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ABSTRACT: Due to desirable optical properties, such as efficient luminescence and large
Stokes shift, DNA-templated silver nanoclusters (DNA-AgNCs) have received significant
attention over the past decade. Nevertheless, the excited-state dynamics of these systems are
poorly understood, as studies of the processes ultimately leading to a fluorescent state are
scarce. Here we investigate the early time relaxation dynamics of a 16-atom silver cluster
(DNA-Ag16NC) featuring NIR emission in combination with an unusually large Stokes shift
of over 5000 cm−1. We follow the photoinduced dynamics of DNA-Ag16NC on time ranges
from tens of femtoseconds to nanoseconds using a combination of ultrafast optical
spectroscopies, and extract a kinetic model to clarify the physical picture of the
photoinduced dynamics. We expect the obtained model to contribute to guiding research
efforts toward elucidating the electronic structure and dynamics of these novel objects and
their potential applications in fluorescence-based labeling, imaging, and sensing.

The properties of atomically precise metal clusters in the
nanometer to subnanometer size range, typically

produced by in vacuo size-selection, have been studied in
detail for several decades.1−4 Much more recently, a variety of
templating strategies have opened wet-chemical synthesis
avenues, which has significantly broadened perspectives in
both upscaled production and applications. While, in
particular, thio-alkane templated gold and silver clusters5

have achieved “workhorse” status, other interesting systems
have emerged in parallel. Our interests lie in the properties and
applications of DNA-templated silver nanoclusters (DNA-
AgNCs) less than a few tens of Ag atoms in size. After their
introduction two decades ago,6 these have received increasing
attention due to their attractive and widely tunable optical
properties: intense fluorescence, high photostability, and
inherent biocompatibility. As such, they have found
applications in a variety of labeling, microscopy, and sensing
contexts.7 While the past decade has seen the library of DNA-
AgNCs grow enormously,8,9 their electronic structure and
excited-state dynamics remain poorly understood, with only a
limited number of studies available.10−13 A particularly
noteworthy and poorly understood curiosity in the spectro-
scopic properties of DNA-AgNCs is their unusually large
Stokes shifts, which are observed to reach many hundred or
even thousands of cm−1.14 While such large shifts are attractive
in a number of potential applications, the underlying electronic
structure and associated dynamics remain unclear.

In this study, we target the 16-atom silver cluster DNA-
Ag16NC, which was recently found to contain also 2 chloride
ligands.15 Similar to many other DNA-AgNCs,16 the

absorption spectrum of DNA-Ag16NC, shown in Figure 1, is
relatively sparse. The dominating feature is a broad absorption
band centered at approximately 525 nm. A series of weaker
transitions then follows in the near-UV, before nucleobase
absorption becomes dominant in the mid- to deep-UV range
(not shown). All bands appear broad and approximately
Gaussian shaped: the lowest energy transition in particular
being almost perfectly Gaussian with a full width at half-
maximum of 2550 cm−1 (Supporting Figure S2).

The near-infrared emission of DNA-Ag16NC has been the
target of a number of earlier studies.17−20 While the efficiency
of its fluorescence by itself makes the cluster of practical
interest�its quantum yield of 26%17 is rather large for a NIR
emitter�the unusually large Stokes shift of ≈5600 cm−1 is
especially notable. Such large shifts are highly desirable in
applications where scattered excitation light is a major concern.
While the basis of this large Stokes shift remains an open
question, some observations can be made directly from the
steady-state spectra:

One hypothesis would be that the large Stokes shift is only
apparent, and that the luminescence in fact occurs from a
lower-energy excited state with negligible absorption due to,
e.g., spectroscopic selection rules. This hypothesis is quickly

Received: March 21, 2023
Accepted: April 19, 2023
Published: April 25, 2023

Letterpubs.acs.org/JPCL

© 2023 The Authors. Published by
American Chemical Society

4078
https://doi.org/10.1021/acs.jpclett.3c00764
J. Phys. Chem. Lett. 2023, 14, 4078−4083

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junsheng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajeet+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cecilia+Cerretani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tom+Vosch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donatas+Zigmantas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erling+Thyrhaug"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erling+Thyrhaug"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.3c00764&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00764?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00764?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00764?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00764?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00764?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/14/17?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/17?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/17?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/17?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00764?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


found to be inconsistent, as the observed fluorescence
quantum yield in combination of a fluorescence lifetime of
≈3.3 ns shows that the radiative rate constant has a relatively
large value of ≈7.9 × 107 s−1. The direct relation between
radiative rate and oscillator strength21 implies that the
transition is strongly allowed; hence, e.g., symmetry- and
spin-constraints can be ruled out. As the transition is strongly
allowed, it is implied that there is no detectable population
present in ground states with a geometry and charge
distribution that favors direct excitation to this nanosecond
emissive state.

An alternative hypothesis is to interpret the spectra in terms
of environment fluctuations around the cluster. We note that
both absorption and emission bands are Gaussian with good
mirror-image symmetry, which is often the case when the
ensemble of chromophores is best described in terms of a

(quasi-) static ensemble with normal distributed transition
frequencies. In particular, Gaussian lineshapes occur in the
high temperature, slow fluctuation limit of the Brownian
oscillator model.22 While this simple model is attractive, its
implied relationship between Stokes shift and spectral line
width is also inconsistent with observation. In this limit, the
Stokes shift 2λ can be predicted from the standard deviation σ
of the absorption line with the expression 2 k T2 B= , which
yields a value of only ≈800 cm−1�about one-seventh of the
observed value. This discrepancy demonstrates that the
relaxation of DNA-Ag16NC after photoexcitation is well
beyond simple environment reorganization around a static
distribution of chromophores. Instead, we must conclude that
relaxation involves fundamental structural and/or electronic
reorganization. In earlier work on similar clusters, the
absorption and emission were assigned to different distinct
states: in one case, based on multiple distinct spectral features
in the ultrafast optical spectra,10 and in a second, based on
bimodal ground-state recovery kinetics.11 These assignments
are in line with our observations here.

While steady-state optical spectra are informative, time-
resolved experiments are required to elucidate the photo-
induced dynamics in the cluster. The behavior of DNA-
Ag16NC on nanosecond to microsecond time scales have been
investigated elsewhere,17−20 but little is known about the
relaxation from the initial Franck−Condon point. That is how
does DNA-Ag16NC dissipate excess energy during relaxation?

Insight into this requires spectroscopic techniques with
sufficient resolution to resolve the dynamics taking place as
excited DNA-Ag16NCs cool to reach a relaxed emissive excited
state. We base our analysis on optical “pump-probe”
techniques: ultrafast transient absorption spectroscopy (TA)
and two-dimensional electronic spectroscopy (2DES). These
techniques allow us to follow spectral changes with time
resolution down to a few tens of femtoseconds. By correlating
spectral dynamics with relaxation processes we can, in

Figure 1. Normalized absorption (blue) and emission (orange)
spectra of DNA-Ag16NC in a 10 mM ammonium acetate solution at
room temperature. Inset shows the structure of DNA-Ag16NC
(Protein Data Bank PDB-ID 6JR4, from Cerretani et al.19).

Figure 2. Photoinduced dynamics of DNA-Ag16NC in 10 mM ammonium acetate solution. (a) Wavelength vs probe-delay map of the WL-TA
experiment after excitation at 520 nm. The total time range is 8 ns. Note the change from linear to logarithmic scale at 1.8 ps (solid line). (b) HCF-
TA experiment showing the spectral dynamics over the first picosecond after excitation centered at 580 nm. (c) Transient spectra extracted from
panel a over several time ranges of interest. Spectra shown at probe delays: top panel, 100 (blue), 150, 200, 300, 500 (orange) fs; middle panel, 1
(blue), 5, 50, 100, 500 (orange) ps; bottom panel, 1 (blue), 2, 5, 8 (orange) ns.
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principle, extract a fully time-resolved picture of the excited-
state energy relaxation. Two-color 2DES is particularly
valuable for very early time dynamics, as the compressed
NOPA-generated pulses in combination with a background-
free boxcars experimental geometry results in minimal signal
distortion at early times. The spectral detection window in
these experiments is limited, however, so we predominantly
rely on TA at time scales longer than a few hundred
femtoseconds.

In Figure 2, we show the results of two separate TA
experiments (selected 2DES spectra are shown in Supporting
Figure S4), each aimed at different temporal ranges: in panel a,
we show the spectral evolution in a TA experiment using sub-
100 fs excitation pulses centered at 520 nm and CaF2-
generated white-light supercontinuum probe (WL-TA). In this
configuration, we have the broadest possible spectral detection
window and time delays up to 8 ns. In order to better resolve
dynamics during the first few hundred femtoseconds after
excitation and to bridge the temporal gap to the 2DES data, we
supplement this experiment with one based on the filtered and
compressed output of an argon-filled hollow-core fiber to
generate both excitation- and probe- pulses (HCF-TA). This
configuration has narrower temporal windows of 50 ps and a
probe spectral range of 350−950 nm−but the ≈14 fs pump
pulses obtained after filtering of the HCF output at 580 nm
center frequency offer significantly better time resolution (see
Supporting Figure S1 for spectral and temporal character-
istics). The data over the first picosecond in this TA
experiment are shown in panel b of Figure 2 (data over the
full time-range shown in Supporting Figure S3).

In all experiments, we observe multitime scale relaxation
dynamics over a broad spectral range after photoexcitation, in
agreement with the reported behavior of similar systems.10,23,24

We note, however, that the dynamics predominantly occur into
two time regimes: (1) the ultrafast relaxation following the
initial excitation to and within a fluorescent state and (2) the
transfer of population from this ns-lived fluorescent state into a
long-lived state with lifetime in the tens of microseconds.19 We
here focus our attention primarily on the rich early time
relaxation behavior.

Immediately on excitation, a distinct negative feature
corresponding to the ground-state bleach (GSB) forms around
525 nm. Although recognizable as the inverse of the absorption
spectrum, it is strongly deformed due to overlap with excited-
state absorption (ESA) covering most of the visible range. As
expected, no GSB features are apparent near the NIR
maximum of the fluorescence. Subsequently, a cascade of
relaxation processes takes place−most obviously the popula-
tion transfers away from the Franck−Condon point toward
lower energy states. As seen in panels a and b of Figure 2, this
initial energy relaxation is associated with clear changes of the
transient spectra. A weak stimulated emission (SE) feature
becomes visible in the 600−700 nm region and rapidly red-
shifts to approximately 800 nm. Already within the first few
hundred femtoseconds this shift is completed, leaving the
excited-state population to reside in the fluorescent state.
Concomitant with this SE shift, an ESA feature forms adjacent
to the GSB in the 600−650 nm region. The overlap between
this ESA and the SE appears to distort the latter spectral shape,
leaving the SE maximum red-shifted relative to the steady-state
fluorescence maximum. A more subtle spectral dynamic at
these early times, most clearly seen in the top panel of Figure
2c, is the formation of a low-amplitude ESA at the NIR edge of

our detection window concomitant with the SE red-shift. As
such, it is clear that during this time interval, the excited-state
population resides within an electronic manifold where a broad
range of higher-energy states can be accessed with visible and
NIR wavelengths. These changes to the ESA structure imply
some significant differences in the electronic structure of the
fluorescent state relative to that at the Franck−Condon point.
Note that, in contrast to a previous study on a different DNA-
AgNC, we do not observe this transfer to result in quantum
beats in the signal.10

Following the ultrafast relaxation, we observe predominantly
relaxation within the fluorescent state. This is illustrated in the
middle panel of Figure 2c, where we observe minor changes to
the spectral shape and a slight further red-shift of the SE on
picosecond time scales. The assignment of these subtle spectral
changes to the vibrational cooling of a “hot” excited state is in
good agreement with the observation of picosecond line shape
dynamics in transient infrared spectroscopy experiments on a
green emitting DNA-AgNC.24

Interestingly, after the completion of the internal conversion
processes leading to a relaxed fluorescent state detailed above,
we do not simply observe ground state recovery on the time
scale of the fluorescence lifetime as one might expect. Instead,
a large fraction of the GSB remains well beyond the
experimental window, as opposed to both SE and ESA
which disappear within a few nanoseconds. This indicates that
much of the relaxation must take place via a long-lived “dark”
state rather than directly to the ground state via internal
conversion.25−27 This is in agreement with earlier studies on
DNA-Ag16NC in D2O, where even in the presence of oxygen at
room temperature NIR luminescence with lifetimes in the
order of 70 μs was observed.20,28,29 While the complex in
aqueous solution does not luminesce appreciably on these time
scales, cryogenic experiments reveal lifetimes of tens of μs also
in the absence of deuterium.17,19 Relaxation from fluorescent
states via long-lived states is in line with the observations from
Petty et al. for DNA-AgNC having dual emission (green
fluorescence and NIR luminescence).30 Interestingly, several
reports proposed competing pathways from the Franck−
Condon point toward the ground state or microsecond
luminescent states, respectively, for other red and NIR
emitting DNA-AgNCs.11,19,31,32 We do not find evidence for
this type of competitive relaxation in DNA-Ag16NC, illustrating
the qualitative differences in behavior among DNA-AgNCs
and underlining the diverse nature of these systems.

Note that while the long lifetime, and thus small transition
dipole moment, of the long-lived state could point to change of
spin upon transfer from the fluorescent state, other processes
might also be involved. For instance, charge transfer between
the silver cluster and the DNA ligand or other delocalization
effects involving the ligands might suppress the transition
dipole moment magnitude. Thus, while state assignment
cannot be made purely on the basis of optical properties, the
large changes in transient spectra suggest substantial changes in
electronic structure. In particular, the evolution of the ESA
during the decay of the fluorescent state is noteworthy: the
sharp band around 600 nm weakens significantly�concom-
itant with subtler changes in the NIR�approaching a weak
and flat continuum-like absorption structure covering the red-
to-NIR range. Therefore, it is clear that further detailed
computational work is needed to elucidate the electronic and
structural dynamics induced by photoexcitation in these
systems�highlighting especially the need for a robust
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theoretical framework to describe the excited electronic states
of these systems.

This qualitative data analysis directly reveals information
about the excited state structure and dynamics in DNA-
Ag16NC, but it does not provide a quantitative relaxation
model. For this purpose, our strategy is the standard
framework of singular-value decomposition (SVD) followed
by a sum-of-exponential-decays model fit to the data. This
corresponds to modeling the physical system as a set of
coupled first-order differential equations�typically appropri-
ate for intramolecular dynamics. The large observed range of
time scales is challenging for most fitting algorithms�hence, it
is again convenient to analyze the time domains individually.
Here, we leverage the higher time resolution in the 2DES and
HCF-TA data to characterize subpicosecond dynamics, while
the time range 1 ps to 8 ns is characterized from the WL-TA
data set.

In multiexponential decay dynamics, the spectra of the decay
components greatly facilitate analysis. Here, in the absence of
further external information, we get these spectra from the
minimally complex representation of multiexponential decays:
the so-called decay associated spectra (DAS) and the evolution-
associated (or species associated) decay spectra (EADS),33 shown
in Figure 3. The corresponding 2DES-DAS are shown in
Supporting Figure S5. In the first of these models, the
components are noninteracting and decay in parallel.
Conversely, the EADS approach imposes a sequential and
unidirectional relaxation model where the spectra are those of

the individual “compartments” in the relaxation model. In the
case where one-way state-to-state transfer is a good
approximation to the actual processes, these spectra are
those of the involved eigenstates.

From both 2DES and HCF-TA, we find that the initial
relaxation from the Franck−Condon point proceeds on a sub-
100-fs time scale. The DAS and EADS in Figure 3 reveal this
process is predominantly associated with a shift of the SE in
the visible range from around 600 nm to the 800 nm region.
These changes appear to be accompanied by substantial ESA
changes across the wide spectral range. Overall, the spectral
dynamics suggest that substantial changes in electronic
structure takes place over this notably short time scale. In an
earlier study of a DNA-AgNC system, distinct cross-peaks in
the 2DES spectra revealed that absorption and fluorescence
originated from distinct electronic states.10 Given the changes
in spectral structure, such an assignment is plausible also here−
although due to the broadness of the absorption and emission
spectra and lack of obvious 2DES cross-peaks such an
assignment cannot be made unambiguously. The EADS in
Figure 3a show that this initial relaxation is followed by subtler
spectral dynamics on picosecond time scale. These are
primarily related to a small further red-shift of the NIR SE
band. Both the time scale and the observed spectral changes
are consistent with vibrational cooling of “hot” excited states,
and consequently also corresponds well to subtle line shape-
dynamics observed on the same time scales in earlier ultrafast
vibrational experiments.24

In the WL-TA data set we, as expected, find an initial
component associated with a SE red-shift and minor line shape
changes on time scales consistent with the 6.2 ps found from
HCF-TA. After completion of this cooling process, two decay
components contribute to the spectral dynamics: first the SE
disappears in conjunction with the alterations to the ESA
outlined in the qualitative analysis above. This is followed by
ground state recovery on time scales much longer than the
experimental window. We here determine a time constant of
4.7 ns for the SE decay, but note that this component can be
constrained to the 3.3 ns fluorescence lifetime without
significant worsening of the fit statistics. On long time scales
the GSB appears to change little. This is however at least partly
due to the concomitant loss of the overlapping ESA, and we
estimate that less than 50% of the ground state is recovered on
nanosecond time scale. This is consistent with the 26%
fluorescence quantum yield, and suggests that the major
nonradiative relaxation pathway from the fluorescent state is
via a μs-lived excited state19 as opposed to direct internal
conversion to the ground state. The small apparent internal
conversion from the fluorescent state might be a beneficial
property of this class of emitters, allowing potential design of
NIR emitters with high fluorescence quantum yield. That this
is a reasonable assumption was demonstrated by a DNA-AgNC
with an emission maximum of 721 nm that had a near unity
fluorescence quantum yield in D2O at 5 °C.32

Ultimately, the global kinetic analysis has allowed con-
struction of a quantitative model to support the earlier
qualitative analysis. From both 2DES and HCF-TA, we find
that the Stokes shift is largely complete on a sub-100-fs time
scale. After completion of this ultrafast population transfer to
form a fluorescent state, we observe first vibrational cooling
followed by transfer into a μs-lived state on time scales
consistent with the fluorescence lifetime.17 We collect all the

Figure 3. Spectra extracted from global kinetic analysis of the HCF-
TA (left) and WL-TA (right) experiments: (a) decay associated
spectra (DAS); (b) evolution associated decay spectra (EADS). The
extracted time constants are by definition identical for both EADS and
DAS. Each set of fits contains components corresponding to spectral
dynamics taking place on time scales much longer than the range used
for the respective fits (left panels, 50 ps; right panels, 8 ns). Note the
different wavelength and ΔA ranges in short-time spectra (left panels)
and the longer-time components extracted from the WL-TA
experiment (right panels).
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parameters extracted by global kinetic fitting of the
experimental data in the relaxation scheme shown in Figure 4.

In summary, we have evaluated the electronic structure and
photoinduced dynamics in the large Stokes shift cluster DNA-
Ag16NC using steady-state and ultrafast time-resolved optical
spectroscopy. The evolution of spectral shapes suggests that
the Stokes shift is associated with a large change in electronic
structure, which we propose originate from an ultrafast
transition between distinct electronic excited states. The
spectral changes associated with a subsequent nanosecond
time scale transition to a microsecond lifetime state suggest
that also this transition involves changes in the state character.
Global kinetic analysis of the spectral dynamics allowed
extraction of the time constants associated with spectral
changes, which ultimately led to the construction of a
relaxation model. A complete picture of the electronic
structure within these silver clusters�and particularly the
photoinduced dynamics�clearly requires much further work
at the theoretical level. The presented experimental character-
ization provides clues to such information in these highly
diverse and intriguing emissive compounds.
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