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ABSTRACT: Silver clusters develop within DNA strands and
become optical chromophores with diverse electronic spectra
and wide-ranging emission intensities. These studies consider a
specific cluster that absorbs at 400 nm, has low emission, and
exclusively develops with single-stranded oligonucleotides. It is
also a chameleon-like chromophore that can be transformed
into different highly emissive fluorophores. We describe four
characteristics of this species and conclude that it is highly
oxidized yet also metallic. One, the cluster size was determined
via electrospray ionization mass spectrometry. A common
silver mass is measured with different oligonucleotides and
thereby supports a Ag, cluster. Two, the cluster charge was
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determined by mass spectrometry and Ag L;-edge X-ray absorption near-edge structure spectroscopy. Respectively, the conjugate
mass and the integrated white-line intensity support a partially oxidized cluster with a +6 and +6.5 charge, respectively. Three, the
cluster chirality was gauged by circular dichroism spectroscopy. This chirality changes with the length and sequence of its DNA
hosts, and these studies identified a dispersed binding site with ~20 nucleobases. Four, the structure of this complex was
investigated via Ag K-edge extended X-ray absorption fine structure spectroscopy. A multishell fitting analysis identified three
unique scattering environments with corresponding bond lengths, coordination numbers, and Debye—Waller factors for each.
Collectively, these findings support the following conclusion: a Ag;,*® cluster develops within a 20-nucleobase DNA binding site,
and this complex segregates into a compact, metal-like silver core that weakly links to an encapsulating silver—DNA shell. We
consider different models that account for silver—silver coordination within the core.

B INTRODUCTION

Silver clusters with diameters ~1 nm are chromophores with
molecule-like, nonplasmonic spectra.'~” They absorb across the
optical spectrum and can strongly emit, so they are distinct
from bulk silver and silver nanoparticles.® Their spectra depend
on the number of silver atoms, so the synthesis of atomically
precise clusters opens the possibility of a suite of programmable
chromophores that is distinct from other fluorescent labels.”~"*
Specific species are formed via adsorbates that coordinate the
cluster surface and thus inhibit agglomeration. These ligands
control both the cluster size and electronic spectra, as
illustrated by thiols that stron§ly coordinate silver clusters
and shift their optical spectra.’” Our studies focus on DNA
ligands that develop silver clusters in aqueous solution.'®™**
These polymeric ligands coordinate Ag* via their nucleobases,
and they facilitate silver agglomeration when the locally
concentrated Ag* adducts are chemically reduced.”* > The
encapsulated clusters develop discrete and sparsely organized
electronic states and become optical chromophores with several
distinguishing characteristics. They have high molecular
brightness due to extinction coefficients of ~10° M~ cm™
and fluorescence quantum yields as high as 90%, strong and
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robust emission due fluorescence lifetimes ~1 ns and weakly
coupled excited electronic states, and emission that can be
optically modulated via transiently populated dark states.””~°
Finally, their spectra span the visible and near-infrared spectral
regions and are encoded by the 2primary sequence and
secondary structure of the DNA host.”**"*' =%

Our studies focus on a specific cluster with A, &~ 400 nm
and with low emission, which exclusively develops within
single-stranded oligonucleotides. We are interested in this
species because it is a chameleon-like precursor that can be
transformed into different fluorescent clusters via DNA
hybridization. The single-stranded DNA host hybridizes with
a complementary strand, and the violet precursor switches to a
fluorescent cluster with 2> 100-fold stronger emission.”>** The
fluorescence spectrum is encoded by the DNA sequence.
Furthermore, the violet precursor is regenerated when the
duplex denatures.”

Such dim/bright cluster pairs are the foundation of a new
class of optical sensors, and our goal is to address the
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underlying changes in electronic structure.”'”*”** The present

studies focus on the violet cluster complexed with a 20-
nucleotide DNA strand, and we used three techniques to
characterize the cluster stoichiometry, oxidation state, ligand
environment, and structure. One, electrospray ionization mass
spectrometry measured the silver stoichiometry with the 20-
nucleotide and a longer DNA strand, and a common, dominant
empirical stoichiometry supports a specific cluster size. Mass
spectrometry also quantitated the number of H* bound to the
phosphate backbone, and a loss of H' signifies a partially
cationic cluster. Two, X-ray absorption spectroscopy studies
revealed the cluster oxidation state and fundamental bonding
interactions in the cluster/DNA complexes in the native
aqueous environment.”® The Ag L;-edge X-ray absorption near-
edge spectra gauged the cluster charge via the occupancy of the
valence electronic states of silver. The extended X-ray
absorption fine-structure region of the Ag K-edge spectra
revealed three scattering paths, and these were ascribed to
silver-nucleobase and two types of silver—silver interactions.
Three, circular dichroism spectroscopy probed the ligand
environment because the chiroptical response of the cluster
changes with the length and sequence of the DNA host. These
studies support an extended DNA binding site. Collectively, our
studies suggest that the violet cluster/DNA complex segregates
into distinct components: an encapsulating DNA—silver shell, a
metal-like silver core, and a dynamic core—shell linkage. We
discus?)s7 ggyeciﬁc structural models based on these interac-
tions.” "

B EXPERIMENTAL SECTION

We followed the experimental protocol from our earlier studies, and
the key aspects are summarized.”>*>*" The 20-nucleotide DNA strand
used for most of these studies was CCCCAACTCCTTCCCGCCAC,
where the strand polarity is 5" = 3'. The clusters were prepared using
AgNO; (Acros), and the reducing agent was NaBH, (Aldrich). These
reagents were used as received. Violet cluster conjugates were formed
by combining 8 equiv of Ag" with 30 M oligonucleotide in water.
This solution was combined with BH,™, and the violet cluster was
favored by exposing the solution to 500 psi O, at room temperature
for 3 h. For mass spectrometry studies, these solutions were dialyzed
to achieve 10°—10* dilution of lower molecular weight species. Mass
spectra were collected using Q-TOF G2-S (Waters) and analyzed with
MassLynx V4.1. Samples were diluted with water to 0.3 M
oligonucleotide concentration and were infused via a syringe pump
operated at 20 yL/min. The spectra were acquired in the negative ion
mode with a capillary voltage of —2.7 kV, sampling cone voltage of
—15 V, extraction cone voltage of 10 V, a cone gas flow of 45 L/h of
cone gas, and a desolvation gas flow of 450 L/h. The source
temperature was 80 °C, and the desolvation temperature was 130 °C.
Mass calibration was performed using aggregates of sodium formate in
the 400 < m/z < 2000 range. Each mass spectrum was an average of
290 scans collected in V mode, and these spectra were processed with
the MassLynx software. The peaks associated with the different charge
state peaks were converged to the zero charge state to reconstitute a
mass spectrum of the neutral species.””™** Ag K-edge (25514 eV) and
Ag Ly-edge (3351 eV) X-ray spectra were collected of the Ag-DNA
conjugates in buffered aqueous solution at the with a cluster
concentration of ~5 mM. The PNC-XSD beamline (Sector 20-BM)
at the Advanced Photon Source, Argonne National Laboratory (IL,
USA), was used to collect Ag K-edge EXAFS data. Experiments were
conducted at room temperature under ambient conditions. Data were
collected for the solution-phase sample in fluorescence mode using a
12-element fluorescence detector. Multiple scans were averaged to
achieve minimal experimental noise in the late k region of the EXAFS
data. Ag L;-edge XANES were collected at the SXRMB end station at
the Canadian Light Source (Saskatoon, SK, Canada). Experiments
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were conducted in solution-phase at room temperature under a stream
of N, gas. Data were collected in fluorescence mode with multiple
scans acquired to ensure reproducibility and to minimize experimental
noise in the XANES region. All XAS data were background subtracted,
normalized, and transformed to k- and R-space using standard data
reduction protocols (Figure S13).** Simulated scattering paths used to
fit the Ag K-edge EXAFS data were generated using FEFF8.2
computational software.*® Reported uncertainties for EXAFS fitting
results were computed from off-diagonal elements of the correlation
matrix, which were weighted by the square root of the reduced chi-
squared value obtained for each simulated fit. The amount of
experimental noise was also taken into consideration for each Fourier
transformed R-space spectrum from 15—25 A"’ Linear combination
fitting of Ag L;-edge XANES data was conducted using Athena and
Ifeffit software.***’ The linear combination fit was conducted from
—20 to 30 eV with respect to the absorption edge (E, for Ag L;), and
an R-factor statistic of 0.017 was determined from the fitting result to
indicate the goodness of fit.*’

Absorption spectra were acquired with a Cary S0 (Varian) at a scan
rate of 600 nm/min using an appropriate buffer baseline and using
plastic cuvettes (BrandTech). Circular dichroism spectra were
acquired with a DSM 17 CD spectrophotometer (Olis). The spectra
were collected from 600—220 nm using quartz cells with a path length
of 1 cm using a scanning rate of ~150 nm/min. A background
spectrum of water was collected and subtracted from three averaged
scans of the sample. Size exclusion chromatograms were collected with
a Prominence high performance liquid chromatography system
(Shimadzu) using a 300 X 7.8 mm’ BioSep-SEC-S2000 column
(Phenomenex), having S pm particles and a pore size of 145 A. The
mobile phase was buffered at pH = 6.5 with 10 mM citrate/citric acid
that was supplemented with 300 mM NaClO, to minimize solute
interactions with the stationary phase.’">

B RESULTS

Cluster Stoichiometry. Our previous studies established
the cluster size and undergird our new investigations, so we first
summarize these results.”> The violet cluster develops in a 20-
nucleotide DNA strand with concentrations < 10 Ag":DNA
and high oxygen pressures. We chose these conditions because
they eliminate competing species and favored the violet cluster
(Figure S1). The crude reaction mixture was characterized by
electrospray ionization mass spectrometry, and two types of
DNA strands were identified (Figure 14, inset). The molecule
with a mass of 5878 amu is the native DNA, while the heavier
species with a mass of 6951 amu is the same strand with 10
silvers. Three observations linked this gaseous DNA-silver
complex with the aqueous DNA—violet cluster conjugate. First,
the reaction mixture was also analyzed by size exclusion
chromatography, and this technique correspondingly identified
two types of DNA strands in aqueous solution (Figure S2). The
bound and free strands were distinguished by their electronic
spectra, and their relative amounts were 2.5:1, respectively,
which compares favorably with the ratio of 3.3:1 for the gaseous
strands (Figure 1A, inset). This similarity suggests that the
distribution of species in aqueous solution was faithfully
mapped in the gas phase. Second, the absorbance of the
DNA-violet cluster complex increased from 2 to 8 Ag":DNA,
and the abundances of the gaseous 10-Ag/DNA complex
proportionally increased.”> This correlation between the
aqueous and gaseous amounts of the complexes further
connects these two species. Third, the gaseous complex
survived a range of collision energies, temperatures, and gas
flow rates.”” This stability suggests that the cluster/DNA
conjugate retained its integrity not only in the gas phase, but
also from its original aqueous state. This 10-Ag stoichiometry is
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Figure 1. (A) Mass:charge spectrum of a violet cluster—DNA sample.
The peaks labeled —11 to —5 correspond to the respective ions of the
Agl0/DNA complex. The peaks labeled —10 DNA to —5 DNA
correspond to the respective ions of the native DNA strand. The inset
shows the composite, zero-charge spectrum that identifies the native
DNA at 5878 amu and the DNA with 10 Ag at 6951 amu. The *peaks
represent Na* adducts. (B) Expanded view of the —6 charge state. The
leftmost set of peaks corresponds to the complex with only H* bound
to the phosphates. The blue tick marks represent the predicted masses
based on the molecular formula of the oligonucleotide with 10 silvers
and 6 fewer hydrogens. The rightmost set of peaks corresponds to the
same jon with 1 Na+ that replaces 1 H'. The precisions between the
observed and predicted masses of the isotopologues are 0.3 + 0.4 and
0.4 + 0.4 ppm, respectively.

supported by in situ elemental analysis and calorimetry
studies.”®

The mass spectra measured the empirical silver:DNA
stoichiometry, and an alternate DNA host supported the
same relative stoichiometry. The original 20-nucleobase strand
was appended with eight additional or 40% more nucleobases,
and these added nucleobases increased the number of potential
coordination sites for the cluster (Figure S3A).>**> Despite its
longer length, the longer strand mimicked its parent in two
respects. One, the dominant species in both mass spectra were
the respective oligonucleotides with 10 additional silvers. Two,
both complexes exhibited similar absorption and circular
dichroism spectra (Figures 3 and S3, Strands 1 and 3). These
observations suggest that the 10 silvers agglomerated and
formed a single cluster within a common DNA binding site.
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Collectively, these experiments indicate that the violet
chromophore is the cluster Agy,.

Cluster Charge. The violet cluster preferentially forms with
the oxidizing agents O, and H,0,.”> This reactivity suggests
that the cluster is cationic, and the charge was determined via
mass spectrometry and X-ray absorption spectroscopy measure-
ments. Mass spectrometry shows that the mass of the
oligonucleotide—cluster complex (6951 amu) was 6 amu
lower than the combined mass of the native oligonucleotide
(5878 amu) and 10 silvers (1079 amu) (Figure 1). We attribute
this deficit to missing protons and ultimately to the cluster
chell‘gez.3o’56’57 During desolvation, different numbers of H*
bound to the phosphate backbone and yielded a range of
ions with net charges of —5 to —11 (Figure 1A).* The number
of H" was deduced from fine structure in the mass spectrum
(Figure 1B). A given ion has a range of isotopologues due to its
natural distribution of isotopes, and the pattern of peaks is
dictated by the numbers and types of atoms, that is, the
molecular formula.*”*”~% Our analysis is based on the neutral
oligonucleotide with the formula C,4,H,,,0,,¢NgsP, and we
focus on its two isoelectronic ions with —6 charges. The
unlabeled oligonucleotide has a peak pattern that was
reproduced by the formula C,g;H,350,,¢NgsP1o¢ (Figure SS).
Thus, this ion developed its —6 charge because it lost 6 H"
relative to the fully protonated strand. The corresponding Ag; (-
labeled oligonucleotide had a denser peak pattern due to its ten
additional silvers with natural abundances of 51.8% '"’Ag and
42.8% '®Ag (Figure 1B). The positions and intensities of these
peaks were reproduced with the formula
Cis7H13,0116NgsP19Ag 6. Thus, this ion lost six more H* in
relation to its unlabeled counterpart, and these missing protons
account for the mass deficit in the composite mass spectrum
(Figure 1A, inset). Alternate formulas with +1 H* predicted
markedly different distributions with larger standard deviations
and thus substantiate the loss of specifically 6 H* (Figure $6).%"
We propose that the cluster has a + 6 charge, so the
oligonucleotide host maintained its overall —6 charge by
shedding 6 additional H'. The other seven ions with net
charges of —5 and —7 to —11 also lacked 6 H' relative to their
unligated counterparts, so these consistent offsets support a
constant +6 oxidation state for the cluster (Figure S7).

Three experiments manipulated the overall DNA charge and
indirectly probed the charge of the cluster adduct. First,
ammonium acetate shifted the degree of protonation (Figure
$8).%% This salt formed a buffered solution and created less
negatively charged ions. The isotopologue distributions again
establish that these —4 to —10 charged ions lacked 6 H' relative
to their unligated counterparts (Figure S9). Two, Na* formed
complexes that also neutralized the overall DNA charge
(Figures 1B and S10). Like H*, Na* is ubiquitous, and it
preferentially binds with the phosphate backbone and carries a
+1 charge.®”** The resulting distributions consistently yielded
molecular formulas with the added Na* but with 5 instead of 6
fewer H'. Thus, the net charge offset was again +6, and this
charge difference further supports the +6 oxidation state for the
cluster. Three, the longer 28-nucleotide strand also formed the
violet Ag,, cluster (Figure S3A). This strand has 40% more
phosphates but still produced the silver cluster complexes with
6 fewer H" than the unligated counterpart (Figure S3B,C).
Collectively, the analysis of these different charge states and
different complexes supports a gaseous Ag), cluster with 6
oxidized Ag" and 4 reduced Ag.
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We also measured the cluster oxidation state using Ag Ls-
edge X-ray absorption near-edge structure (XANES) spectra.’®
These investigations complemented the mass spectrometry
studies because they characterized the cluster/DNA complex in
its native aqueous environment (Figure 2). The white-line
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Figure 2. Ag L3-edge XANES of the Agl0-DNA conjugates in
aqueous solution (solid purple line). The white-line integration
analysis (between —3 and 3 eV, indicated with black lines) used two
references: ionic silver acetate (long dashed red line) and silver metal

(short dashed black line).

feature reflects the dipole-allowed promotion of 2p;,, core
electrons to partially occupied Ss/4d valence states. The
intensity of this transition inversely varies with the occupancy
of the valence states and was analyzed in relation to bulk silver
metal (Ag°) and the ionic salt silver acetate (Ag*) references.*®
The area under the white-line transition was integrated from
+3 eV of the absorption edge and compared with the two
reference materials. Linearly interpolating the integrated area
from the spectrum of the cluster gave ~35% Ag’ and ~65%
Ag". This proportion supports a 6+ overall charge for Ag,
cluster, so the charge analysis from XANES and mass
spectrometry measurements favorably agree. This partially
oxidized cluster signifies two types of silver within the complex,
and we subsequently considered their organization.

Ligand Environment. The DNA strand is the scaffold for
the violet cluster, and we addressed its capacity for silver from
two perspectives. First, mass spectra enumerated the number of
DNA-bound Ag* (Figure S11). We studied Ag'—DNA
complexes because the cluster is largely oxidized. Furthermore,
Ag" binds the exposed nucleobases like silver clusters.”*>* The
affinity constant is ~10° M™! so the oligonucleotide forms
stable complexes with Ag" because our experiments used ~10*
UM Ag" and ~10' uM DNA concentrations.”*> Our studies
identified specific complexes that developed from opposing
directions. First, Ag" and DNA were combined with an initial
concentration of 12 Ag":DNA and then diluted with 100 and
10000 volumes of water (Figure S11A). Weakly bound
complexes dissociated with dilution, and only species with
relatively smaller stoichiometries of 4—7 Ag":DNA survived.
The dominant species had 5—6 Ag":DNA, but their abundances
did not follow a Poisson distribution. This disparity between
the observed and random Ag" distributions further sub-
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stantiated the chemical stability of these complexes. As an
aside, we note that the isotopologue distributions for these
complexes showed that the DNA-bound Ag* displaced an
equivalent number of H* from the phosphate backbone (Figure
S11C). This charge balance supports the earlier mass spectral
analysis of the cluster oxidation state (Figure 1). Second, Ag*
and DNA were combined with a lower concentration of 3
Ag":DNA and then diluted (Figure S11B). Complexes with
relatively higher concentrations of 4—6 Ag":DNA emerged with
these stoichiometries. Thus, opposing initial concentrations
converged to complexes with 4—7 Ag*:DNA. This number of
Ag" is comparable to the number of Ag* in the violet cluster.

Second, we also used the chiroptical response of the violet
cluster and characterized the cluster binding site (Figure
3).!03%35%5 The anisotropy or Kuhn dissymmetry factor x

10—

Ag (mdeg)

400
Wavelength (nm)

500 600

Figure 3. Circular dichroism spectra of violet clusters with the DNA
templates from Table 1. In relation to Strand 1, the red X’s refer to the
deletions and the red appendages refer to additional 3’ nucleobases.
The numbers refer to the strand numbers in column 1 of Table 1.

eliminates the concentration dependency in the circular
dichroism spectra because it normalizes the differential
absorbance (AA) using the absorbance (A): k = AA/A = 0
/(32980 x A), where 0 is the ellipticity (mdeg).sé"ss‘és_é8 Our
studies measured the anisotropy factors with different DNA
strands, and the 20-nucleobase strand provided our reference
(Strand 1, Table 1 and Figures 3 and S4). This oligonucleotide
produced a violet cluster with x = 1.2 X 1073 which was
comparable to values for other silver clusters encapsulated by
DNA and for gold clusters coordinated by chiral thiol
Iigands.“’68 Furthermore, the circular dichroism was robust
up to 70 °C, and this thermal stability supports a strong
cluster—DNA association (Figure S12). Longer and shorter
oligonucleotides probed this interaction (Table 1 and Figures 3
and S4). Strands 2 and 3 appended four and eight additional
nucleotides onto the 3’ terminus of the parent Strand 1,
respectively, and all three strands produced clusters with similar
spectra and anisotropies. Thus, added nucleobases were
innocuous and presumably did not interact with the violet
cluster. This conclusion is supported by the mass spectrometry
studies with Strand 3 (Figure S4). Shorter strands still
produced violet clusters with strong absorption but with
diminished chirality. Strand 4 removed A;oC,, from the 3’
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Table 1. Circular Dichroism Anisotropies (k) with Different DNA Strands®”

strand
number length sequence modification Kk (X107%)
1 20 5" C1CCCAAGC, TRCoC 0T 1 T12C13C14C15Gi6C17CrsA19C00 3 parent strand 12
2 24 C1CC3CAAC, TyCoC 0T T12C153C14C15G16C17C18A19C20G21A2T23Cos add 3" G;,A5,T5;Cyy 14
3 28 C1CC3CAMAC, T5CoC 10T 1 T15C13C14C15G16C17C18819C20G 2182 T23C24GosAs6T27Cos  add 37 Gi1A% T23C54GosAseT57Cog 14
4 18 C,C,C3CAA(C, T3CoC 0T, T1,C13C14C15G16C17Crs eliminate 3" A;4Cy 1.0
S 18 C3CLAA(C,T3CoC 0T T1,C13C14C15G16C17C15A19Co0 eliminate 5" C,C, 0.6
6 16 C,C,C5CAA(C,TCoC T, T1,C13C14C1sG6 eliminate 3" C;,C 3A;9Cy 0.3
7 18 C,C,C3CAAC, T{CoCry 77 C13C14C15G16C17C1A10Cy0 eliminate internal T,,T), 0.4

“Refer to Figure 3 for the corresponding circular dichroism spectra. bColumn 1 is the strand number, column 2 is the length of the oligonucleotide,
column 3 is the sequence of the strand, column 4 describes the modification, and column § is the measured anisotropy.

terminus and formed a cluster adduct with a shifted circular
dichroism and a suppressed k. Correspondingly, Strand $
eliminated the 2 CI1C, nucleobases from the opposing S’
terminus, and this construct yielded more dramatic changes:
the absorption red-shifted and diminished, the circular
dichroism was significantly quenched, and the anisotropy
dropped two-fold. Strand 6 removed the four nucleobases
C17C13A16Cyy and produced a violet cluster with a shifted but
still robust absorption but a weak circular dichroism. Strand 7
eliminated T,,T},, and this internal change also significantly
altered the cluster environment. Collectively, these studies
identify a break in the cluster binding site at ~20 nucleobases.
We suggest that shorter strands have an inadequate number of
nucleobases to stabilize the cluster adduct.

Complex Structure and Organization. The Ag K-edge
extended X-ray absorption fine structure (EXAFS) spectra
examined the structure of the complex from the perspective of
the violet cluster adduct. These spectra identified three single
scattering paths in a multishell fitting analysis (Figures 4 and
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Figure 4. (A) Ag K-edge EXAFS of Ag—DNA conjugates fitted with
three individual scattering paths shown separately and (B) proposed
Ag core structures and corresponding theoretical CN values (gray
atoms and faded blue atoms represent Ag” and Ag", respectively).

S13). Theoretical modeling determined the associated bond
distances, coordination numbers, and Debye—Waller factors for
each scattering path (Table 2). The first peak (Ag—Nucleobase
in Table 2 and Figure 4) is ascribed to a silver—DNA
interaction, and its associated bond length suggests that these
silvers coordinate with heterocyclic nitrogens in the nucleo-
bases. The 2.24 + 0.01 A bond distance matches the length of
silver—nitrogen bonds in Ag'—nucleobase, Ag"—amine, and
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Table 2. Ag K-edge EXAFS Fitting Results for Violet
Cluster—DNA Conjugate”

scattering shell CN R (A) o (A%) AE, (eV)
Ag—nucleobase 1.02(16) 2.24(1) 0.004(2) —6(1)
Ag—Ag, 22(3) 2743(8)  0011(1) -6(1)
Ag—Ag, 3.6(1.7) 3.37(2) 0.026(7) -6(1)

“CN is the coordination number, R is the bond distance, o is the
Debye—Waller factor, and AE, is the shift in absorption edge energy.

Ag—pyridine complexes.””~"* Furthermore, Ag" preferentially
complexes the nitrogens versus the oxygens within the
nucleobases.”””*”> The second peak (Ag—Ag; in Table 2 and
Figure 4) is ascribed to metal-like bonding between silvers
because the 2.743 + 0.008 A bond distance is comparable to
the 2.889 A bond distance in cubic closest packed crystals of
metallic silver and the 2.82 A bond distance in the metal core of
Agy, nanoclusters.”*™’® This correspondence suggests that
these silvers agglomerate and form a recessed core within an
encapsulating DNA shell. The third peak (Ag—Ag, in Table 2
and Figure 4) is ascribed to long-range silver—silver interactions
since the average bond distance of 3.37 A is comparable to the
combined van der Waals radii of 3.44 A for two silver atoms.”
This peak suggests that two types silvers are spatially
segregated. We suggest that these two silver environments are
also distinguished by their oxidation states because the reduced
silver partitions into the core while the oxidized silver
coordinates with the encapsulating DNA shell.

Coordination numbers enumerated each scattering path and
thereby helped discern feasible structures (Table 2). The first
peak is attributed to a silver—nucleobase bond, and the average
of coordination number of 1.02 + 0.16 silvers:nucleobase is
evaluated using two models. First, each of the 10 silvers
coordinates one nucleobase:

1 Ag — Nucleobase bond
Ag

10 Ag X /10 Ag total = 1.0

Alternatively, a subset of 5—6 oxidized Ag® could
preferentially complex the oligonucleotide, as suggested by
the mass spectrometry studies of the Ag'—DNA complexes
(Figure S11). Because X-ray diffraction studies indicate that a
Ag" coordinates two nucleobases, the average coordination
number would be 1.0-1.2.°”% Both models give reasonable
agreement with the observed coordination number, and they
share a common feature: the number of coordinated
nucleobases is lower than the total number of ~20 nucleobases
in the minimal DNA strand (Figure 3). This difference suggests
that the polymeric strand intermittently contacts the cluster
with intervening unbound nucleobases.
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The second peak is due to silver—silver bonds and has a
coordination number of 2.2 + 0.3. We now consider three
scenarios that ultimately support a compact core with
interconnected silver—silver bonds. We first evaluate a fully
reduced core with 4 Ag’. A tetrahedral arrangement positions
each silver with three neighbors, so the average coordination
number is

3 Ag — Ag bond
gagx T8 80N Ag ne

/10 Ag total = 1.2

This predicted value is lower than our experimental value of
2.2, so we progress to S Ag with a trigonal bipyramidal
geometry. The axial and equatorial silvers bond with 3 and 4
silvers, respectively, so the predicted coordination number is

4 Ag — Ag bonds 3 Ag — Ag bonds
[3AgX7Ag ]+[2Ag><7Ag ] s

10 Ag total

This coordination number is also lower than the measured
value, so we next consider a Agy core. An octahedral geometry
arranges these silvers with four nearest neighbors, so the
average coordination number is

4 Ag — Ag bonds
Ag

The latter case gives the best agreement with the observed
coordination number, but a fully reduced Ag is outside the
distribution of 4 Ag” and 6 Ag" determined by the mass and
XANES spectra. We subsequently consider models with a
partially oxidized core that address this discrepancy.

The third peak in the EXAFS spectrum is ascribed to long-
range interactions between silvers. Its large coordination
number and Debye—Waller factor support multiple and
dynamic interactions between distant silvers within the core-
and shell-based silvers.

6 Ag X /10 Ag total = 2.4

B DISCUSSION

Our studies characterized a complex between a specific silver
cluster with violet absorption and its 20-nucleobase DNA host.
We focused on this particular cluster because it has low
emission but can be transformed to different fluorescent silver
clusters with ~100-fold stronger emission. Thus, violet cluster/
single-stranded DNA conjugates anchors a new type of optical
DNA sensor.””**?¥®! ‘We characterized the molecular
stoichiometry, oxidation state, ligand environment, and
structure of this cluster, and this information will help address
its underlying electronic structure. Mass spectra show that a
single agglomerated Ag), cluster develops with different DNA
strands (Figure 1). Mass and Ag L;-edge XANES spectra
determined comparable oxidation states of +6 and +6.5 for the
gas-phase and aqueous complexes, respectively (Figures 1 and
2). Circular dichroism spectra show that the minimum cluster
binding site is ~20 nucleobases (Figure 3 and Table 1). The
EXAFS spectra exhibit three single scattering paths, and the
associated bond lengths, coordination numbers, and Debye—
Waller factors support Ag—nucleobase, metal-like Ag—Ag, and
long-range Ag—Ag bonds (Figure 4 and Table 2). These three
interactions segregate the cluster, and we now suggest possible
structures for the Ag,,** cluster with its 20-nucleobase DNA
host.

Metal-like Core. The EXAFS spectrum supports a metal-
like core because the 2.743 A Ag—Ag bond length is similar to
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the 2.889 A bond distance in metallic silver (Ag—Ag; in Table
2).”® However, the shorter bond length for the cluster can also
signify a partially oxidized core.””*> Subvalent silver complexes
were once considered to be rare because the individual silvers
have fractional oxidation states that conflict with basic bonding
theories.””** However, a wide range of these compounds has
been synthesized with diverse ligands such as halides, oxides,
thiols, peptides, and oligonucleotides.’***~"° The first reported
example, Ag,F, and related compounds mimic bulk silver
because they have high electrical conductivities at temperatures
as low as 20 K" Such metallic characteristics may develop
because low-lying Ss/Sp states lie near the Fermi level and can
accommodate excess electrons.”””* These complexes have
relatively short silver—silver bond distances of 2.75—2.85 A, as
does the violet cluster.”” A partially oxidized core within the
violet cluster is also supported by the average Ag—Ag
coordination number and the overall cluster charge (Table
2). The observed coordination number of 2.2 is best modeled
as a Agg cluster with an octahedral geometry. However, this
core is not fully reduced but would need to carry a +2 charge
along with 4 peripheral Ag®. Thus, a (Ags**)—(Ag"),
arrangement maintains the overall +6 oxidation state of the
cluster. However, the four valence electrons in Ags** do not
correspond to a stable electron organization based on jellium
models, and a similar situation occurs with Au,>*.”>~® This
molecular cluster partitions into linked tetrahedra with a shared
apex, and each subunit has an electron configuration with two
valence electrons. Analogously, we suggest that the Ag**
cluster may be decomposed into two Ag;" subunits with two
electrons each. We suggest that this electronic organization
stabilizes the metal-like core.”” Another example of a subvalent
cluster is Ags** with an octahedral geometry, and such species
are distinct from the fully reduced cores with other silver
cluster—ligand complexes.””””®

Irrespective of the detailed structure, the core of the violet
cluster has a silver coordination number that signifies
interconnected silver bonding and a compact structure. Such
a shape is distinct from the elongated structures of other silver
clusters.’™” These structures were derived from electronic
spectra and particle-in-a-box models. This analysis organizes the
valence electrons within cylindrical orbitals around a cationic,
rod-like core. The longitudinal excitation energies diminish
with the length of the molecular rod and increasing silver
stoichiometries.'*”'°" Molecular dynamic simulations suggest
that these atomically sized rods are anchored by the linear array
of nucleobases in the DNA host. In relation to this model, the
partially oxidized Ag), violet cluster is distinct because it is
compact and because it has a relatively high excitation energy.
We suggest that these differences may reflect the flexibility of
silver clusters and are now extending our studies to the
fluorescent counterparts of the precursor violet clusters.””'"

Encapsulating DNA—Ag* Shell. The oligonucleotide
frames the overall DNA—cluster complex. Size exclusion
chromatography shows that the oligonucleotide wraps around
the cluster because the complex has a 20% smaller hydro-
dynamic radius than the native oligonucleotide (Figure S2).*°
This interaction is mediated by the nucleobases, and the mass
and EXAFS spectra support Ag" bonding with the heterocyclic
nitrogens (Figures S11 and 4 and Table 2). We propose that
this DNA—Ag" shell acts as a chiral footprint and induces
chirality in the underlying metal-like core.””'**~'% This
interaction is multivalent and long-ranged because only DNA
strands with > 20 nucleobases maintain the cluster chirality.
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The average silver—nucleobase coordination number of 1.02 +
0.16 silvers:nucleobase suggests that these interactions are also
intermittent, so the nucleobase—Ag" contact points are bridged
by intervening nucleobases that do not coordinate the cluster.
Thus, the polymeric backbone constrains how the DNA ligand
coordinates its cluster adduct."”” This model prompts two
questions: Does an immutable and rigid cluster guide the DNA
coordination and wrapping or does the DNA strand mold the
structure of a flexible cluster adduct? In the former case, the
rigid structure of the cluster defines specific contact points for a
pliable polymeric DNA.'%*'% In the latter case, the DNA
sequence and structure control the three-dimensional array of
nucleobases that bind and anchor a flexible cluster.””'*> We are
now studying alternate sequences that evaluate the relative
importance of these cluster-based versus DNA-based factors.

Shell-Core Linkage. These studies characterize a silver
cluster that is both highly oxidized yet also metal-like. The high
Ag—Ag coordination number and the short Ag—Ag bond
length suggest that the reduced silvers partition into a core,
while the oxidized silvers segregate to the periphery. The third
peak in the EXAFS spectrum suggests that these two types of
silver are coupled. The associated bond length of 3.37 + 0.02 A
is comparable to the sum of the van der Waal radii for silver of
344 A7’ Two other observations support a multivalent and
dynamic association between these two components. First, the
coordination number of 3.6 + 1.7 is large and indicates that
multiple Ag atoms interact at this distance. Second, the Debye—
Waller factor is 2.4-times larger in relation to the Ag—Ag
bonding in the core and thus supports a dynamic association
between the two components.

We now consider these loose silver—silver interactions in the
context of the DNA scaffold. The 20-nucleobase strand has a
hydrodynamic radius of ~1 nm, so the 10 silvers have a local
concentration of ~4 M. Such high local concentrations could
promote argentophilic, Ag'—Ag* bonding, as in inorganic
complexes.””®> However, these interactions have bond
strengths of 5—15 kcal/mol, so they may be disrupted by the
DNA host. In support, consecutive silvers in duplex DNA show
a limited tendency to self-associate."'® Thus, we suggest that
silver—silver bonds in the core and silver—DNA bonds in the
shell dominate the structure, and the interaction between the
two components is weak. Temperature-dependent EXAFS
studies may provide further insight into this association and
thus guide our continuing efforts to modulate the cluster
environments and spectra.1 A

H CONCLUSION

We described a specific violet cluster—DNA complex that
organizes into two distinct structural components. The metal-
like core has highly coordinated and short silver—silver bonds,
and these characteristics support the subvalent cluster Agg**
with an octahedral geometry. Such a structure is distinct from
the fully reduced cores observed with thiolated silver clusters
and suggests that silver clusters can adopt a range of structures
and charge states.''” The ligand shell is a 20-nucleobase DNA
strand, and our studies suggest that it preferentially coordinates
the remaining 4 Ag" that are not in the core. These two
components are coupled by long-range and dynamic silver—
silver interactions. Theoretical studies may provide further
insight into this suggested structure. These studies provide the
foundation to evaluate corresponding fluorescent analogs and
to ultimately address the underlying basis for fluorescence
switching by this cluster.
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