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ABSTRACT
DNA strands are polymeric ligands that both protect and tune molecular-sized silver cluster chromophores. We studied single-stranded DNA
C4AC4TC3XT4 with X = guanosine and inosine that form a green fluorescent Ag106+ cluster, but these two hosts are distinguished by their
binding sites and the brightness of their Ag106+ adducts. The nucleobase subunits in these oligomers collectively coordinate this cluster, and
fs time-resolved infrared spectra previously identified one point of contact between the C2–NH2 of the X = guanosine, an interaction that is
precluded for inosine. Furthermore, this single nucleobase controls the cluster fluorescence as the X = guanosine complex is ∼2.5× dimmer.
We discuss the electronic relaxation in these two complexes using transient absorption spectroscopy in the time window 200 fs–400 μs. Three
prominent features emerged: a ground state bleach, an excited state absorption, and a stimulated emission. Stimulated emission at the earliest
delay time (200 fs) suggests that the emissive state is populated promptly following photoexcitation. Concurrently, the excited state decays
and the ground state recovers, and these changes are ∼2× faster for the X = guanosine compared to the X = inosine cluster, paralleling their
brightness difference. In contrast to similar radiative decay rates, the nonradiative decay rate is 7× higher with the X = guanosine vs inosine
strand. Aminor decay channel via a dark state is discussed. The possible correlation between the nonradiative decay and selective coordination
with the X = guanosine/inosine suggests that specific nucleobase subunits within a DNA strand can modulate cluster–ligand interactions and,
in turn, cluster brightness.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056836

I. INTRODUCTION

Molecular-sized and nanoscale silver clusters are more akin to
organic dyes than to the bulk metal.1–3 Due to their small sizes with
sparsely organized valence electronic states, they fluoresce across the
optical and near-infrared (NIR) spectral regions, and this emission
can be reversibly toggled between bright and dark levels.4–9 They are
typically synthesized by reducing an ionic silver salt, and a nascent
cluster can be quickly engulfed by using ligands to coordinate its
surface and arrest growth.10,11 These ligands not only chemically
trap but also control the fluorescence of their sequestered clusters.12
A network of metal–ligand and peripheral intermolecular bonds
imprisons a cluster and can thereby tune the cluster’s electronic

states.13,14 Ligands can be further organized by covalently linking
them together, and we focus on polymeric ligands that coordinate
a cluster as a single unit.15–18

Single-stranded oligonucleotides are monodisperse polymers
that coordinate molecular silver clusters through their nucleobase
subunits.19–21 The four canonical nucleobases have different binding
sites and distinct affinities for silver, so their linear sequence along
the DNA backbone establishes a specific ligation pattern.22–24 Fur-
thermore, the strand is able to fold and assemble around a cluster
core as its anchoring backbone is flexible.25–27 Thus, the sequence
and structure of a DNA polymer establish a unique binding site for
a fluorescent silver cluster. Detailed maps of the coordination sites
emerge through visible and x-ray spectroscopy, mass spectrometry,
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x-ray crystallography, molecular modeling, and hydrodynamic
studies.22,28–35

Our studies are motivated by recent time-resolved infrared
spectroscopy studies of the C4AC4TC3XT4–Ag106+ with X = guano-
sine and inosine. These clusters havematching optical spectra as well
as stoichiometries and charges (Figs. S1 and S2, respectively) but are
distinguished via their transient infrared spectra.36 When the Ag106+

cluster was selectively photoexcited, the mid-infrared vibrations of
the ligated X = guanosine and inosine were perturbed along with
cytosines. This is a remarkable selectivity for one of the 18 nucle-
obases in the strand, given that this single substitution results in
indistinguishable steady-state FTIR spectra. These findings suggest
that coordination by the C2–NH2 of guanosine takes place but is
absent for the analogous C2–H of inosine. The significance of this
amino group is further bolstered because the Ag106+ cluster with the
X = guanosine vs inosine strand is 2.5× dimmer.27

When DNA–silver cluster (DNA-AgC) fluorophores are pho-
toexcited, they can electronically relax through multiple chan-
nels on distinct time scales, such as internal conversion to the
ground state (<1 ps), emission (<10 ns), and crossing to/from a
metastable dark state (<100 μs).37,38 In the present study, we fol-
low both radiative and nonradiative relaxation from the emissive
state in C4AC4TC3XT4–Ag106+ over a nine decade time range via
femtosecond- and nanosecond- transient absorption (fs- and ns-
TA) spectroscopies. We combine observations from these transient
absorption spectra along with time-resolved emission and fluores-
cence correlation spectroscopy (FCS) studies to identify the key elec-
tronic states and relaxation pathways of the photoexcited Ag106+

cluster.

II. EXPERIMENTAL
The DNA-bound silver clusters were synthesized as described

previously (see the supplementary material for full discussion).39
Ag106+ is the only molecular-sized, partially reduced adduct in the
mass spectra, and spectroscopic studies suggest that it is formed
preferentially.39

The fs-TA experiments in the 200 fs–3.5 ns range probed elec-
tronic transitions in the UV–visible–NIR region for the DNA–AgC
samples (∼25 μM DNA–AgC recirculating in a 1 mm path length
cell) (see the supplementary material for full discussion). The sam-
ple was excited with ∼140 fs laser pulses with a center wavelength
of 490 nm. A low pump fluence of 0.03 mJ cm−2, correspond-
ing to an average of 0.02 excitons per cluster, was used to min-
imize degradation and to avoid multiphoton absorption (see Fig.
S3 and associated text in the supplementary material). In addition,
the low pump fluence minimized scattered pump light and allowed
ground state bleach recovery kinetics to be recorded. The instru-
ment response time is ∼200 fs (Fig. S4). At t > 200 fs, the com-
posite fs-TA spectra of both AgCs have similar positive and nega-
tive transient absorption bands [Figs. 1(a) and 1(b)]. fs-TA signals
could not be detected in either sample at longer NIR wavelengths
(λprobe = 1000–1350 nm). Nanosecond transient absorption (ns-TA)
experiments were performed using a nanosecond laser with a pulse
width of 3–5 ns and a Xe arc lamp (see the supplementary mate-
rial for full discussion) to observe slower relaxation pathways for
the electronically excited clusters. The instrument response function
(IRF) was ∼7 ns.

FIG. 1. (a) and (b) Composite fs-TA spectra of I-AgC and G-AgC, respectively,
recorded at selected delay times following 490 nm excitation. (c) and (d) Decay-
associated difference spectra (DADS, see Ref. 46) of I-AgC and G-AgC, respec-
tively, obtained by globally fitting the TA data from 200 fs to 3.5 ns. Data were
fitted to a biexponential decay function ΔA(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2).
Uncertainties are reported as 2σ.

III. RESULTS AND DISCUSSION
A. Short time range

The fs-TA spectra from 200 fs to 3.5 ns over the range
300–1000 nm reveal three common bands for the I- and G-AgC
complexes (Fig. 1). A band centered at 490 nm coincides with the
steady-state absorption peak, and this negative band is assigned to
ground state bleaching (GSB) that approaches the ΔA = 0 baseline
with time (Fig. 2). The positive absorption with λmax of 660 nm is
assigned to excited state absorption (ESA) because this absorption
decays in lock steps as the ground state recovers. This correlation
suggests that this excited state directly feeds the ground state. Tran-
sient near-infrared absorption features have also been observed for
other DNA-bound silver clusters.37,40 A negative-going band starts
at 560 nm at 200 fs and shifts to 570 nm by 500 ps, and this band
coincides with the steady-state emission band and is assigned to
stimulated emission (SE) (Fig. S1). While such emission has been
observed for a NIR-emitting Ag20–DNA conjugate at cryogenic tem-
peratures,41 it is reported here for the first time for a DNA–AgC
in aqueous solution at room temperature. The emission appears
promptly, so this early snapshot suggests that the emissive state is
rapidly populated to develop most of the 2500 cm−1 Stokes shift
within the ∼200 fs IRF of our spectrometer. Reveguk et al. attributed
an ultrafast decay for their green-emitting DNA–AgC to a geom-
etry change of the AgC core in the excited state.42 The slow drift
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FIG. 2. Kinetic decay traces of I-AgC (red) and G-AgC (blue) with probing at
490 nm (circles) and 660 nm (triangles) from 200 fs to 3.5 ns following 490-nm exci-
tation. The markers are raw data, and the solid traces are best-fit curves obtained
from global fitting (see the text). The traces have been normalized to the magni-
tude of the TA signal at 200 fs. The vertical and horizontal gray lines denote t = 0
and ΔA = 0, respectively.

from 560 to 570 nm over its 500 ps range may be attributed to the
flexibility of its host. DNA conformation fluctuations are sluggish in
relation to solvation dynamics, as indicated by the ps and ns spec-
tral shifts for DNA-bound red- and NIR-emitting silver clusters and
DNA-intercalated organic dyes.35,38,43–45

Both the steady-state and transient spectra are similar for the
two DNA-bound clusters, establishing that the two C4AC4TC3XT4
strands conserve the coordination site for their Ag106+ adducts.
However, the two Ag106+ chromophores relax at different rates
(Fig. 2). When monitoring both the 490 nm GSB and the 660 nm
ESA, the I-AgC complex returns to the ground state nearly monoex-
ponentially with a 4.2 ± 0.1 ns lifetime. This decay time accounts
for 97% of the ground state repopulation with the 3% balance of
18.8 ± 0.5 ps attributed to time-dependent shifts in the SE and
ESA bands [Fig. 1(c)]. In contrast, the photoexcited G-AgC com-
plex relaxes twice as rapidly with a 2.1 ± 0.2 ns time constant (98%)
and an analogous 18.8 ± 0.5 ps component (2%) [Fig. 1(d)]. These
transient absorption lifetimes match the amplitude-weighted flu-
orescence lifetimes (Table I), independently supporting relaxation
from the emissive excited state back to the ground state. We note

TABLE I. Dominant decay component, τ2, from fs-TA experiments, the amplitude-
weighted emission lifetime, ⟨τ⟩, and the estimated radiative lifetime, τr, and nonra-
diative lifetime, τnr, for the studied silver clusters.

τ2 (ns)a ⟨τ⟩ (ns)b τr (ns)c τnr (ns)d

I-AgC 4.2 ± 0.2 3.4 ± 0.1 5.4 ± 0.2 19 ± 5
G-AgC 2.1 ± 0.2 1.9 ± 0.3 7.6 ± 1.9 2.9 ± 0.5
aλpump = 490 nm.
bAmplitude-weighted lifetimes were calculated by ⟨τ⟩ = ∑iAiτi/∑iAi . Lifetimes and
amplitudes are from fits to time-correlated single-photon counting (TCSPC) emission
measurements with λex = 470 nm, λem = 525 nm. Values are from Table 2 in Ref. 27.
cRadiative lifetimes were calculated by τr = ⟨τ⟩/QF using fluorescence quantum yield,
QF , values from Table 2 in Ref. 27.
dTime constants for nonradiative decay were calculated by τ−1nr = knr = τ−12 − τ

−1
r .

that after ∼100 ps, the transient decays are monoexponential, while
the fluorescence decays are biexponential. The latter may result from
monitoring the decay on the blue side of the fluorescence maximum,
and/or the greater sensitivity and the extended time window of the
time-correlated single-photon counting (TCSPC) vs fs-TAmeasure-
ments (200 vs 3.5 ns).38,43 The fs-TA data were also analyzed by
fitting with an offset to look for decay pathways beyond our 3.5 ns
limit (Fig. S5 and Table S1 in the supplementary material). The small
offset amplitudes of 6% for I-AgC and 14% for G-AgC (Table S1)
indicate that most of the fs-TA signal at 490 nm (GSB) decays on
a nanosecond time scale, with G-AgC again decaying faster (2.3×)
than I-AgC. More definitive evidence for a long-lived state is pro-
vided by ns-TA and fluorescence correlation measurements, which
are described next.

B. Long time range
The ns-TA experiments show a GSB at 490 nm, and its kinetics

were probed via two time windows—up to 1.6 μs with 0.2 ns reso-
lution and up to 400 μs with 40 ns resolution. The shorter window
shows a constant offset, thus substantiating the offset in our fs-TA
fits [Figs. 3(a) and S6]. In our longer time window, this offset evolves
into a biexponential decay with 20 μs (G-AgC)/25 μs (I-AgC) and
≳400 μs (G-AgC and I-AgC) lifetimes [Fig. 3(b)]. Such longer life-
times of 1–100 μs have been observed for metastable states of other
DNA–silver complexes.37,40,47,48

The prompt ns-TA signals (t < 20 ns) are a convolution of
not only the recovery of the ground state but also the fluorescence
from the emissive state. Furthermore, these decay faster than the
7.4 ns IRF. To address this limitation, we used the excitation con-
ditions of the ns-TA experiments to estimate the initial GSB signal
in our fs-TA experiments and then compared it with the amplitude
of the long-lived state. This shows that roughly 4% of the excited-
state population traps to the μs state for both I- and G-AgC (see the
supplementary material for full details). This quantum yield is con-
sistent with studies of other DNA-bound clusters37,47,49 and with the
offsets in our ns-TA fits.

Fluorescence correlation spectroscopy independently supports
a μs-lived state for the G-AgC complex. This technique monitors the
fluctuations in the emission from a small number of molecules in
an fL probe volume, and two components are resolved in the auto-
correlation analysis (Fig. S7). First, the emission fluctuates because
the DNA–cluster complexes freely diffuse through the open, con-
focally defined probe volume, and the time constant of ∼260 μs is
consistent with the hydrodynamic radii of DNA–silver cluster com-
plexes.39 The corresponding diffusion coefficient of 97 μm2/s and
hydrodynamic volume of 45 nm3 are consistent with earlier stud-
ies.27 Second, the emission blinks if these fluorophores cross to a
metastable dark electronic state, and the time constant of ∼17 μs
measured for G-AgC agrees with the decay time of 20 μs measured in
the ns-TA experiment, thus further supporting shelving to a μs-lived
electronic state [see Fig. 4(b) of Ref. 37].

C. Photophysical model
As photoexcited C4AC4TC3XT4/Ag106+ complexes have a low

dark state quantum yield of 4% (see the supplementarymaterial) and
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FIG. 3. Normalized GSB kinetics of I-AgC (red) and G-AgC (blue) probed at 492 nm
after 490 nm excitation, up to 1.6 μs with a step size of 0.2 ns (a) and up to 400
μs with a step size of 40 ns (b). The dots are the experimental data, and the
solid lines are best–fit curves. The curves in panel (a) were fit to a monoexponen-
tial decay function plus an offset, ΔA(t) = A1 exp(−t/τ1) + A2, convoluted with a
normalized Gaussian function. The curves in panel (b) were fit to a biexponential
decay function ΔA(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2). Uncertainties are reported
as 2σ.

because the fluorescence quantum yields of I-AgC and G-AgC are
63% and 25%, respectively, we propose that the additional nonra-
diative relaxation from the fluorescent state competes with emission.
This competition reveals the key distinction between the complexes
(Table I). While the radiative rates are similar, the nonradiative
decay rate is nearly sevenfold higher for G-AgC than for I-AgC. The
brightness and suppressed nonradiative decay rate of I-AgC could
imply a weaker interaction between the inosine and the metal cluster
due to the missing C2–NH2 group. The key question is whether this
is a causative relationship, that is, does DNA–cluster coordination
control nonradiative relaxation? One possibility is that tight coor-
dination facilitates orbital overlap, which in turn promotes charge
transfer and nonradiative relaxation.50 Charge transfer and electron
donation control the electronic stability and photoluminescence of
ligated noble-metal nanoclusters.37,51,52 Mixed ligand andmetal elec-
tronic states with charge transfer character have been proposed for
atomically precise silver clusters bound to thiolate ligands.53,54 A
charge transfer state involving the ligand and the metal core is also
predicted for DNA–AgC via theoretical calculations.55,56

The metastable dark state is a minor sink following photoex-
citation, but our fs-TA, ns-TA, and FCS studies indirectly identify
this state because it hinders the ground state recovery. This state
was further characterized by using aerated and deaerated solutions,
and these yield identical signals in the 0–200 ns window of our
ns-TA measurements (Fig. S6). The absence of quenching by oxy-
gen nominally argues against triplet states, but it is possible that
the encapsulating DNA strands inhibit dissolved O2 from reach-
ing the cluster and quenching triplet states as seen when triplet
emitters are encapsulated in cyclodextrins or other supramolecular
structures.35,57

IV. CONCLUSION
The twoC4AC4TC3GT4-Ag106+ complexes with X =G and I are

nearly identical—the clusters have matching stoichiometries, oxida-
tion states, and absorption/emission spectra. However, the guano-
sine strand is dimmer and has a 2.5× lower fluorescence quantum
yield and a 1.8× shorter fluorescence lifetime than its inosine coun-
terpart.While the two complexes have similar radiative lifetimes, the
G-AgC cluster has a sevenfold more efficient nonradiative channel
connecting the emissive state with the ground state in relation to the
I-AgC cluster. Thus, the brightness of this DNA–AgC was modu-
lated by a single-site mutation without compromising the structure
of the cluster. Targeted changes to nucleobases that bind strongly to
a given metal cluster suggest that cluster brightness can be tuned via
the DNA scaffold.

SUPPLEMENTARY MATERIAL

See the supplementary material for the synthesis and char-
acterization of the silver clusters, experimental methods for the
steady-state emission spectroscopy, broadband fs-TA, ns-TA, and
fluorescence correlation spectroscopy.
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