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High-Yield Synthesis of Silver Nanoclusters Protected by DNA
Monomers and DFT Prediction of their Photoluminescence

Properties**
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Silver nanoclusters have attracted much research interest
because of their unique size-dependent optical, electronic,
magnetic, and catalytic properties that bridge the gap
between small molecules (e.g., organometallic compounds)
and bulk crystals (diameter typically >2 nm).l*! As the size
of silver nanoparticles decreases to the Fermi wavelength of
an electron, discrete energy levels begin to form, allowing the
interaction with light through electronic transitions between
different energy levels, resulting in strong photoluminescence.
Such silver nanoclusters are considered suitable labels for the
study of biological systems, and different ligands are utilized
for the synthesis of fluorescent silver nanoclusters through
various approaches."!

Continued research efforts have been directed toward
possible applications of DNA since its discovery.”’ Today,
DNA oligonucleotides are utilized, among other things, as
scaffolds for silver nanoclusters, and many research groups
are dedicated to the study of DNA-protected silver nano-
clusters.>1"51 Both single-stranded DNA and DNA
duplexes are utilized as the scaffolds for fluorescent silver
nanoclusters,"**¥ and even nanoclusters stabilized by triplex
DNA strands can be synthesized."¥ Despite the existence of
various silver nanoclusters stabilized by different DNA
strands, programmed synthesis of DNA-stabilized silver
nanoclusters with photoluminescence properties has not
been achieved. Because of the complexity of DNA strands,
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there is still no satisfactory synthetic approach to fluorescent
silver nanoclusters with DNA as the scaffold.!" 1>

In this study, we developed a high-yield synthesis of silver
nanoclusters using DNA monomers as the scaffolds for the
first time. Most of the silver nanoclusters are formed with nine
silver atoms, and only the silver nanoclusters protected by
deoxycytidine monomers (dC) show fluorescence emissions.
Herein, we explain the mechanism of the formation of DNA-
protected silver nanoclusters and the reason why cytosine-
rich DNA strands are good scaffolds for fluorescent silver
nanoclusters. We carried out density-functional computations
to predict the fluorescence of dC-protected silver nano-
clusters, and the results are in very good agreement with the
experiments. Therefore, we not only synthesized silver nano-
clusters protected by DNA monomers for the first time, but
also predicted their photoluminescence properties. Our
results provide basic guidelines for further experimental and
theoretical studies on DNA-protected fluorescent silver
nanoclusters and may ultimately contribute to the pro-
grammed synthesis of DNA-stabilized silver nanoclusters
with photoluminescence properties. The fine control of the
properties of DNA-stabilized silver nanoclusters suggests
many possible uses, ranging from biology to nanoscience.

Transmission electron microscopy (TEM) was used to
directly observe the size distributions of the silver nano-
clusters protected by DNA monomers and thus characterize
their nanostructure. The diameters of most silver nanoclusters
stabilized by deoxyadenosine monomers (dA) ranged from
0.5 to 2.0 nm, which is consistent with the definition of
nanoclusters (< 2 nm; Figure 1 A,B). There might have been
some smaller nanoclusters present, but because of the low
resolution of the transmission electron microscope, these
nanoclusters were not observed. These nanoparticles with
diameters ranging from 0.5 to 2.0 nm might be aggregations of
small nanoclusters. Energy-dispersive spectroscopy (EDS)
showed that such silver nanoclusters with dA as scaffolds
mainly consisted of elemental silver (see the Suppporting
Information, Figure S3). To estimate the protective ability of
DNA for silver nanoclusters, the other three deoxynucleoside
monomers were also used in the synthesis of silver nano-
clusters. The diameters of nanoparticles protected by these
three monomers were mostly in the range from 0.5 to 2.5 nm
(Figure 1). The EDS results showed that these nanoclusters
also consisted of elemental silver (Supporting Information,
Figures S3 and S4). The results of TEM and EDS indicated
that deoxythymidine monomers (dT), dC, and deoxyguano-
sine monomers (dG) could also be used as scaffolds for the
synthesis of silver nanoclusters. Therefore, we suspected that
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Figure 1. Typical TEM images and particle size distributions of silver
nanoclusters protected by different scaffolds: dA (A, B), dT (C, D), dC
(E, F), and dG (G, H).

the protective abilities of the monomers might originate from
the affinity of silver to the pyrimidine or purine base,!>1%1!
which could be one of the reasons why DNA strands are good
scaffolds for silver nanoclusters. The results of X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy (XPS) of
these silver nanoclusters are shown in Figure S5 in the
Supporting Information.

In order to determine the actual structures of the silver
nanoclusters and the number of silver atoms that are
aggregated in these nanoclusters, matrix-assisted laser
desorption/ionization time-of-flight/time-of-flight mass spec-
trometry (MALDI-TOF/TOF-MS) was employed. The
MALDI-TOF/TOF mass spectrum of dA-protected silver
nanoclusters showed that the nanoclusters contained a small
number of silver atoms, such as Ag;, Agy, Ag;;, Ag; Agis,
Agi;, Agp, and Ag,, and that most of the nanoclusters
contained Ag, (Figure 2 A). Nanoclusters with even numbers
of silver atoms were not observed. The theoretically calcu-
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lated isotopic pattern for Ag, of dA-protected silver nano-
clusters was in very good agreement with the experimental
pattern (Supporting Information, Figure S6). The MALDI-
TOF/TOF mass spectra showed similar patterns for dT- and
dA-protected silver nanoclusters. Some silver nanoclusters
were formed with odd numbers of silver atoms, such as Ag,,
Agy, Agii, Agis, Agis, Agy, Agp, and Ag,,, however, nano-
clusters with an even number of silver atoms were not formed.
The intensity of the Ag, signal was also the highest among the
signals of dT-protected silver nanoclusters (Figure 2B), and
thus, the nanoclusters consisted mainly of Ag,. Furthermore,
the simulated isotopic patterns for the Agy in dT-protected
silver nanoclusters were consistent with the experimental
patterns (Supporting Information, Figure S7). Figure 2C
shows the MALDI-TOF/TOF mass spectra of silver nano-
clusters protected with dC. Only the signals for Ag, were
observed; the signals of clusters with a different number of
silver atoms were small enough that they could be ingnored.
The experimentally obtained and theoretically calculated
isotopic patterns for Ag, in dC-protected silver nanoclusters
are shown in Figure S8 in the Supporting Information.
Figure 2D shows the MALDI-TOF/TOF mass spectrum of
dG-protected silver nanoclusters, in which only the signal for
Ag; can be observed. The MALDI-TOF/TOF mass spectra of
these silver nanoclusters only contained signals of silver
atoms; signals of DNA-protected nanoclusters were not
present. These MS results were similar to those of poly-
(methacrylic acid)-protected silver nanoclusters.® We
assumed that the bond between the DNA monomers and
silver atoms is not strong, and can thus be easily cleaved. This
might be one of the reasons why silver nanoclusters with
DNA as scaffold are not stable enough.

To investigate the optical properties of silver nanoclusters
that are protected by DNA monomers, the nanoclusters were
dissolved in chloroform for characterization by fluorescence
and UV-visible absorption spectroscopy. Only dC-protected
silver nanoclusters showed a strong fluorescent excitation at
519 nm and fluorescent emission at 591 nm, while the nano-
clusters protected by dA, dT, and dG showed no fluorescence
properties at all (Figure 3 A). We believe that this property
makes cytosine-rich DNA a good scaffold for fluorescent
silver nanoclusters. The photoluminescence spectra con-
firmed that the fluorescence of the solution of dC-protected
silver nanoclusters originated from the nanoclusters, and not
from chloroform (Supporting Information, Figure S9). Fig-
ure 3B shows the UV-visible absorption spectra of the silver
nanoclusters. Despite the similar structures of these four
protective agents and the silver nanoclusters, there were some
differences in the absorption spectra. The absorption peaks of
dA-, dT-, dC-, and dG-protected silver nanoclusters were at
437,442,447, and 415 nm, respectively. The differences of the
photoluminescence spectra and UV-visible absorption spec-
tra showed that similar silver nanoclusters can have different
optical properties.

As the bond between the monomers and silver atoms was
very weak, Fourier-transform infrared spectroscopy (FTIR)
was utilized to verify whether the monomers were attached to
the surface of the silver nanoclusters and acted as protective
agents. The four monomers displayed similar FTIR spectra
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Figure 2. MALDI-TOF/TOF mass spectra of silver nanoclusters pro-
tected by different scaffolds: dA (A), dT (B), dC (C), and dG (D).

(Figure 3C), a result that is consistent with their analogous
chemical structures (Supporting Information, Figure S2). The
absorption band at about 2255 cm™' apparently belongs to
a C—N bonds, and the absorption band at about 2968 cm™!
belongs to C—H bonds. The two broad bands at about
3196 cm™' and 3417 cm™' could both be assigned to the
stretching modes of N—H bonds. The FTIR spectra of the
silver nanoclusters protected by dA, dT, dC, and dG (Fig-
ure 3D) showed similar bands at the same wavenumbers,
which is again consistent with the similar chemical structures
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Figure 3. A) Photoluminescence spectra and B) UV-visible absorption
spectra of silver nanoclusters protected by different scaffolds: dA (a),
dT (b), dC (c), and dG (d) (in chloroform). FTIR spetra of C) DNA
monomers: dA (a), dT (b), dC (c), and dG (d), and D) silver nano-
clusters protected by different scaffolds: dA (a), dT (b), dC (c), and dG
(d).

of the monomers. The absorption band at about 2968 cm™*

apparently belongs to C—H bonds, and an absorption band at
about 3401 cm™' belongs to N—H bonds, thus demonstrating
that the monomers are linked to the silver atoms. A
comparison of Figure 3C with 3D shows that there were
very few differences between the free monomers and the
monomers that protect the silver nanoclusters.
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We carried out density-functional computations to explain
the photoluminescence properties of dC-protected silver
nanoclusters, and to assist the structural characterization
and interpretation for this system.!""! After the random search
of nearly 100 optimized random ground-state geometries, we
found the geometry in which the Ag, cluster is attached to the
amide group of benzoyl-protected cytosine (in dC) to be the
lowest-energy configuration for the dC-Ag, complex. The
structure of the lowest-energy configuration, which we called
geometry 1A, is shown in Figure 4 A. In order to interpret the
emission spectra, we optimized the geometries of the excited
states of Agy,, dC, and the dC-Ag, complex by time-
dependent density-functional theory (TDDFT). In our theo-
retical results, the dC-Ag, complex with an optimized
structure based on geometry 1A showed an emission at
590 nm, which was consistent with our experimental results,
and the structure was thus considered the optimal excited-
state geometry of the dC-Ag, complex, which we called
geometry 1B (Figure 4B). The distance between Ag34 of the
Ag, cluster and O14 of the amide group of benzoyl-protected
cytosine (in dC) was 2.63 A, which is similar to the distance in
hydrogen bonds. This might be the reason why in the FTIR
spectra, the DNA-protected silver nanoclusters showed bands
with similar shapes and at the same wavenumbers as the free
DNA monomers, while in MALDI-TOF/TOF mass spectra
no signal could be observed for the dC-Ag, complex. In our
study, a strong calculated emission band at 590 nm corre-
sponded to the 15th excited state of the dC-Ag, complex,
which was consistent with the experimental emission band at
591 nm (Figure 4D). The excitations alpha HOMO-1-
(141 A)—alpha LUMO +1(144 A) (44%), alpha HOMO-
(142 A)—alpha LUMO +5(149 A) (6 %), and beta HOMO-
(141B)—beta LUMO + 2(144B) mainly contributed to the
excited state (Figure 4 C). The electron-density plots of these
frontier molecular orbitals along with the highest-occupied
and lowest-occupied molecular orbitals (HOMO and LUMO,
respectively) are shown in Figure 4C. The LUMO orbitals
were mostly composed of molecular orbitals of the entire Ag,
cluster and the amide group of the benzoyl-protected cytosine
(in dC). The simulation results indicated that the fluorescence
emission band at 590 nm originated from both the Ag, cluster
and the amide group.

The weak attractive interaction between Ag, and the dC
monomer was studied by reduced-density gradient (RDG)
analysis, reported by Yang and co-workers,'! where RDG
was defined as RDG(r) =|yp(r) |/p**(r) with p=electron
density of the whole system. Yang and co-workers used £ to
identify the interaction type, 2 =sign(4,)p, in which sign(4,)
is the sign of the second largest eigenvalue of the Hessian
matrix of the electron density. The functions, such as RDG
and @, were calculated with Multiwfn software.l'”’ The
gradient isosurface was plotted with VMD (Figure 5A).[

Figure 4. Optimal ground-state (A) and excited-state (B) geometries of
the dC-Ag, complex. For clarity, only a benzoyl-protected cytosine base
in proximity to the Ag, cluster is shown. C) Molecular orbitals and
electronic contributions of the relevant excited states, and D) fluores-
cence spectra (black: experiment; gray: simulation) of the dC-Ag,
complex.
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Figure 5. A) Reduced-density gradient (RDG(r)) plotted versus electron
density (p) multiplied by sign(4,), B) gradient isosurface of interac-
tions between Ag, and dC.

According to these calculations, £2 of the dC-Ag, complex
was nearly —0.025 au, which maps to an interaction between
a hydrogen bond and a van der Waals interaction. The
interaction in the complex is strong enough to stabilize the
complex. As anticipated, the gradient isosurface of the
interface of the dC-Ag, complex showed a weak attractive
interaction between Ag34 and O14 (Figure 5B). The charac-
teristic steric attraction appears to be quite strong, which we
believe is the reason for the unique quality of the dC-Ag,
complex.

In summary, we have synthesized several silver nano-
clusters with four different DNA monomers as scaffolds,
which, to the best of our knowledge, has previously not been
attempted. We have explored the formation mechanisms of
DNA-protected silver nanoclusters and the roles of the four
bases in the synthesis of silver nanoclusters with DNA
scaffolds. Most of the nanoclusters are formed with nine
silver atoms and only dC-protected silver nanoclusters show
a strong fluorescence emission. These results provide basic
evidence of the benefit of using cytosine-rich DNA strands for
the synthesis of fluorescent silver nanoclusters.'">"* At last,
we carried out density-functional computations to calculate
the fluorescence properties of silver nanoclusters with dC as
scaffolds, and the results are in very good agreement with the

experimental studies. The findings suggest that the fluores-
cence property of silver nanoclusters originates from both
silver atoms and scaffolds. Therefore, the results provide basic
guidelines for further experimental and theoretical studies on
DNA-stabilized fluorescent silver nanoclusters and other
scaffold-protected silver nanoclusters. Our study may ulti-
mately contribute to achieving programmed synthesis of
DNA-stabilized silver nanoclusters with photoluminescence
properties. And we believe that the programmed synthesis of
DNA-stabilized silver nanoclusters may have many further
uses, ranging from biology to nanoscience.
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