
state when dynamic solvation effects are included in the



calculations (see supplementary discussion in the SI). Path-
ways (ii) - (iv) are illustrated in Figure 6a.

Calculations were performed to locate low-lying triplet excited
states of Agz(dCz)2. At the Scr minimum, a triplet state with nrc*
character (T in Figure 6a) lies very close in energy and the
Spin Orbit Coupling (SOC) terms between these two states is
110 cm-1, implying a high ISC rate.33 For comparison, the SOC
computed at the Sexc (<40 cm-1) or Sqr* (<20 cm-1) minima is one
order of magnitude smaller. Triplet optimization from the T+
state leads to the most stable triplet minimum. This minimum
has increased electron density in the m orbital region between
two of the stacked cytosine units, indicative of an excimer state
(Texc). The C6-C6 distance between the stacked cytosines in the
Texc State is 2.5 A, revealing the formation of a new bond as is
observed in some excimers.34-35

We explored the possibility of forming a cytosine-cytosine CPD
from the Sexc and Texcminima (Figures S5 and S6) because CPD
formation should be favored in both cases by the close ap-
proach of the C6 atoms together with a decrease of the C5-C5’
distance. Passage from the Texc state of Ag-dCzo requires over-
coming a barrier of ~0.1 eV to access the Texc/So funnel (Figure
S$6). However, all relaxed scans from that region made by
changing either the C5-C5’ distance or C6-C6’ distance were
non-reactive. The consequences and reasons behind this differ-
ent photoreactivity are explained in detail in the Discussion
section (see also the Supporting Information). From the singlet
manifold, the corresponding Sexc/So Cl is reached by a barrier-
less pathway that provides access to a stable CPD, which is lo-
cated only 0.7 eV above the global So minimum (Figure S5).

a) dC-Ag: 2.20-2.21 A

b) dC-Ag:2.17-2.19A

(&)

Figure 5. Computational models for a) Agz(dCz): and b)
Ag(Cyt)2. The QM part is depicted as sticks (nucleobase) and
balls (Ag*) whereas the MM part, the ribose phosphate back-
bone, is shown as a wireframe. Hydrogen bonds are depicted as

green lines. dC-Ag refers to the distance between the N3 atom
and the nearest Ag ion.

Vibrational spectra of the various excited state minima were
calculated to facilitate the interpretation of the TRIR measure-
ments. Difference spectra were computed by subtracting the
predicted ground state vibrational spectrum from the excited-
state ones are shown in Figure 7.

We also modeled the excited states of a single C-Ag*-C base pair
in water, Ag(Cyt)2. The optimized structure is illustrated in Fig-
ure 5b and important minima are shown in Figure 6b. See Ta-
ble S3 for the 10 lowest singlet excited states at the ground
state geometry. The calculations suggest that the FC states re-
lax to the ground state through a conical intersection due to the
same out of plane C5-C6 deformation described for cytidine.36
Optimization from the FC also led to the S;;+ and S, |+ minima;
however the S+ minimum was found to have imaginary fre-
quencies, indicating that it is not a true minimum. Additionally,
the S, - state has a small amount of CT character with the sil-
ver ion contributing electron density to a bound cytosine. Cal-
culated vibrational spectra for this minimum are shown in Fig-
ure S7, panels b and d.

3. DISCUSSION

3.1. Structural Impacts of Ag* Binding. The CD spectra in Fig-
ure S2b are very similar to spectra reported in an earlier tran-
sient electronic spectroscopy study?? of the same compounds
despite the threefold higher nucleobase concentrations used
here. Higher concentrations are necessary for TRIR vs. transi-
ent electronic spectroscopy because vibrational absorption
cross sections are much weaker than electronic ones. The sim-
ilar steady-state spectra measured here and in ref. 19 suggest
that common supramolecular structures are present for the
millimolar nucleobase concentrations used in both studies.

Larger concentration changes induce structural changes as
demonstrated by the finding that 10-fold dilution of a pD 3.8,
Ag-dCao solution followed by adjusting the pD to 3.5 yields a
very different CD spectrum (Figure S2b, green curve). This CD
spectrum agrees well with the CD spectrum of i-motif DNA, a
structure composed of proton-mediated C-C base pairs (i.e., C-
H+-C in H20 or C-D*-C in D20 solution).37-38 i-motif structures
form when one, two, or four separate strands associate to form
properly oriented C-H+*-C base pairs. We propose that the low
strand concentration of the dilute Ag-dCzo D20 solution favors
the formation of an intramolecularly folded i-motif structure
composed of C-D+-C base pairs. The concentration of deuterons
slightly exceeds the silver ion concentration under these con-
ditions ([D*] = 10-35 = 0.32 mM, [Ag*] = 0.27 mM), possibly fa-
voring the i-motif structure. The observation that Ag-dCzo ex-
hibits i-motif structure in the presence of silver ions at low
strand concentration, but a parallel-stranded Ag-mediated du-
plex at high strand concentration reinforces the conclusion that
silver ions cannot template an i-motif-like structure by taking
the place of protons or deuterons.10, 19

The dilution-induced refolding that converts C-Ag*-C base pairs
to C-H+*-C base pairs should be accompanied by a significant re-
lease of silver ions, but our silver ion electrode measurements
indicate that 87% of silver ions remain bound after dilution of
the more concentrated = 0.5 solution (Table S1). This indi-
cates that the released silver ions rebind to different sites.



Precisely where the silver ions bind is uncertain, but alterna-
tive binding sites could include amino group nitrogen atoms or
backbone phosphate ions. Evidence for multiple binding sites
comes from the observation that >99% of all Ag* ions remain
bound for a dCz0 sample that is 2 mM in Cyt residues when 8 =

1.5 (see Fig. 2d in ref. 19). In this case, the 3:2 stoichiometry of
bound silver ions to cytosine residues cannot be achieved by
forming only C-Ag*-C base pairs.
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The higher strand concentration used in all of the Ag-dCz20 TRIR
measurements reported here, corresponding to 5.4 mM in C
residues, favors the parallel-stranded dCzo duplex structure
composed of C-Ag*-C base pairs.19 The CD spectra recorded for
Ag-dCzo at pD 3.8 and 8.2 agree well (Figure S2b), pointing to
metal- and not proton-mediated base pairing at both pD values
for this higher strand concentration. The pD of 6.2 that is estab-
lished by adding 2.7 mM of Ag* ions to 5.4 mM dCzo (nucleotide
concentration) corresponds to a very minor release of D+. Char-
acterizing this is beyond the scope of this study, but it could re-
flect the loss of an amino group deuteron (possibly because it
binds a second silver ion) in the terminal base pair of each du-
plex. Metal ion binding at N3 of cytidine is known to increase
the acidity of the exocyclic amino group, and examples are
known in which metal ions bind simultaneously to N3 and N4
of cytosine.39 Altogether, these results reveal that the supramo-
lecular structures induced by silver ion binding to dCzo strands
depend on pD, strand concentration, and Ag* concentration and
that care is needed to correctly identify the supramolecular
structures actually present in solution.

We discuss next the structural insights provided by steady-
state vibrational spectroscopy. Our calculations for the cyto-
sine models with and without silver ions show strong mixing
among the in-plane stretching modes in the double bond
stretching region. Despite this complexity, some trends
emerge. Cyt, Cyd, and dCzo each exhibit a pair of bands between
1500 cm-! and 1550 cm-! (Figures 1 and S1) that are domi-
nated by ring in-plane stretching.40-41 Both bands decrease in
intensity, blue shift upon silver ion binding, and are nearly
identical in appearance in Ag-Cyt, Ag-Cyd, and Ag-dCzo (Figure
1). The silver ion-induced changes closely match ones seen
when Cyd undergoes protonation (see Figure S3 in ref. 42 for
the acid-induced changes in the IR absorption spectrum of 2’-
deoxycytidine in D20). Protonation of Cyt in acidic aqueous so-
lution occurs at N3,43 the same atom that is the preferred site
of silver ion coordination. Similar changes are seen for C-H+-C

base pairs in parallel-stranded duplexes44 and in i-motif DNA.45
For both C-Ag*-C and C-H+*-C base pairs, the decreased intensity
of the in-plane stretching bands between 1500 and 1550 cm-1
is likely due to depletion of © electron density in the ring.46

We propose that the bands between 1500 and 1550 cm-! are
highly diagnostic of C-Ag*-C (or C-H+-C) base pair formation,
but relatively insensitive to secondary structure (i.e., how the
C-Ag*-C base pairs are arranged in space). In contrast, the more
intense vibrational bands seen above 1600 cm-! in the IR spec-
tra of Cyt, Cyd, and dCzo respond differently to silver ion bind-
ing. These bands, which have substantial carbonyl stretching
character, are sensitive to hydrogen bonding and to the elec-
trostatic environment. For example, these bands in Ag-dCzo are
shifted to higher frequency than the corresponding bands in
Ag-Cyd (Figure 1) and Ag-Cyt (Figure S1). The different pat-
terns of bands seen for Ag-Cyt, Ag-Cyd, and Ag-dCzo thus pro-
vide evidence of distinct supramolecular structures.

In Ag-dCzo, a parallel-stranded duplex forms that is stabilized
by silver ion-mediated base pairing and H bonds that link the
cytosines in both strands.19.47-48 Although the silver ion can co-
ordinate to the N3 and N3’ atoms of two cytosine residues,
much like an excess proton in a C-H+*-C base pair, the silver ion
is too large to allow two H bonds to form as is the case in each
C-H+-C base pair in i-motif DNA. Calculations confirm that a sin-
gle transoid C-Ag*-C base pair can form only a single H bond in
its optimized geometry in which both cytosines are coplanar.4®
It is nevertheless possible to form a double-helical structure
built from C-Ag*-C base pairs having a large propeller twist an-
gle. Unlike B-DNA, where interbase H bonds always involve ba-
ses in the same base pair, each cytosine in a non-terminal C-
Ag*-C base pair forms two H bonds with cytosines in base pairs
above and below it. These so-called interplanar base pairs were
first described in ref. 48 and are a hallmark of parallel-stranded
duplex formation in Ag-dCn. High propeller twisting provides
the high enthalpic stabilization offered by silver ion



coordination while allowing each base in a non-terminal C-Ag*-
C base pair to make 2 H bonds with other cytosines. The Ag-Ag
distance of 3.23 A calculated for Ag2(dCz)2 is moreover close to
the rise of 3.4 A observed in B-form DNA. Consequently, double
helical structures have been detected in a variety of crystals
formed when AgNOs combines with various cytosine deriva-
tives in a 1:2 stoichiometric ratio.50-52

For the high Cyd concentration of 20.1 mM used in our study,
the CD spectrum of Ag-Cyd differs from that of uncomplexed
Cyd (Figure S8a). In contrast, Goncharova reported that add-
ing silver ion does not change the CD spectrum of a dilute (60
uM) solution of Cyd.53 The CD difference spectrum computed
between the CD spectrum of Ag-Cyd and bare Cyd reveals a
weak component that is similar to the CD spectrum of Ag-dCzo
(Figure S8b). This suggests that the concentrated Ag-Cyd solu-
tion contains a small concentration of self-assembled struc-
tures that resemble the more abundant chiral structures pre-
sent in the Ag-dCzo solution. We revisit this point below in our
discussion of the Ag-Cyd TRIR signals.

3.2 Photophysical Impacts of Ag* Binding. Striking differ-
ences are seen in the TRIR spectra and dynamics of Ag-dCzo, Ag-
Cyd, and Ag-Cyt. These differences are attributed to secondary
structure differences because the IR absorption spectra are
nearly identical between 1500 cm-! and 1550 cm-!, indicating
that all three contain C-Ag*-C base pairs. The TRIR signals for
Ag-dCao are fit well by the sum of four exponentials, one of
which is fixed to have a time constant equal to o, representing
a signal that does not change during our probe window of 0 to
3.5 ns. Such signals typically arise in femtosecond transient ab-
sorption experiments from long-lived triplet excited states or
photoproducts. For Ag-Cyd and Ag-Cyt, no persistent signal is
observed beyond a weak and broad difference spectrum that is
assigned to heating of the D20 solvent.54 In both, the excitations
decay by ultrafast internal conversion to the ground state con-
sistent with calculations on the Ag(Cyt)2 model showing only
monomer-like decay. We thus focus in this section on under-
standing the long-lived state in Ag-dCao.

We first considered whether the 1583 cm-1 TRIR band arises
from a Inn* excited state given its proximity to the well-docu-
mented band assigned to this state at ~1574 cm-1, which is seen
in metal-free (2’-deoxy)ribose-substituted cytosine deriva-
tives.32 46, 55 Consistent with the expectation that silver ion
binding will destabilize Inr* excited states, our calculations for
Ag(Cyt)2 (Table S3) indicate that the lowest energy Inn* state
has excitation localized on the oxygen atom (non*) and is the
seventh excited singlet state (S7). Such a high-lying singlet ex-
cited state cannot have the >3 ns lifetime seen experimentally.
No excited minimum with nn* character was located within
the lowest 10 singlet excited states.

The long-lived signal contribution from Ag-dCzo is doubly dis-
tinctive because of its long lifetime and slow appearance time.
The unusual kinetics facilitate its assignment. Because the long-
est time constants of 1300 ps and o are well separated from
the two shortest ones, the DADS with the two longest lifetimes
completely determine the dynamics after ~50 ps. The DADS de-
scribe how the signals change in time, but each DADS may con-
tain contributions from two or more populations. A kinetic

mechanism is needed to calculate species-associated difference
spectra (SADS) from linear combinations of the DADS.

The potential energy landscape of Ag-dCzo that emerges from
our calculations (Figure 6a) was used to construct a plausible
kinetic mechanism. We eliminated Sexc (see the pathway
framed in gray in Figure 6a) as the long-lived excited state be-
cause barrierless pathways lead from this state to a Sexc/So CI
(Figure S5). Passage through this CI, leading either back to the
ground state or to the CPD photoproduct, would happen on an
ultrafast timescale that is incompatible with the slow 1300 ps
dynamics seen experimentally. Additionally, a persistent CPD
photoproduct would indicate degradation of the Ag-dCzo sam-
ple, but minimal degradation was observed in UV-vis and IR
spectra recorded before and after laser measurements. As will
be discussed in the next section, it was shown previously that
silver ion binding to poly(rC) does not enhance CPD for-
mation.>6

We used the simplified kinetic scheme shown by arrows in the
pathway framed in black in Figure 6a to model the SADS of the
Sz and Texc states, which we propose are the only excited
states that have non-negligible populations at ¢t > 50 ps. In this
mechanism, rate-limiting passage to the Scr state is followed by
rapid intersystem crossing to the triplet manifold and decay to
the Texc state. In this case, the SADS of the Texcstate (Figure 7b)
is given by the DADS of the T = oo component. The kinetic pre-
cursor state to the Texcstate is the S, state, so its SADS (Figure
7a) is given by the sum of the DADS with the two longest time
constants.

There is no unique set of SADS as many kinetic schemes will be
compatible with the number of observed decay components.57
However, good agreement between the SADS in Figure 7 and
the QM calculated difference IR spectra of excited states of the
Ag>(dCz2)2 model duplex (Figure 7, right column) supports our
assignments. In particular, the experimental spectrum of the
long-lived state compares very favorably with the calculated
TRIR difference spectrum of the Texc state (Figure 7b). Just as
in the ground electronic state, vibrational modes in the Texc
state are strongly mixed, but the strong positive band in the cal-
culated spectrum near 1600 cm-! has a strong contribution
from C=C stretching. This mode down shifts from 1620 cm-! in
So to 1580 cm-! in Texc because C5-C5’ and C6-C6’ bond for-
mation in the excimer causes the C5=C6 bond to lengthen. The
calculated spectrum of the localized Swn+ state (Figure 7a)
agrees well with the transient spectrum seen at 150 ps (Figure
2a). This state may contain some Scr character that suppresses
emission from this long-lived 1nr* state. Additional calculated
IR difference spectra are shown in Figure S7.

Compared to the monomers in water, very stable minima are
found for the 1nn* states of Agz(dCz)2 (Figure 6a). This stabili-
zation is the result of silver ion binding and increased excited
state delocalization. The stabilization of the lmn* state in
Ag>(dCz)2 inhibits its decay long enough to allow the excited
state population to overcome the barrier to the Scr state. Ac-
counting for dynamic solvation reduces the barrier from the
value of ~0.5 eV calculated without these effects to roughly half
this value (see the Supporting Information). According to the
Eyring-Polanyi equation, a barrier height of 0.25 eV predicts a



rate of (3.2 ns)-1, which is within a factor of 3 of the observed
decay rate of (1.3 ns)-1.

The TRIR difference spectra calculated for the Scr and Sy were
compared with the SADS shown in Figure 7a to assign the pre-
cursor of the Texc state. The calculated spectral signature of the
Scr state agrees poorly with experiment (Figure S9). Instead,
there is good agreement with the calculated TRIR spectrum of
the Snr* state (Figure 7a). Although the Scr state occurs along
the path from the S;,+ state to the Texc state, it is not detected
due to its short lifetime. The Scr state is nearly degenerate with
a Tan+ state (dashed blue line in Figure 6a) and the spin-orbit
coupling between these states is greater than 100 cm-L. In this
case, ISC very efficiently transfers the Scr state population to
the T, state, which then rapidly decays by internal conver-
sion to the Texc state. This prevents a build-up of Scr population
to levels that can be detected in the TRIR experiment. Although
the calculations for Agz(dCz)2 suggest that overcoming a low

barrier of ~0.1 eV would allow the Sqr* state to relax to the Sexc
state, the experimental evidence for a long-lived precursor
state to the triplet excimer state makes this unlikely, and we
propose that the singlet excimer state is populated primarily
from the FC state.

Comparison of the TRIR spectrum of Ag-Cyd after correction
for the hot D20 signal with the TRIR spectrum of Ag-dCzo at
2000 ps shows that they both exhibit a peak near 1580 cm-1,
although this peak is 10-fold weaker in Ag-Cyd (Figure 3). The
very weak band at 1580 cm-! in the Ag-Cyd TRIR spectra, which
can only be seen after extensive signal averaging, precludes the
observation of the rise that is so prominent in the Ag-dC2o sig-
nal kinetics (Figure 4, red circles). Nonetheless, the similar
long-time signals indicate that the triplet excimer state is
formed in both systems.
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Figure 7. (a, b) Species associated difference spectra (SADS) extracted from the Ag-dCzo TRIR data (left) compared with the calcu-
lated difference spectra from quantum mechanical calculations on the Ag2(dCz)2 model duplex (right). Each species is labeled on the
right and corresponds to the following electronic states: (a) Sz and (b) Texc state. (c) Experimental IR absorption spectrum of Ag-
dCzo (left) compared with the calculated IR absorption spectrum of Agz(dCz2)z on the right (both curves have been inverted for better

comparison with the upper panels).

The 10-fold weaker long-time signal in Ag-Cyd is explained by
the lower prevalence of the requisite supramolecular motifs for
populating the triplet excimer state. Even though the concen-
tration of Cyd in the Ag-Cyd solution is four times greater than
in Ag-dCao, the lack of a covalent polymer backbone disfavors
the stacking aggregation that is proposed to be necessary for
forming the gateway CT state that leads to the Texc state. We

suggest that the Ag-Cyd sample produces similar self-assembly
motifs as the Ag-dCzo sample except at a lower abundance due
to the lack of a covalent backbone. This is supported by the ap-
pearance of a weak component in the CD spectrum of Ag-Cyd



(Figure S8b) that matches the dual negative bands seen in the
CD spectrum of Ag-dCzo (Figure 2c in ref.19).

The 1586 cm-! band that is prominent in Ag-dCzo (Figure 2a)
and barely detectable in Ag-Cyd (Figure 3) vanishes altogether
in the TRIR spectrum of Ag-Cyt (Figure S3c). We rule out a
heavy atom effect as the cause of the enhanced ISC observed in
the first two systems because all three systems have bound sil-
ver ions and C-Ag+*-C base pairs. We suggest that the propeller
twisted base pair geometry plays a key role in the formation of
the triplet excimer state. This geometry, which is absent for Ag-
Cyt in D20, enables access to the CT state that is the gateway
state to the Texc state. Crystals grown from a AgNOs3 and cyto-
sine solution have sheets of Cyt-Ag*-Cyt base pairs with mini-
mal twisting.50 Significantly, the gateway CT state does not in-
volve CT between cytosines. Indeed, the lowest vertical transi-
tion to an excited state with strong CT character is the seventh
singlet excited state of Ag2(dCz)2 (Table S2). Instead, the calcu-
lations suggest that partial CT occurs from the silver ion to a
cytosine in a twisted C-Ag*-C base pair. Partial CT is inhibited
in the nearly planar C-Ag*-C base pairs, explaining why the
gateway CT state is absent in the Ag(Cyt)2 model (Figure 6b).

C. Photochemical Impacts of Ag* binding

The photochemical possibilities of a triplet excimer state are
considered in this section. Triplet-mediated thymine-thymine
CPD formation has been studied intensely due to its relatively
low triplet energy,58-61 high triplet yield,62-65 and high CPD
yield.66-67 Formation of CPDs via triplet states in thymine has
been proposed to involve a biradical intermediate, which can
decay to the ground state or form CPDs.68-72 Studies of thymine
systems by Zinth and coworkersé8 72-73 identified a triplet thy-
mine biradical with 4% of the population forming CPDs and
96% re-forming the ground state.68. 73

Because past computational studies have suggested that triplet
excimers are the precursors to these biradicals,25 31 74 we hy-
pothesized that UV-irradiated Ag-dCzo would undergo exten-
sive photochemical damage. However, we observed minimal
photodegradation in keeping with the observation that irradi-
ating DNA or poly(rC) at room temperature in the presence of
silver ions does not enhance cytosine-cytosine CPD formation.
In contrast, Rahn and Landry reported that the yield of TT CPDs
increases 20-fold when Ag+-bound poly(dT) is irradiated by UV
light.56

Our computational results suggest why CPD formation is disfa-
vored in Ag-dCzo. Texc is suggested to be non-reactive because
ground state recovery is favored over CPD formation (Figure
$6). Because previous calculations of a stacked cytosine di-
mer3! and i-motif structures,’> without metal ions suggested
the opposite, we studied how Ag* ion complexation affects the
photoreactivity. We repeated all calculations starting from the
Texc state, but with the Ag* ions removed. Although the pathway
is slightly favored in this case (i.e., the energy barrier to access
the T1/So funnel disappears), CPD formation is still disfavored.
We conclude that the structural rearrangements induced by
the Ag* ions disfavor CPD photoreactivity compared to “natu-
ral” face-to-face dispositions.

4. CONCLUSIONS

The TRIR spectra and computational results presented in this
study provide the first evidence of a triplet excimer state in a
metallo-DNA system. To the best of our knowledge, a cytosine-

based triplet state has not been detected previously in a DNA
oligonucleotide by time-resolved spectroscopy. Pyrimidine tri-
plet excimers have been discussed as short-lived intermediates
for CPD formation in DNA but the triplet excimer state detected
here in the Ag-dCzo0 metallo-DNA persists into the ns timescale
and is photochemically unreactive. Although CPDs do not ap-
pear to form, further study of the triplet excimer state is
needed, especially with an eye toward determining whether
this long-lived triplet state with an energy of 1.6 eV is capable
of photosensitizing damage through singlet oxygen generation.
If this turns out to be the case, then it would constitute a new
damage pathway for DNA or DNA nanostructures that contain
coordinated silver ions.

Our study, which focused on identifying the long-lived excited
state and its precursor, does not address the dynamics that take
place on faster timescales. Although there is substantial tem-
poral and spectral congestion, future work may bring clarity to
the initial excited state dynamics that are suggested by the po-
tential energy landscape, including the putative branching that
occurs from the initial Franck-Condon region to excimer states
of singlet and triplet multiplicity.

The observation of a triplet excimer state in Ag-dCzo, which is
seen only very weakly in Ag-Cyd, and not at all in Ag-Cyt, points
to the importance of supramolecular interactions among two
or more C-Ag*-C base pairs. All three systems have C-Ag*-C base
pairs as inferred from their IR spectra, but this motif does not
lead on its own to a triplet excimer state, ruling out a heavy
atom effect induced by silver ion binding. Instead, our results
implicate the propeller twisted base pairs that are the distinc-
tive motif of self-assembled structures made of stacked C-Ag*-
C base pairs. As this study shows, understanding excited state
decay pathways in complex supramolecular systems, including
metal-mediated DNA nanostructures, is increasingly feasible
through the powerful combination of time-resolved vibrational
spectroscopy and QM calculations.

5. METHODS

5.1. Sample preparation. All experiments were performed on D,O
solutions. The compounds, dCy (Midland Reagent Company), cy-
tosine (Sigma Aldrich), cytidine (Sigma Aldrich), and AgNOs
(Sigma Aldrich) were used as received. dCyy was purified using
gel-filtration by the supplier and delivered as a lyophilized solid.
Single-stranded dCs (ss-dCz0) samples were prepared by adding
540 nmol of dCy to 2 mL of D,O to yield a concentration of 5.4
mM in cytosine residues. All concentrations of oligonucleotides are
in moles of mononucleotides per unit volume. The number of moles
of cytosine in dCy was quantified by the supplier using the absorb-
ance of the sample in aqueous solution at 260 nm and an extinction
coefficient for dC of 7400 M™! ¢cm™!.76

The Ag-dCy solution was prepared by adding concentrated
AgNO;s solution to a ss-dCyg solution. The initial concentrations of
Ag" ion and cytosine residues were 2.7 mM and 5.4 mM, respec-
tively, corresponding to a Ag*-to-nucleobase ratio, defined as £, of
0.5. The concentrations used to calculate /3 are the initial or total
concentrations. For this reason,  may differ from the silver ion-
nucleobase stoichiometry for some complexes. The pD (= -
logio[D30*]) was adjusted for some measurements by adding small
drops of concentrated DNO; or NaOD in D,O (Sigma-Aldrich). pD
values were determined by adding 0.4 to the readout of a glass elec-
trode pH meter.



Cyd solutions were prepared by dissolving lyophilized cyti-
dine solid in unbuffered D,O to yield a concentration of 20.2 mM.
Ag-Cyd samples were prepared by adding concentrated AgNO; to
the unbuffered Cyd D,O solution to yield formal concentrations of
10.1 mM AgNOs and 20.2 mM Cyd (f= 0.5). The same concen-
trations were used for the cytosine monomer and Ag-Cyt solutions.
Higher concentrations of the Cyt and Cyd monomers were used to
ensure that nearly all silver ions are bound as explained in ref. °.

Special care was taken to minimize the amount of unbound
Ag" in solution. The presence of free Ag* results in broad positive
TRIR signals which continually rise in amplitude over time (Figure
S10a) and leaves dark deposits on the CaF, windows, which we
attribute to reduced silver clusters. These artifacts can be avoided
by adding the metal ion-chelator ethylenediaminetetraacetic acid
(EDTA) (Figure S10b,c). All data in this study were recorded
without added EDTA because satisfactory results were obtained by
adding only as much AgNOs3 as needed to produce = 0.5 solu-
tions, thereby avoiding free silver ions.

5.2. Steady-state spectroscopy. IR absorption spectra were rec-
orded using an FTIR spectrometer (FT/IR-4200, JASCO) as the av-
erage of 64 scans with a spectral resolution of 4 cm!. All samples
were measured in a static cell in which a 100 pm thick Teflon
spacer was sandwiched between two CaF, plates. Circular Dichro-
ism (CD) and UV-vis spectra of solutions held in a 100 pm fused
silica cell were recorded using a JASCO J-815 CD spectrometer.
Spectra were obtained by averaging two scans recorded at a scan
speed of 100 nm min™! and a bandwidth of 1 nm.

5.3. Time-resolved infrared spectroscopy. TRIR measurements
were performed with a previously described setup.”” A Ti:Sapphire
amplified fs laser system (Libra-HE, Coherent Inc.) was used to
generate 265 nm pump pulses from an OPA (OPerA Solo, Coherent
Inc). A second OPA (TOPAS with nDFG, Coherent Inc.) generated
probe pulses with center wavelengths of 6150 nm and 6800 nm.
The probe pulses were separated into signal and reference beams,
which were focused to spatially separated spots on the sample, and
only the pump beam was overlapped with the signal beam. The
probe beam polarization was set to be 54.7° relative to the pump
beam. Both the signal and reference beams were dispersed onto a
liquid N»>-cooled 64-element HgCdTe detector. The sample was re-
circulated in a CaF, cell with a 100 um spacer. The pump beam,
with a pump energy of 3.6 nJ, was focused to a spot with a 560 pm
1/¢? radius, resulting in a peak fluence of 730 + 120 pJ cm? at the
sample. Global fitting was performed using the GloTarAn (legacy)
program. The uncertainties in the time constants represent twice the
standard error from fitting.

6. Computational Methods

The ground state structure of Ag(Cyt), was optimized using
density functional theory (DFT), with the M052X functional,’s7
the def2-svp basis set, and a pseudopotential for Ag*.*° Bulk sol-
vent effects were included using the Polarizable Continuum Model
(PCM).31-82 Excited state vertical absorption energies (VAESs), po-
tential energy surfaces (PES) and infrared spectra (IR) were
mapped, resorting to the time-dependent version of DFT (TD-
DEFT). The larger Agx(dCy), structure was divided in two regions, a
QM part consisting of the nucleobases and Ag™ atoms described
with the method specified above, and the sugar, connecting back-
bone, and external ions that were computed at the MM level (amber
force field parm96.dat).®* Both regions were coupled using the
ONIOM?® interface as implemented in Gaussian16.85 Complete
Active Space Self-Consistent Field (CASSCF)3¢ calculations were

also performed with OpenMolcas®’ to estimate the Spin Orbit Cou-
pling (SOC) terms in the model systems. The molecular orbitals
that constitute the active space for the CASSCF calculations are
displayed in Figures S11 — S13. More details are given in supple-
mentary material.
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