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DNA-stabilized silver clusters (Ag:DNAs) have attracted much attention due to their unique sequence-
dependent fluorescence and many potential applications; however, the understandings of their atomic structures
and functional properties are still limited, which hamper the further development of the novel nanoclusters.
Using the advanced computational methods, we propose three atomistic models for the Ag:DNAs, which all
contain a four-electron silver core with a two-row planar shape stabilized by the nitrogen atoms in the DNA. By
comparing experimental and time-dependent density functional theory-simulated circular dichroism spectra, we
have confirmed that these core structures should commonly exist in the Ag:DNAs. We then analyze the electronic
and optical properties of the clusters and discover that the silver to DNA transitions have essential contributions

to the chiroptical properties of the clusters.

DOI: 10.1103/PhysRevMaterials.4.065601

I. INTRODUCTION

Protected noble-metal clusters play an increasingly impor-
tant role in physics, chemistry, biology, and nanotechnology,
since they have a wide spectrum of potential applications in-
cluding, but not limited to, next-generation electronic devices,
nanocatalysts, biochemical sensing, and innovative medical
treatments [1]. Among the various protected noble-metal clus-
ters, DNA-stabilized silver clusters (Ag:DNAs) stand out for
their unique fluorescence properties. The Ag:DNAs only tem-
plate clusters of ~10 Ag atoms by 10-20 nucleotides [2—-6];
however, these fluorescent conjugates have been tailored to
emit light from the blue to near-infrared range by tuning DNA
sequence and length [2-4,7]. Some clusters also have high
fluorescence quantum yields and good photostability. These
properties, combined with low toxicity, low synthesis costs,
small cluster sizes, and natural compatibility with DNA, en-
able many exciting applications and cope with the worldwide
request for sustainable technology with low environmental
impact [2,3].

They are particularly promising candidates for fluores-
cent sensors of gene mutations [8,9], metal ions [10], and
biomolecules [11]. They are also emerging in applications as
logic devices [12] and cell labeling [13]. Despite the field’s
rapid growth, the limited knowledge of the cluster structure
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is a stumbling block to further development of the Ag:DNAs.
An atomic-level understanding of the structure and functional
properties will be instrumental in guiding the realization of
these novel hybrid nanomaterials.

Structural arrangements of Ag:DNAs are particularly diffi-
cult to obtain experimentally via crystallization and only very
recently have the first crystal structures been reported [14,15].
Therefore, theoretical calculations using quantum chemistry
methods appear most promising to propose geometries and
interpret the experimental results. In this context, circular
dichroism (CD) spectroscopy accompanied by computational
modeling is a proven, powerful tool for characterizing the
structures of DNA-related materials. For example, by compar-
ing computed with measured CD, we have inferred the atomic
structures of Ag'-mediated cytosine and guanine duplexes
[16,17]. In 2014, Gwinn’s group reported the structurally
sensitive, chiroptical activity of four Ag:DNAs [18]. Although
the DNA templates vary in both length and sequence, the
clusters share ubiquitous features in CD spectra, including
a positive peak overlying the lowest optical absorption peak
around 2.0 eV and a negative peak between 3.0 eV and
3.5 eV. This result indicates that there are common structural
features in the Ag:DNAs and provides us extreme valuable
experimental data for comparison (Fig. 1).

In this work, we aim to understand the origin of the
common structural features of the fluorescent Ag:DNAs by
simulating the atomic structure and CD of the clusters. The
construction of the models used in our simulations was

©2020 American Physical Society
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FIG. 1. CD (black) and absorption (blue) spectra of pure clus-
ter solutions S1 (a), S2 (b), S3 (c) (aqueous solution), and S4
[(d); 50 MeOH]. A positive CD peak overlies the collective lon-
gitudinal cluster absorbance peak (red stars). S1: CCCACCCAC-
CCGCCCA, 12 Ag’ 8 or 9 Ag*; S2: GGCAGGTTGGGGT-
GACTAAAAACCCTTAATCCCC, 6 Ag’, 9 Ag*; S3: CAC-
CGCTTTTGCCTTTTGGGGACGGATA, 6 or 7 AgO, 8 or9 Ag™;
S4: TGCCTTTTGGGGACGGATA, 4 Ag’, 6 Ag™. The figure is
taken from [18] with permission.

guided by the following previous experiments. (1) Cytosine-
or guanine-rich DNA templates relate to form bright clus-
ters [19,20]. Machine learning from the large experimental
databases has found that there are discriminative motifs for
bright clusters [19]. These motifs contain three to five bases,
for example: CCC, CCCC, CCG, GCG, GGCAC et al. (2)
The relation between the charge and number of silver atoms

from mass spectrometry suggests that the clusters contain both
neutral and cationic silver atoms [21]. (3) The green and red
fluorescent clusters have enhanced abundances with neutral
Ag numbers Ny = 4 and Ny = 6 [7]. (4) Multiple experimen-
tal results evidence that the clusters have most probably a rod
shape [7,21].

Starting from the experimental information, we did a
thorough investigation of the electronic properties of several
candidate structures. Our analysis evidenced three complexes
which can be suitable geometries for an atomic scale descrip-
tion of Ag:DNAs. Their atomic structures, optical absorption
and circular spectra, and electronic structures will provide a
solid ground to assess the reliability of these structures and the
discussion of the outcome of these simulations will be given
in the following sections.

II. COMPUTATIONAL METHODS

Since there is an enormous amount of base-pair combina-
tions that DNA allows, constructing and simulating all the
possible model sequences is a nearly impossible task. To
simplify the problem, we considered all experimental results
listed in the Introduction and built our initial models for simu-
lation. We chose the cytosine duplex C¢-Cg six cytosine nucle-
obases per DNA strand, —10e, as our DNA template, because
of the known experimental fact (1). Specifically, cytosine-rich
DNA templates have been reported to form bright clusters
and CCC, CCCC are discriminative motifs in DNA for bright
clusters. The number of possible conformations of the Ag
atoms increase exponentially with the amount of Ag atoms;
thus we limited our study to systems having 6-8 Ag atoms.
Due to the experimental evidences (2) and (3), we set four
neutral Ag atoms in the model systems, and other Ag atoms
were considered as Ag cations. The three systems have a
total number of silver atoms of 6, 7, and 8, and a value of
net charges of —8e, —7e, and —6e, respectively. Because
of the charge assignment, we expect our systems will form
four-electron Ag clusters, which will be confirmed later by
Bader charge analysis. The discrimination between Ag atoms
and Ag cations here is only used to define the total charge
of the system. In our simulations, we imposed the net charge
of the system, and the charge of each atom is a consequence
of the DFT methodological formulation.

The initial structures were built based on our previous
studies of cytosine-Ag™ duplex [17,22] with the help of
3DNA software [23]; then density functional theory (DFT)
optimization and quantum mechanics/molecular mechanics
(QM/MM) molecular dynamics were performed as imple-
mented in the CP2K package [24] to obtain their atomic
structures.

Sixteen different initial configurations were considered and
6.5 ps QM/MM dynamical simulations were performed to
assess the stability of the most promising ones. To exclude
the equilibration phase, only the last 2.0 ps of the obtained
trajectories were used for the postprocessing analysis. In the
reported experimental spectra, the Ag:DNAs share ubiquitous
features independent of the DNA templates and the number
of Ag atoms, including a positive peak overlying the lowest
optical absorption peak around 2.0 eV, followed by a negative
peak between 3.0 eV and 3.5 eV (Fig. 1). These similar spectra
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FIG. 2. (a)—(c) Structure of the Agl@Cs-[Ag™],-Cs, Agi' @Cs-[Ag™],-Cs, and Agi?@Cy-[AgT]2-Cs; (d)—(f) the Ag core and their

neighbor atoms in the Ag:DNAs, respectively.

evidence that there are some common Ag structures in the
Ag:DNAs. Our search for suitable structures continued until
we found those specific clusters able to closely reproduce the
experimental CD and optical spectra.

All QM/MM simulations were done with the CP2K code
[24]. The DNA and Ag atoms were considered as the quantum
subsystem and treated at the Kohn-Sham DFT level. Na™ were
used as counterions and the number of them was chosen to set
the charge of the whole system to be neutral. The solvent H,O
molecules and the Na™ counterions were considered as the
classical surrounding system and their interactions described
by a standard AMBER classical force field [25]. Valence
electronic orbitals and densities were expanded on a mixed
Gaussian and plane-wave basis set [26,27]. In particular, for
the localized part, we adopted a double-¢ valence plus polar-
ization (DZVP) basis sets of the MOLOPT type [28]. Norm-
conserving Goedecker-Teter-Hutter (GTH) pseudopotentials
were used to describe the core-valence interaction [29-31],
and the Perdew-Burke-Ernzerhof (PBE) functional [32] was
used to express the exchange and correlation interactions,
complemented by the Grimme’s D3 correction [33] to account
for the long-range van der Waals dispersions. The electron
density was expanded in an auxiliary set of plane waves with
a cutoff energy of 300 Ry. The electrostatic interactions be-
tween the QM and MM subsystems were modeled by charge
sets of the Amber force field employing the electrostatic
coupling procedure implemented in the QM /MM module in
CP2K to account for periodic boundary conditions correctly
[34,35]. The QM boxes were about 36.0 x 36.0 x 40.0 A3,
while the MM boxes were about 46.0 x 46.0 x 46.0 A3 filled
with water molecules. The dispersion interactions between the
DNA-silver system and MM atoms were reproduced by an
empirical potential of the Lennard-Jones type using AMBER
parameters.

Molecular dynamics (MD) simulations were performed
within the canonical (NVT) ensemble at 300 K using a step
of 0.5 fs. Before the QM /MM simulations, we had preequi-
librated the solvent structures for 2.0 ns at the MM level,
keeping the DNA-Ag systems in their DFT-optimized vacuum
structures. Then the QM /MM simulations were performed for
6.5 ps. The last 2.0 ps of trajectories were used for analysis.
We performed molecular dynamic simulation, as opposed to
static optimizations, because Ag:DNAs are mainly existing in
solution, and we need to cope with the intrinsic dynamical
nature of these solvated structures.

The electronic properties, optical absorption spectra and
ECD were calculated using a DFT code GPAW [36] which
is based on the projected augmented wave method. The wave
functions were described with real-space uniform grids. The
grid spacing was 0.2 A in this work. The silver and DNA-
base atoms were included in all the simulations, where H
atoms replaced the sugar-phosphate backbones. Per atoms,
the electronic configurations of valence electrons are H(1s'),
0(2s22p"), C(2522p%), N(2s*2p?), and Ag(4p®4d'°5s"). The
optical absorption spectra and ECD were calculated using the
linear-response time-dependent DFT implemented in GPAW
[37] with the GLLB [38] and LB94 [39] exchange-correlation
functional.

III. RESULTS AND DISCUSSIONS

Figures 2(a)-2(c) show the structures of three Ag:DNAs:
Ag{@Cy-[Agt]-Co, Agl! @Cs-[Ag*]-Co, and Ags> @Cs-
[Ag*],-Cs after 6.5 ps QM/MM simulations. In all the
Ag:DNAs, the central Ag atoms form a two-row planar core
located in the center of the DNA double strands. The top and
bottom Ag atoms, instead, turn out to be located in between
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FIG. 3. (a)—(c) Calculated CD and (d)—(f) the calculated optical absorption spectra of the Agg@C6—[Ag+]2—C6, Ag;’] @Cy-[Agt],-Cs, and

Ag?@Cq-[Ag™1,-Cs.

the cytosine pairs, thus acting as a sort of glue atoms bridging
together the two DNA strands.

In the Agi!' @Cs-[Agt1,-Cs and Agd? @Cg-[Ag™1,-Cs all
the central Ag atoms bind to N atoms as shown in Figs. 2(e)
and 2(f), while in the Agl@Cy-[Ag*],-Cs, three out of four
central Ag atoms bind to N atoms as shown in Fig. 2(d). The
average Ag-Ag distances are 2.78 + 0.09 A in the Agl@Cq-
[Ag"1,-Cg, 2.79 £0.14 A in the Agl' @Cs-[Ag"1,-Ce, and
2.80 = 0.08 A in the Agg“2@C6—[Ag+a]2-C6 and the average
Ag-N bond lengths are 2.36 £ 0.03 A, 2.34 £0.05 A, and
2.40 £0.09 A in the clusters, respectively. Similar Ag-Ag
and Ag-N distances were observed in the crystal structures of
Ag:DNAs [14,15]. We have found no evidence of O-Ag bond
in the systems all along with our simulations. This is an indi-
cation that N atoms present in the DNA structure play a central
role in stabilizing the Ag atoms in the Ag:DNAs. This finding
agrees with the reported DNA-Ag structure [15] and our sim-
ulations in cytosine-Ag™ and guanine-Ag™ duplex [16,17].

In all the initial geometries considered in the present work,
each DNA base pair was bound to at most one single Ag. The
structures in Fig. 1 are, instead, the result of the QM/MM
dynamics. The Ag, and Ags core in our Ag:DNAs clusters
have the same diamond and trapezoidal shapes as the bare Ag,
and Ags clusters predicted by former ab initio calculations
[40]. At variance with these clusters, the difference was found
for Ag, with respect to the isolated Ag,. This discrepancy is
due to the fact that the surrounding DNA duplexes impose
a constraint to the possible Ag, conformations, orienting it
toward a rodlike shape. Another remarkable feature is the
trapezoidal Ags core we found in our computational investi-
gation. In fact, this specific shape was indeed observed in the
first reported Ag:DNAs crystal cluster [15]. These previous
studies provide strong support and a solid benchmark to our
QM/MM studies and can be regarded as an assessment of the
reliability of our computational setup. Yet, we have to stress
the fact that the intrinsic complexity and flexibility of DNA
allow for even the same DNA strand to accommodate different

quantities and arrangements of Ag atoms [4]. Thus we cannot
pretend to be exhaustive, and other types of Ag clusters cannot
be ruled out.

The optical absorption and CD spectra were calcu-
lated using the linear-response time-dependent density
functional theory (TDDFT) with adiabatic Gritsenko—van
Leeuwen—van Lenthe-Baerends—solid-correlation (GLLBSC)
exchange-correlation functional [38,41]. The functional was
recommended for noble metal clusters because it introduces
an orbital-energy dependent localization of the exchange hole
and describes d-orbital more accurately. Former studies were
able to show that the GLLBSC functional provides more accu-
rate predictions of the optical absorption spectra of Ag clusters
with respect to both the local density approximation (LDA)
and the generalized gradient approximations (GGA) [42]. On
this ground, we made our choice for the present work. Addi-
tional details are given in the Computational Methods section.

Figure 3 shows the calculated average spectra of the
clusters from the five snapshots in the last 2.0 ps QM/MM
simulations (4.5 ps, 5.0 ps, 5.5 ps, 6.0 ps, and 6.5 ps).
The CD of the individual snapshots can be found in Fig.
S1. The CD of the Agg@C6-[Ag+]2-C6 has a pronounced
negative peak around 3.0 eV and a much smaller positive
peak around 1.5 eV [Fig. 3(a)]. The Ag}' @Cg-[Ag™],-Co and
the Agd?@Cg-[Ag1,-Cs both have the reported ubiquitous
chiroptical features of the Ag:DNAs [18]: the first positive
peak in the CD is around 2.0 eV overlying with the first peak
in the optical absorption spectrum, and the second negative
peak is around 3.0 eV [Figs. 3(b), 3(c) and Figs. 3(e), 3(f)].
This striking similarity indicates that this type of Ags and Ag,
core could commonly exist in the Ag:DNAs.

To verify whether the selected five snapshots were enough
to reach an acceptable convergence of the average CD’s main
features, we sampled other additional two sets of uncorre-
lated snapshots of Aggz@C6-[Ag+]2—C6 and repeated the
calculations for comparison. More precisely, these snapshots
were sampled from the QM/MM trajectory, starting from
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FIG. 4. (a)-(c) Bader charges of the Ag atoms in the Ag) @Cy-[Ag™],-Cs, AgH @C4-[Ag™],-C, and Agi?@Cy-[AgT12-Cs. The top Ag
atom was marked by 1 and the bottom Ag was marked by 6, 7, and 8, respectively. The labeling of the Ag core atoms can be seen in the
inset of the figures. (d)—(f) The PDOS of the core Ag atoms and (g)—(i) the PDOS of their neighbor N atoms in the Agg@CG-[Ag+]2-C6,

Agi' @C-[AgT]-Cs, and Agd? @Ce-[Ag*o-C.

4.2 ps and 4.3 ps, respectively, and collected at regular time
intervals of 0.5 ps. The result of this comparative analysis
is summarized in Fig. S2(a) [43], where it is evident that
the three average CD spectra are qualitatively identical. In
order to check if and to what extent the chiroptical features
of the clusters depend on the exchange-correlation functional,
we repeated the calculations of both the optical spectra and
the CD of Agg'z@C6-[Ag+]2-C6 with a GGA-type functional
LB94 [39]. The result of these auxiliary calculations is a shift
of the peaks in the spectra to the lower energies [Figs. S2(b)
and S2(c) [43]]. This can be ascribed to the formulation of
the LB94 functional, which tends to underestimate the Kohn-
Sham band gap. Nonetheless, the main features are preserved,
with a positive peak followed by a negative one in the CD [see
Fig. S2(b) [43]].

The three clusters share the same type of atomic struc-
ture. To understand whether or not these similar structural
properties correspond to similar electronic properties, we
calculated the Bader charges and the projected density of
states (PDOS) of the atoms in the clusters. The Bader charges
of the Ag atoms are shown in Figs. 4(a)—4(c), in which the

different numbers mark the central core Ag atoms in the
clusters. A feature that can be easily remarked is that the
top and bottom Ag atoms have larger positive values of the
local charge than the Ag atoms located in the center of the
DNA double strands. Specifically, in our case, the top and
bottom Ag atoms are clearly cations in the three Ag:DNAs. In
the Agg@CG'[Ag+]2'C6, the Ag3, Ag4, and Ag5 have small
positive charges, while the Ag2 which is not closely bound
to N atoms is in a neutral state and, as such, is really an Ag
atom and not a cation. In the Agd! @Cq-[Ag*1,-Cé, all the Ag
atoms located in the center of the cluster are slightly positive
(charge <0.2¢). In the Agg'z@Cs-[Ag+]2-C6, the Ag3, Ag4,
Ag5, and Ag6 have small positive charges making them
closer to a neutral Ag atom than to a cation, while Ag2 and
Ag7 are characterized by intermediate charge states and, as
such, partially ionized. In order to check the reliability of the
charges obtained by a GGA-type of functional, we extracted
one snapshot of Agl?@Ces-[Ag"],-Cs and recalculated the
electronic structure and the Bader charges of the atoms at
the hybrid PBEOQ functional level, using the auxiliary density
matrix methods (ADMM) implemented in CP2K [44]. PBEO

065601-5



CHEN, BOERO, AND LOPEZ-ACEVEDO

PHYSICAL REVIEW MATERIALS 4, 065601 (2020)

225)

unoccupied KS eigenvalue (eV)

0.0

-25 -20 -15 -10 -05 00
occupied KS eigenvalue (eV)

-3.0

unoccupied KS eigenvalue (eV)

—20 -15 -10 -05
occupied KS eigenvalue (eV)

i
=25

-3.0

FIG. 5. (a) Transition contribution map of the Ags+1 @Cg-[AgT1,-Cs at 1.7 eV and (b) the transition contribution map of the Ag} 2@Ce-
[Ag*1,-Cg at 2.0 eV. The horizontal PDOS are for the occupied states, while the vertical PDOS are for the unoccupied states in the Ag:DNAs.

results turn out very similar to those obtained via LB94. The
values of charges provided by PBEO are plotted in Fig. S4
[43]. If we consider the top and bottom silver atoms as cations
and the central Ag atoms sharing the rest charges, the central
Ag cores can be written as Agg, Aggrl , and Agzz. They are all
four-electron systems.

This rich variety of charge states characterizing the Ag
atoms framed in double-strand nucleic acids escapes any
classical simulation reported so far, in which a unique
parametrization of the Ag charge is assumed for any Ag
atom in whatever position. This raises at least a warning
about the validity of the use of these classical force fields for
wired DNA and discloses new scenarios in the arrangement
and electrostatics that Ag atoms can experience when framed
inside double-strand nucleic acids.

The PDOS of the central Ag atoms and their neighbor N
atoms are given in Figs. 4(d)—4(i), in which the 0.0 eV is set to
be the Fermi level. The structures were picked from the snap-
shot at 6.0 ps in the QM /MM trajectories. As the size of the
Ag core increases, the calculated highest occupied molecular
orbital (HOMO)-lowest unoccupied (LUMO) band gaps in-
crease from 0.4 eV in the Ag) @Cs-[Ag™],-Cs to 1.2 €V in the
Agl'@Cq-[Agt]r-C and Agl?@Ce-[Agt1r-Co. The PDOS
of the Ag atoms in all the clusters has one peak originating
from the contributions of s, p orbitals in HOMO states, and
another peak between —1.0 eV and —2.0 eV [Figs. 4(d)—4(f)].
The Ag atoms represent the major contribution to the HOMO
state, whereas the N atoms contribute more to the unoccupied
states located just above the Fermi level [Figs. 3(g)-3(1)].
The features of PDOS suggest that the low-energy electronic
transitions may occur from the Ag atoms to the DNA.

In order to get insight into the optical properties of
the clusters, we analyzed the transitions corresponding

to the first peak in the optical spectra (where also
lies the first CD peak) of the Agl'@Cs-[Ag™],-Cs and
Aggz@C(,-[Agﬂz-C(,. Figure 5(a) shows the transition
contribution map of the Agli'@Cq-[Ag™],-Co at 1.7 eV
and Fig. 5(b) shows the transition map of the Agg'z@C6-
[Agt],-Cs at 2.0 eV. The structures were taken from the
snapshot at the 6.0 ps in the QM/MM trajectory, and the
corresponding spectra can be found in Fig. S3 [43]. From the
transition maps, we can identify the origin of the first peaks
featured in the optical absorption spectra and the CD of the
Ag:DNAs. These peaks arise from the transitions between
the HOMO Ag states and the unoccupied states whose major
contribution comes from the atoms belonging to the DNA
moiety. This is a clear indication that silver-to-DNA transi-
tions occur and they contribute to the chiroptical properties
of DNA-Ag clusters below 3.0 eV, which is in contrast to the
current opinion, so far based on assumptions, about the fact
that low-energy transitions are due exclusively to Ag atoms.
To confirm our findings and further check our conclusion,
we computed the CD and optical absorption spectra of the
bare Agg, Ag;”, and Agg2 clusters. The atomic structures
were extracted from the same snapshots as in Fig. 3 in which
all atoms apart from the Ag were removed. From Fig. 6, it is
evident that both the optical absorption spectra and the CD
are remarkably different from those of the Ag:DNAs. The
first absorption peak in Ag]@Ce-[Ag*],-Cs and Agy?@Cs-
[Agt],-Cg between 1.0 eV and 2.0 eV is missing in Agg and
Ag/?. The first two peaks in CD of Agl' @C4-[Ag™1,-Cs and
Ag5+1 have opposite signs. This corroborates and confirms
what we inferred. Namely, the DNA-Ag interactions play
the prominent role in tuning the chiroptical properties of
the Ag:DNAs’ systems. We can also observe that the DNA
bases arrange chirally around the Ag atoms and this chirality
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FIG. 6. (a)-(c) Calculated average CD of Ag,, Aggrl ,and Aggz; (d)—(e) the calculated average optical spectra of Ag,, Ag5“, and Aggz.

is likely to be at the origin of the ECD observed in the
clusters, with N atoms being plausible chiral centers in the
Ag:DNAs.

IV. SUMMARY

In summary, using the best computational tools available,
we have discovered three attractive Ag:DNAs. They all have
an Ag core with a two-row planar shape. The clusters which
have the Ag! or Aggrz core give the optical absorption and
ECD spectra representing the ubiquitous chiroptical features
of Ag:DNAs observed in the experiments, indicating these
core structures should be common in the Ag:DNAs. However,
DNA is very flexible and has enormous sequence space; we
expect other interesting atomic models of Ag:DNAs to be
discovered in the future.

Besides the similar structures, we found the clusters also
share similar electronic properties. In all the clusters, the Ag
atoms represent the major contribution to the HOMO state,
while the DNA atoms contribute more to the unoccupied states
located just above the Fermi level. The features of PDOS
suggest that the low-energy electronic transitions are from the
Ag atoms to the DNA. The Ag atoms in the clusters have a
rich variety of charge states. They can be close to neutral Ag
atoms or Ag cations, or partially charged. If we consider the
top and bottom silver atoms as cations, the central Ag cores
are all four-electron systems.

We have calculated the transition map and analyzed the
original of the chirality of the clusters. The Ag-to-DNA transi-
tions have essential contributions to the low-energy transitions
in the optical spectra and CD.

This work provides an atomic-level understanding of
Ag:DNAs, which is an important step towards the rational
design of Ag:DNAs. Our study also shows that the combined
QM/MM and TDDFT computational methods can serve as
virtual experiments to discover the new structure and under-
stand the properties of Ag:DNAs.
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