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Abstract

Supramolecular assemblies form when silver nitrate is added to an aqueous solution of
adenine (Ade) or 2-aminopurine (2AP) in a 2:1 mole ratio. Atomic force microscopy (AFM)
images reveal nanofibers that are ~30 nm in diameter and micrometers in length in the dried film
formed from a room-temperature solution. Femtosecond broadband transient absorption
spectroscopy was used to investigate the dynamics of excited states formed by UV excitation of
the nanofibers at room temperature aqueous solutions in an effort to learn how nonradiative
decay pathways of the uncomplexed nucleobases are altered in the silver ion-mediated
assemblies. The changes in the spectroscopy and dynamics of Ade and 2AP upon forming
nanofibers with silver ions closely parallel ones seen when these bases are organized into DNA
strands. The similarities strongly suggest that these structures feature extensive - stacking
interactions between nucleobases. The results show that time-resolved spectroscopy combined
with growing understanding of the photophysics of DNA strands can deliver new insights into

the properties of metal-nucleobase nanoassemblies.



Introduction

The biological effects of metal ion binding to DNA have been of interest for many years,
but there is growing interest in the supramolecular structures and nanomaterials that form by
self-assembly when metal ions coordinate to nucleobases.' The base pairs in double-stranded
DNA can bind small numbers of Ag' ions, which can then be reduced to form Ag nanoclusters
(AgNCs).'"'® The emission of these clusters is widely tunable from the visible to the NIR and is
of interest for biomedical imaging.'”?' Because the nucleobases are polydentate ligands that
combine prolifically with Ag" ions, they can also form coordination oligomers and polymers,**>*
which can readily assemble into different kinds of nanostructures even though the nucleobases
are not linked in strands.'” Imaging techniques such as atomic force microscopy (AFM) and
electron microscopy have revealed morphological properties on the scale of nanometers, ™ but
the molecular-level structural motifs remain unclear. The soft matter nanostructures that are of
interest may be difficult to crystallize, or there may be uncertainty about whether the observed
crystal structures capture ones actually present in aqueous solution.

Here, we use femtosecond transient absorption (fs-TA) spectroscopy to study the
dynamics of electronic excitations in self-assembled Ag'-nucleobase nanostructures for the first
time. These systems are attractive for time-resolved study because the excited-state dynamics of
nucleobase monomers, oligo- and polynucleotides have been studied extensively since 2000 (see
refs. 25-29 for reviews). The accumulated understanding of excited-state deactivation pathways
by bare nucleobases in solution and in the gas phase provides a starting point for understanding
excited states in metal ion-nucleobase assemblies. These systems may also be suitable models for
learning how nucleobase-metal ion interactions affect the photophysics of DNA-bound AgNCs.

The AgNCs are partially oxidized, and it has been proposed that nucleobases in the DNA strand



bind to Ag" ions located at the periphery of a cluster of Ag(0) atoms.”® The present study of
excited state dynamics of Ag'-nucleobase assemblies targets understanding of the effects of Ag"

ion binding on DNA excited states and complements previous transient absorption and

fluorescence upconversion studies of DNA-bound AgNCs.>'
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Chart 1. Structures of the nucleobase monomers adenine and 2-aminopurine (top, 9H tautomers
are shown) along with representative Ag" ion-mediated dimer and polymer structures proposed
in the literature: 1 and 2 (ref. 33), 3 (ref. 22), and 4 (ref. 24).

Specifically, we study the electronic absorption spectra and excited-state dynamics in
self-assembled nanostructures present in aqueous solutions formed by combining Ag" ion with 2-
aminopruine (2AP) and adenine (Ade) (see Chart 1) using various optical spectroscopy
techniques and AFM imaging. Hereafter, these samples will be referred to as Ag'/2AP and
Ag'/Ade, respectively. Ade is nearly non-fluorescent in aqueous solution at room temperature (¢
~3 x 10™*).%* In contrast, 2AP is highly fluorescent and has a lifetime of 9.89 ns at 25 °C in room-
temperature aqueous solution.”> The two lowest energy tautomers of Ade in aqueous solution
have ultrashort excited state lifetimes of ~0.2 ps and ~8 ps.*®

The very different photophysical properties of these isomers, Ade and 2AP, and their
common ability to serve as building blocks in Ag'-nucleobase nanoassemblies are the inspiration
for our investigation. We are interested chiefly in the intrinsic photophysics of these assemblies,
but a further aim is to ascertain what structural information can be won from spectroscopic
measurements. Studies of excited-state dynamics in multichromophoric, nanoscale assemblies
can potentially reveal information about local structures because excited-state quenching is

strongly influenced by species in the immediate environment of a localized excitation.

Experimental
Sample Preparation and Characterization
2-aminopurine (> 99%), adenine (> 99%), poly(A), D,O (99.9 % D) and silver nitrate (> 99%)

were purchased from Sigma-Aldrich, and acetonitrile was obtained from Fischer Scientific. All



chemicals were used as received. Aqueous solutions were prepared using ultrapure, 18.2 MQ cm
water from a water purifier (EMD Millipore). The ratio of the Ag' ion concentration to that of
nucleobase (8 = [Ag']/[nucleobase]) was fixed at 2 for all solutions studied except when the Ag"
ion concentration was varied. Unless otherwise stated, concentrations throughout this paper are
formal concentrations equal to the number of moles of a given substance dissolved in water
divided by the final solution volume. The value = 2 was chosen because of previous studies
that used the same ratio.***>~"*

The Ag'/nucleobase solutions studied were thermally annealed by heating at 90 °C for 5
minutes and cooling to room temperature prior to study. However, the solutions for all
measurements made as a function of  were not thermally annealed. The solutions were not pH
buffered to avoid precipitating insoluble silver salts. Because protons are released from the
nucleobase when Ag" ions are added, the actual solution pH for the unbuffered Ag'/nucleobase
solutions was acidic and close to 3.0 for the = 2 solutions containing 1 mM nucleobase used in
the fs-TA experiments.

Steady-state UV-visible (UV-vis) absorption spectra were recorded on solutions held in a
1 mm path length fused silica cuvette. Steady-state emission spectra were recorded in reflection
mode with a commercial fluorometer (Horiba/PTI QuantaMaster 8000) using solutions held in a
100 micron path length cell. These solutions had an absorbance of less than 0.05 at the excitation
wavelength of 305 nm.

Measurements of the concentration of free Ag’ ions were performed with a Mettler
Toledo perfectlON™ comb Ag/S2 Lemo Combination Electrode. The electrode was calibrated
before each run using 10>, 10*, 107, 107, and 10" M AgNOj solutions. The solutions were

constantly stirred and were allowed to equilibrate for two to three minutes after the addition of



each aliquot of 100 mM aq. AgNO; before making each reading. The minimum sensitivity of the
silver electrode was approximately 5 x 10° M Ag”.

AFM images were obtained using a Bruker AXS Dimension Icon microscope equipped
with a TESPA-V2 probe. Drop-cast films were prepared from thermally annealed solutions
having the same concentrations used in the TA experiments, but the solution was diluted 10x
with ultrapure water immediately before drop casting onto a mica substrate (Tedpella) to reduce
the concentration of nanostructures per unit area. The sample was held under a stream of room-
temperature nitrogen gas until dry. After drying, the samples were washed once with a stream of
H,O and blown dry a second time with nitrogen gas to remove loosely bound material that
causes blurring of the AFM images. Measurements were carried out on drop cast films prepared
from solutions maintained at room temperature. Images were processed by median filtering and
image flattening using Bruker Nanoscope software. Dimensions were measured by randomly

sampling 25 locations in multiple images using the Nanoscope software.

Femtosecond Transient Absorption Spectroscopy

A commercial femtosecond laser system (Astrella, Coherent) supplied 1.6 mJ, 90 fs pulses at a 1
kHz pulse repetition rate to an optical parametric amplifier (TOPAS-Prime, Coherent) for
generating 265 or 300 nm pump pulses. The pump was chopped at 500 Hz by a mechanical
chopper (Newport) synchronized to the laser, such that every other pulse was blocked. The pump
pulse energy was attenuated to 1.5 — 2 pJ using a variable neutral density filter, and the spot size
of the pump beam was adjusted to 750 — 850 um (fwhm) at the sample position using a CaF,

lens.



The broadband continuum probe in the UV-visible region was generated by focusing <1
wJ of the fundamental into a CaF, plate (Newlight Photonics, 5 mm, 001 cut). The continuum
was collimated by an off-axis parabolic mirror prior to separating the signal and reference using
a beamsplitter. The signal portion was focused on the sample using a second off-axis parabolic
mirror. The relative polarization of the pump and probe pulses was set to magic angle (54.7°) for
all experiments. The crossing angle between the pump and probe beams was approximately 7°.
Both the signal and reference beams were dispersed by a fused silica prism spectrograph onto
two CCD detectors (Hamamatsu) housed inside one spectrograph. The spectrograph, detectors,
and associated electronics were purchased from Stresing Entwicklungsbiiro (Berlin, Germany).
The spectrograph was calibrated following the procedure of Megerle et al.*” with an additional

parabolic correction for line curvature or “smile”*

using a BG-36 filter (Thorlabs) and various
interference filters (Andover). Instrument control, data acquisition and processing were
performed using LabVIEW software (National Instruments).

All fs-TA measurements were performed on solutions containing 1 mM nucleobase and 2
mM AgNOs (f =2) in a 1 mm path length flow cell (Harrick Scientific) with CaF, windows. The
temporal resolution of our instrument was estimated by measuring the two-photon absorption
signal in neat water generated by one pump photon with a wavelength of 265 nm and a second
probe photon from the UV portion of the continuum pulse.*' The signal, which could be detected
from the short wavelength edge of the continuum at 310 nm up to approximately 400 nm, had a
full width at half maximum of 250 fs and was nearly independent of probe wavelength.

Global fitting of the fs-TA data was performed using the Glotaran software package.*” TA

spectra from 0.5 ps to 3.5 ns were analyzed using multiexponential functions. The time-zero



signal due to simultaneous absorption of the pump and probe photons were excluded. The

reported uncertainties of the lifetimes were 2c.

Results
Steady-State Spectroscopy

The absorption spectrum of Ag'/Ade (red curve, Figure 1a) is broader and strongly red-
shifted compared to Ade (dashed black curve, Figure 1a). The enhanced absorption seen for
Ag'/Ade below 240 nm is due to nitrate ions. The band maximum (max) occurs at 260 nm and
264 nm for Ade and Ag'/Ade, respectively. The Ag'/Ade sample absorbs at longer wavelengths
than neutral Ade, protonated Ade, or deprotonated Ade (Figure S1).

Adding Ag" ions to Ade releases protons, and the hydronium ion concentration calculated
as 10" M from the measured pH vs. 8 curve (Figure S2) changes nonlinearly as a function of
P (Figure 1b). The curve in Figure 1b was recorded by adding concentrated AgNO; solution such
that the concentration of Ade remained approximately constant at 1 mM. When f = 1,
approximately one proton has been released to the solvent for every five nucleobases. When f =
2, the 0.8 mM hydronium ion concentration indicates that ~80% of nucleobases have now been
deprotonated.

The concentration of bound Ag" ([Ag Jvound) Was calculated as the total concentration of
added silver nitrate minus the concentration of free Ag’. The latter concentration was measured
with a calibrated silver ion electrode. The ratio of bound silver to the concentration of adenine is
graphed vs. B in Figure 1b (blue squares). As the data in Table S1 indicate, the concentration of

free Ag' ion is negligible when 8 < 1, indicating that essentially all Ag" ions are bound. Initially,



the ratio shown by the blue markers in Figure 1b increases linearly with a slope of 1, but then

reaches a plateau near a value of ~1.4 bound Ag" ions per nucleobase when 8 > 1.5.
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Figure 1. (a) UV-visible spectra of a 2 mM Ag'/1 mM Ade aqueous solution (red solid line)
compared to a 1 mM Ade aqueous solution (black dashed line) and a poly(A) aqueous solution
with a per nucleotide concentration of 1 mM (blue dashed line). All spectra were measured in a 1

mm fused silica cell. (b) Bound Ag' concentration (blue markers) and released proton
concentration (magenta markers) vs. . The concentration of Ade was held constant at 1 mM.

Adding silver nitrate to 2AP causes its long wavelength absorption band, which is shifted
by ~40 nm to longer wavelengths compared to uncomplexed Ade, to shift even further to the red
(Figure 2a). Amax is at 305 and 333 nm for 2AP and Ag /2AP, respectively (Figure 2a). For
reference, the UV-vis spectra of 2AP at three pH values are provided in Figure S3. As observed
with Ag'/Ade, the ratio of [Ag Jvound to [2AP] plateaus above S = 1.5 (blue markers in Figure
2b), achieving an approximately constant value of 1.5. The concentration of free Ag  ion
measured with a Ag" ion-selective electrode for Ag'/2AP as a function of S is listed in Table S2.
A graph of the concentration of protons released to the solvent for Ag'/2AP vs.  (magenta
markers in Figure 2b) increases sharply between § = 1 and 2 and then changes more slowly, as

seen for Ag'/Ade. The ratio of moles of protons released to moles of 2AP is approximately 0.9 at
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B =2. Figure S2 shows how pH varies with 8. Fluorescence from 2AP is quenched when Ag" ion

is added to the solution. For the = 2 solution, 98% of the emission is quenched (Figure 2c).
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Figure 2. (a) UV-visible spectra of a2 mM Ag'/1 mM 2AP aqueous solution (red solid line) and
1 mM 2AP aqueous solution (black dashed line) measured in a 1 mm fused silica cell. (b) Bound
Ag" concentration (blue markers) and released proton concentration (magenta markers) vs. f
measured at a constant nucleobase concentration of 1 mM. (c) Emission spectra of a2 mM Ag'/1
mM 2AP aqueous solution (red solid line) and 1 mM 2AP aqueous solution (black dashed line),
recorded in a 100 um fused silica cell in reflection geometry. The concentration of 2AP was held
fixed at 1 mM in all experiments.

AFM images of Ag'/Ade and Ag'/2AP dried films prepared as described in the
experimental section are shown in Figure 3. The Ag'/Ade sample at room temperature shows a
sprawling network of nanofibers that are 30 nm wide on average and > 1 um long (Figure 3a).

Slender nanofibers are also observed in the room temperature Ag'/2AP sample (Figure 3b).
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Figure 3. AFM images recorded at room temperature of (a) Ag'/Ade (8 = 2) and (b) Ag'/2AP (B
= 2) solutions drop cast on mica after solvent evaporation.

Femtosecond Transient Absorption (fs-TA) Spectroscopy

The fs-TA spectra of Ade, poly(A), and the Ag'/Ade sample following 265 nm
photoexcitation are shown in Figure 4. Global fitting reveals multiexponential decays with time
constants of 5.0 £ 0.1 ps, 150 + 10 ps and > 3 ns (longer than the maximum delay time accessible
by our instrument) for the Ag'/Ade sample (Table 1). The time constants determined for poly(A)
from our broadband, UV-vis TA measurements, 7;=1.3 + 0.1 ps and 7 = 140 + 10 ps (Table 1),
agree well with lifetimes reported by Crespo-Hernandez et al.* for poly(A) using the single-
probe wavelength fs-TA technique (r; = 1.33 £ 0.13 ps and 7o = 154 = 14 ps). The probe
wavelength-dependent amplitudes for each exponential decay component define the decay
associated difference spectra (DADS), which are shown for each sample on the right side of
Figure 4. The transient spectra of Ade and Ag'/Ade both exhibit a band below 400 nm and a
second, broader band between 400 and the limit of our detection window at 660 nm, but

differences are evident.
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Figure 4. Broadband fs-TA spectra at the indicated delay times for (a) Ade in H,O at pH 7, (b)
poly(A) in H,O at pH 7, and (c) Ag'/2AP (f = 2) in H,O at pH 3 following 265 nm excitation.
The Ade concentrations in all solutions were 1 mM. The decay-associated difference spectra
(DADS) for Ade, Poly(A) and Ag'/Ade (8 = 2), obtained from global fitting, are shown in panels
(d), (e) and (f), respectively. Lifetimes longer than the maximum delay time accessible by our
instrument are reported as > 3 ns.

The fs-TA spectra of Ade are similar in appearance to ones published in previous
broadband fs-TA studies.**** In addition, the lifetimes obtained from global analysis (Table 1)
agree with ones reported previously.’® Interestingly, the strong positive band seen below 460 nm
decays on a subpicosecond time scale, revealing a band centered near 380 nm, which is apparent

in the DADS for the 9.5 + 0.1 ps time constant in Figure 4d. Although 80-100% of the adenine

molecules are deprotonated in the Ag'/Ade assemblies (Figure 1b), TA experiments show that the



excited state population of deprotonated Ade, Ade(-H) , decays on a subpicosecond timescale
and has transient spectral features that differ from those in Ag'/Ade (Figure S4, Table 1).

Figure 5 compares fs-TA spectra recorded for 2AP at neutral pH and Ag'/2AP following
300 nm excitation. Table 1 summarizes the best-fit parameters from global fits to a triexponential
function. The fs-TA spectrum measured for neutral 2AP with excitation at 300 nm has a broad
positive band at approximately 550 nm, accompanied by a weak and narrow band centered at
400 nm (Figure 5a). Similar results were reported in ref. 46 for 2AP excited at 309 nm. In
addition, the positive band at 330 nm decays at the same rate as the two bands at longer
wavelengths. The overall 2AP signals at neutral pH exhibit a weak picosecond component and a
strong nanosecond component (Figure 5a, c¢) consistent with previous reports.***® The fs-TA
spectra of the closed-shell, deprotonated 2AP anion, 2AP(-H), collected at pH 12.5 are shown
for comparison in Figure S5. The fs-TA spectra of 2AP at pH 2 and corresponding lifetimes from
global fitting are shown in Figure S6. The faster decays measured at pH 2 are consistent with the

emission quenching of 2AP in acidic conditions reported earlier.*’
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Figure 5. Broadband fs-TA spectra at the indicated delay times for (a) 2AP in H,O at pH 7, and
(b) Ag'/2AP (8 = 2) in H,0 at pH 3 following 300 nm excitation. The 2AP concentrations in both
solutions were 1 mM. Each spectrum in panel (b) was an average of approximately five spectra
in the indicated time interval. The decay-associated difference spectra (DADS) for 2AP and
Ag'/2AP (B = 2), obtained from global fitting, are shown in panels (c) and (d), respectively.
Lifetimes longer than the maximum delay time accessible by our instrument are reported as > 3
ns.

The fs-TA spectra of the Ag'/2AP solution (Figure 5b) bear little resemble to those from
silver-free 2AP, and the three DADS (Figure 5d) obtained by globally fitting the broadband fs-
TA data do not match any of the DADS of free 2AP. Ag'/2AP absorbs at longer wavelengths than
2AP and negative signals are observed from 320 nm to 360 nm, which are assigned to ground-
state bleaching (GSB). According to global analysis, the GSB signals recover with the longest
two time constants (i.e., 7, and 73, see Table 1 and Figure 5d).

In addition to the bleaches below 360 nm, positive bands are seen near 380 nm and 560
nm at short time. These features decay with time constants of 12 + 0.5 ps and 180 = 10 ps (Table
1 and Figure 5d), revealing a broad ESA band from 360 nm to 600 nm that persists beyond 3 ns,
the longest delay time accessible with our instrument. This broad band is unlike any feature in

the fs-TA spectra of uncomplexed 2AP at any pH value.
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Table 1. Global Fit Parameters to Broadband Transient Absorption Signals of 2AP and

Adenine in the Absence and Presence of Ag" Ion.”

Sample pH 71/ ps 7/ ps rs/ns |A/nm| A;(A) | Ax(4) | A3(A)
2AP 70 | 13£0.1 - >3" | 540 | —0.04 | - 0.96
2AP 12 | 1.5+0.1 — >3 | 540 | 0.07 — 0.93
Ag/2AP | 3.0 [120+05[180+10| >3" | 540 | 024 | 024 | 0.52
Ag/2AP | 3.0 [120+05]180+10| >3" | 360 | 037 | -0.23 | -0.40

Ade 7.0 10.50+0.01|9.5+0.1 >3° 360 | 0.77 0.23 | <0.01
Ade” 12 10.60 £ 0.01 - >3° 360 | 0.93 - 0.07
Ag'/Ade 30 | 50+0.1 [150+10| >3° 360 | 0.22 0.53 0.25
poly(A) 70 | 13+£0.1 [140£10| >3° 360 | 0.56 0.36 0.08

“ Lifetimes (11, T2, and 73) were determined by globally fitting the broadband fs-TA data at all

3
probe wavelengths to the function, Eai ()L)exp(—t / tl.) . The final three table columns show the
i=1

relative amplitudes defined as 4, =a, / E‘a[‘ at the indicated probe wavelength (A). Uncertainties

are 95% confidence intervals.
» Lifetimes greater than the delay time range of the spectrometer are reported as > 3 ns.

Figure S7 compares the kinetic traces at probe wavelengths of 540 nm and 360 nm for
2AP and Ade, respectively, with and without added silver nitrate. The fit parameters are
summarized in Table 1. Adding Ag" ions dramatically decreases the excited-state lifetime of 2AP,
but the opposite trend is observed for Ade. The kinetic trace of poly(A) recorded at 360 nm
(green triangles, Figure S7b) appears different at first glance from the decay kinetics of Ag'/Ade,
but global analysis of the broadband data from each sample separately yields similar time

constants with different decay amplitudes.

16



Discussion
Nanoscale Assemblies in Ag'/Nucleobase Aqueous Solutions

The AFM images in Figure 3 show unequivocally that drop cast films made from the
Ag'/Ade and Ag'/2AP solutions at room temperature contain nanofibers. Sharma et al.’
previously described nanofibers in Ag'-adenine solutions at alkaline pH, but to the best of our
knowledge, this is the first report of nanofibers formed by combining 2AP and Ag" ions. Sharma
et al.” observed a hydrogel when 0.8 mL of 100 mM Ade in pH 10.5 aqueous solution was mixed
with 1.0 mL of 100 mM aqueous silver nitrate. Electron microscope images of the xerogel
produced by freeze drying revealed a tangled network of nanofibers 20 to 35 nm in diameter and
several microns long.” Our fibers are very similar despite the much lower Ade concentration and
higher g value (2.0 vs. 1.25) of our sample. Importantly, our measurements of silver ion binding
show that above B = 1.5, there is little additional binding of silver ions at our nucleobase
concentration of 1.0 mM. We also note that S = 1 solutions of Ag'/Ade and 2AP/Ade yield fs-TA
signals (Figure S8) and nanofibers (Figure S9) that are very similar to those seen in 8 = 2
conditions.

An important question is whether the desolvated structures in the AFM images are
actually present in solution. Sharma et al.” observed nanofibers when the Ade concentration was
decreased by an order of magnitude with = 1.25, conditions that yielded a turbid solution, and
not a hydrogel. The concentration of nanofibers in the more dilute solution is likely too low to
allow gelation. This evidence that nanofibers form in Ag'/Ade solutions with millimolar Ade
concentrations and S values between 1 and 2 supports our conclusion that the AFM images made

using the drop cast films capture the structures present in solution.
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Drying can concentrate reagents leading to aggregates or other structures that are not
present in dilute solution. However, the results in refs. 23,24 provide strong evidence that
polymerization occurs even in highly dilute Ag'/Ade solutions and is not an artifact of drying.
Matsuoka et al.>>** detected pronounced linear dichroism from Ag’/Ade solutions subjected to a
flow for an adenine concentration of 79 uM and p values of between 1.4 and 2.2. Extended
structures with one dimension greater than approximately 50 nm are required for flow

23,24
1.

orientation, and Matsuoka et a concluded that long, linear coordination polymers are formed

in their dilute solutions.

Excited-state dynamics and evidence of m-stacking in the nanofibers

When Ade is organized into a single strand, characteristic decay times ranging between
100 and 200 ps have been observed in di-,”*”" oligonucleotides,”® and homopolymers.*” Previous
studies on single- and double-stranded DNA have shown that the long-lived excited states that
last tens to hundreds of picoseconds are excimers or exciplexes with significant charge transfer

character that only form when bases are stacked.’””

These states are thought to form by
photoinduced electron transfer on an ultrafast time scale and decay via charge recombination in
the Marcus inverted region.”’

The fs-TA spectra of Ag'/Ade resemble those of poly(A) in shape (Figure 4). Specifically,
the DADS of the 150 + 10 ps component of the Ag'/Ade sample closely resembles that of the
140 £ 10 ps component of poly(A) (compare the red traces in Figure 4e, f). Compared to

Ag'/Ade, the TA signals for poly(A) exhibit a more rapid increase toward the longer wavelength

region. This is due to the fact that the poly(A) signal is significantly weaker than that of
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Ag'/Ade, and the solvated electron signal due to 2-photon ionization of the solvent makes a
greater contribution to the total TA signal.

We propose that the common excited-state spectrum and decay kinetics observed for
Ag'/Ade and poly(A) are due to excimer formation between m-stacked Ade residues in both
systems. Specifically, the absorption band below 450 nm, even though it is partially clipped by
the short wavelength detection limit of our ultrafast spectrometer, agrees well with the spectrum
of the adenine radical cation (A™),’® one of the two radical ions present in an excimer state that
has strong charge transfer character. Ade stacked with itself is likely responsible for this
absorption in both systems, although metal binding may contribute to the somewhat broader
band shape in Ag'/Ade. We have no information about the precise stacking geometry, but fs-TA
experiments on several diadenosines in which the two nucleobases are joined by flexible linkers
show that the excimer lifetimes are insensitive to the precise base stacking motif and rotational
setting of the m-stacked bases.”’

The Ag'/2AP results also support the conclusion that m-stacked structures are present.
Although 2AP and Ade both act as ligands toward Ag  ions and form self-assembled
nanostructures, they differ starkly in their photophysics and electronic structure.”’ 2AP emission
is strongly quenched in DNA strands by base stacking, making it a useful probe of
conformational dynamics in nucleic acids.’® Figure 2c shows that the fluorescence quantum yield
of the f = 2 Ag'/2AP solution is much lower than that of uncomplexed 2AP. Furthermore, the
excited-state decay of the Ag'/2AP solution changes from the nearly monoexponential decay
with a lifetime of ~10 ns seen for free 2AP*® to multiexponential decays with a prominent 180 +

10 ps component not observed in the monomer (Table 1 and Figure 5). Time-correlated single
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photon counting (TCSPC) experiments reveal multiexponential fluorescence decay kinetics in
UV-excited dinucleotides containing 2AP and Ade.”

The Ag'/Ade and poly(A) signals have similar spectra and 1, is approximately 150 ps for
both. Despite these similarities, differences are apparent. The long time signal component has
greater relative amplitude (43 in Table 1) in Ag'/Ade than in poly(A). In addition, the fastest
decay component (7; in Table 1) is almost four times shorter in poly(A) than in Ag'/Ade and
accounts for 56% vs. 22% of the overall signal amplitude (4, in Table 1). The equilibrium
constant that describes stacking in (dA);g is ~2 at room temperature, implying that stacked
domains are only a few bases long at room temperature.”® Under these conditions, approximately
30% of bases are unstacked, and monomer-like excited states localized on these bases are
thought to be responsible for the prominent ~2 ps decay component seen at a probe wavelength
of 250 nm for excitation at 266 nm.*® Similar results are expected for the homopolymer poly(A).

In the Ag'/Ade sample, Ade bases could be free and uncomplexed, or they could be
present in extended assemblies, where they might experience a greater or lesser degree of
stacking with other Ade bases. If free, uncomplexed bases were present in the Ag'/Ade solutions,
then a subpicosecond component similar to the 7; component of the Ade monomer should be
observed. The absence of such a component in Ag'/Ade together with this sample’s stronger
excimer component suggest that the amount of free Ade is negligible. Instead, all nucleobases are
likely to be integrated into nanofibers containing stacked nucleobase domains that facilitate
excimer formation. Similarly, the fluorescence data show very strong fluorescence quenching (>
98%) when 2 mM of Ag" ion is added to 1 mM of 2AP, suggesting that the upper limit of
unbound 2AP in Ag'/2AP is 2%. This is consistent with the observation that the fs-TA spectrum

of Ag'/2AP differs from that of free 2AP at all times between 0 and 3 ns (Figure 5), which
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indicates that most, if not all, 2AP molecules are organized into Ag -containing supramolecular
assemblies at room temperature. These observations implicate extensive m-stacking in the
Ag'/2AP and Ag'/Ade nanostructures.

The origin of the 7, component of the Ag'/Ade solution (5.0 + 0.1 ps) is uncertain at this
time. One possibility is that the initially formed excitonic state decays on a subpicosecond time
scale either to an excimer state or to a second excited state, which could be localized on a single
base, and which subsequently decays via internal conversion to the ground state, albeit at a rate
that is one order of magnitude slower than what is observed for the free base (5 ps vs. 0.5 ps, see
Table 1). Computational studies have suggested that steric and other environmental effects
present in single- and double-stranded DNA oligonucleotides decrease the rate of internal

conversion by an excited state localized on a single base.”*

Experimental support for this
hypothesis comes from measurements on rigid DNA hairpins showing that there are excited
states in well-stacked base sequences that decay faster than excimers.®'

A further difference in the poly(A) vs. Ag'/Ade signals concerns the slowest decay
component (73). This nanosecond component in the Ag'/Ade signals accounts for approximately
25% of the observed signal decay at 360 nm, but is three times weaker in poly(A) (Table 1). We
considered the possibility that the Ag'/nucleobase nanostructures yield triplet states due to
enhanced intersystem crossing. Rahn and Landry® observed fluorescence quenching and a
nearly 20-fold enhancement of phosphorescence from poly(rA) with one Ag™ ion per nucleobase
at 77 K in an ethylene glycol-water glass at pH 7, which they attributed to intersystem crossing

enhanced by a heavy atom effect. Here, the 73 DADS of Ag'/2AP has little in common with the

literature absorption spectrum of the lowest triplet state of 2AP (Figure S10), which has a
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pronounced peak at 480 nm.” The same conclusion holds for Ag"/Ade (Figure S11). On this
basis, we feel it is unlikely that the longest-lived DADS is due to triplet-triplet absorption.

In addition to the lack of spectral agreement, the 73 lifetime is not what is expected for a
nucleobase-localized triplet state. In water, the triplet state of 2AP has a ~1 ps lifetime at
millimolar concentrations,” but the triplet lifetime is concentration dependent due to self-
quenching with ground-state 2AP.** This suggests that any triplet state would be quenched in
much less than 1 ns in Ag'/2AP nanofibers in light of the extensive m-stacking between 2AP
residues. These results suggest that intersystem crossing is either unimportant, or that the lowest
triplet state of the assemblies has little in common with the corresponding state of the free
nucleobase.

Although the results of this study argue strongly for -7 stacking among the purine bases
in the nanofibers present in Ag'/nucleobase solutions, it is not yet possible to conclude whether
stacks occur parallel or perpendicular to the filament direction. To date, the morphologies of self-
assembled structures of guanine and guanine derivatives have been studied in greatest detail.*®
In fibers made from quartets of guanosine molecules, so-called G wires, individual nanofibers
only ~3 nm in diameter are believed to form bundles with stacking parallel to the strand
direction.’® G-ribbons are known in which guanines are extensively hydrogen bonded in two-
dimensional sheets.* AFM imaging indicates that the resulting structures are ~20 nm wide, but
only 1 nm high.®” However, these structures typically form in non-aqueous solvents, conditions
that favor hydrogen bonding over base stacking. For this reason, we speculate that the bases are
stacked with their planes normal to the fiber direction as in G wires, but supporting evidence is

needed.
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Ag" binding sites and structural complexity

Determining the microscopic binding motifs that give rise to the self-assembled structures
formed between Ag" and purine nucleobases is challenging. First, Ade and its constitutional
isomer 2AP each have five nitrogen atoms that are potential binding sites. Computational studies
confirm that structures with the Ag" ion bound to different tautomeric forms of the nucleobase
are similar in energy.”®”' Second, the presence of two or more binding sites per Ade molecule
allows coordination oligomers and polymers to form that may be extensively cross-linked. The
counterions may also affect the possible structures, but this goes beyond the scope of the present
study. We note that crystals formed from adenine and Ag" ions at low pH have incorporated
perchlorate’ or nitrate ions.”” In the mass spectrometry experiments of Vrkic et al.,” charged
species containing a bound nitrate ion were observed. Third, the AFM images from this study
indicate that nanofibers form with Ade or 2AP even though the most favored Ag™ ion binding
sites likely differ for the two isomers. For example, steric crowding by the amino group in the
latter has been proposed to inhibit Ag" ion coordination to N3.

Although we do not have a detailed structural model, our measurements of quantities
such as the number of bound silver ions and the charge per nucleobase can be meaningfully
compared to structures proposed in the literature. Vrkic et al.”?® studied Ag'/Ade complexes by
mass spectrometry coupled with electrospray ionization, and proposed that linear polymers form,
which are built of cross-linked dimers (structures 1 and 2 in Chart 1), a concept inspired by the
observation of similar motifs in structures of crystals obtained from acidic aqueous solution.”>”
Sharma et al.” suggested that deprotonated Ade units are joined into linear polymers by N7-Ag"-

N9 linkages (3 in Chart 1) with individual chains joined by hydrogen bonds with bridging water
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molecules. In contrast, Matsuoka et al.>* favored linear polymers in which deprotonated adenine
molecules are connected by repeating N1-Ag'-N1 and N9-Ag'-N9 linkages (4 in Chart 1).

The measured ratio of [Ag Jpouna to nucleobase concentration is 1.3 and 1.4 for our =2
solutions of Ag+/Ade and Ag+/2AP, respectively. These values are close to, but not quite as large
as, the value of 1.5 in hypothetical structure 2 in Chart 1. Significantly, the = 1 solution also
forms nanofibers similar in appearance to those in the § = 2 solution, and both solutions have
similar transient spectra, but the ratio of [Ag Jpound to the nucleobase concentration when =1 is
close to unity, the value characteristic of structures 3 and 4 in Chart 1. These estimates assume
that all of the nucleobase in solution is fully bound into nanoassemblies, but we have not seen
evidence of a significant concentration of uncomplexed nucleobase for the 1 mM nucleobase
solutions with B =1 or 2, as discussed above. Based on these findings, it is difficult to choose
among the proposed structures in Chart 1.

Structures 2 — 4 in Chart 1 all depict the loss of one proton per nucleobase, but as already
noted, only one of every four to five nucleobases has lost a proton in the f =1 Ag'/nucleobase
solution. When g = 2, the ratio of protons released per nucleobase approaches unity, but is still
somewhat smaller (0.8 for Ade and 0.9 for 2AP, according to Figures 1b and 2b). Because the
stability of nanofibers in aqueous solution is expected to depend sensitively on the presence of
charges that prevent aggregation and ensure colloidal stability, we also considered the charge per
nucleobase estimated from the number of bound silver ions minus the number of released
protons. For the 8= 1, Ag'/Ade solution, the charge per nucleobase is +0.8, decreasing to +0.5
for the 8= 2 solution. Results for the Ag'/2AP solutions are similar. We note that the charge per

nucleobase is +0.5 for structure 2 in Chart 1, but zero for structures 3 and 4.
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This last point may appear to favor structure 2 over structure 3 or 4, but it is important to
point out that the latter structures could bind additional protons at the pH ~3 conditions of the
measurements. A proton displaced when a Ag” ion binds to nitrogen does not have to be released
to the solvent, but can instead be transferred to a second heteroatom, thereby stabilizing a new
tautomeric form of the base. For example, the proton released from N9 binds at N7 or N1 in the
acid crystal structures of adenine with Ag" ions.”>” Adding additional protons to structures 3 or
4 would decrease the protons released to the solvent and increase the charge per nucleobase in
better agreement with experiment.

Figures 1b and 2b provide additional insight into the coupling between Ag" binding and
proton release. In Ag'/Ade, for example, moving from =1 to 2 increases the concentration of
[Ag Tvouna by 0.3 mM, while the concentration of released hydronium ions increases by 0.6 mM.
This indicates that Ag™ ions partially replace protons present in the nanofibers above f = 1,
causing the ratio of [Ag Jpound to [Ade] to increase, and the pH to drop. As we discuss next, this
change might occur without significantly perturbing the overall structure of the nanofibers.

It would be very desirable to study the morphology, excited-state dynamics, and other
properties of Ag’ ion-nucleobase nanostructures as a function of factors such as S, the
nucleobase concentration, temperature, and even the annealing history of the sample, but this
goes well beyond the aims of the present study. Any future model must account for the similar
nanofibers and transient spectra seen in the f= 1 and 8 = 2 solutions (see Figures S8 and S9).
These similarities suggest to us that the underlying coordination polymers could be the same in
both cases. Our measurements suggest further that this common structure takes up and releases
Ag’ ions and protons without a significant change in morphology or excited-state dynamics.

More study is needed to understand if there are significant changes in microscopic structure as 3
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is varied for these I mM nucleobase solutions, but if a single structure is present at both £ values,
then it cannot be structure 2 in Chart 1, which has a ratio of [Ag' Joound to [Ade] of 1.5, while this
ratio is ~1 in the B = 1 solution. Finally, although our focus in this subsection has been on the
linear coordination polymers drawn in Chart 1, it is possible that the subunits that assemble into
nanofibers have an altogether different topology. A further question to be answered is how the
subunits, whatever their precise structure, assemble into nanofibers in a way that results in a high

degree of -t stacking among the constituent nucleobases.

Electronic Structure Considerations

The silver ions not only give rise to the three-dimensional structures observed, but they
also influence the electronic structure of the nanoassemblies. Ligand-centered transitions are
important in many organometallic complexes with silver(I).””” Computational studies published
to date have shown that Ag' ion binding can induce red shifts in the m=>m* transitions of
Ade.®"" However, these calculated shifts are modest compared to the significant red shifting
seen in the UV-vis spectra (Figures 1a and 2a).

It seems likely that excitonic interactions among nucleobases that are brought into close
proximity by the Ag" ions will also contribute. G quadruplexes absorb at longer wavelengths
than the G monomer,”® and this effect is not due to electronic interaction as the ions involved
(e.g., K") lack orbitals close enough in energy to the valence orbitals of the nucleobase. The
proposal that Ag" ions can contribute indirectly to the electronic structure by virtue of how they
position the nucleobases in three-dimensional space is consistent with the new excited-state

decay pathways revealed in this study.
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Conclusions

We have shown by AFM that Ag" binding to Ade and its fluorescent analog 2AP yields
self-assembled nanofibers. The fs-TA experiments on Ag'/Ade and Ag'/2AP show that neither
the transient spectra nor the decay dynamics are similar to those observed from the free
nucleobases, Ade and 2AP, in their neutral, protonated, or deprotonated forms. Instead, the
spectral and temporal fs-TA signals for Ag'/Ade and poly(A) show many similarities, suggesting
that m-stacking between the nucleobases is the common factor controlling excited-state
deactivation. This study thus extends the use of fs-TA spectroscopy for detecting stacked
nucleobases, which was first described in ref. 51, to metal-nucleobase frameworks. Just as the
stabilization of the DNA double helix is the result of both base pairing and m-xt stacking, the
latter interaction is certain to be a key driving force for the self-assembly of Ag'-nucleobase
structures in aqueous solution.

Although the microscopic binding motifs are still uncertain, the actual microscopic
structures may be less complex than at first thought based on the relatively ordered
nanostructures observed in the AFM measurements and on the spectroscopy. Supporting this
hypothesis, calculated Raman spectra of various mononuclear complexes of adenine with a
single silver ion show that ring stretching modes found between 1400 and 1600 cm™ shift by as
much as 10 — 20 cm™ upon silver binding.”' This could indicate that silver ions bind to the same
sites on every nucleobase as structures with heterogeneous binding motifs would be expected to
yield a distribution of vibrational frequencies. Calculations predicting vibrational spectra and
excited states of mt-stacked nucleobases in Ag'/nucleobase frameworks will be an important next
step on the path to fully understanding the structure and electronic structure of silver ion-

nucleobase nanoassemblies.
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