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ABSTRACT: DNA-templated silver clusters are chromophores in which the nucleobases
encode the cluster spectra and brightness. We describe the coordination environments of two
nearly identical Ag10

6+ clusters that form with 18-nucleotide strands CCCCA CCCCT
CCCX TTTT, with X = guanosine and inosine. For the first time, femtosecond time-resolved
infrared (TRIR) spectroscopy with visible excitation and mid-infrared probing is used to
correlate the response of nucleobase vibrational modes to electronic excitation of the metal
cluster. A rich pattern of transient TRIR peaks in the 1400−1720 cm−1 range decays
synchronously with the visible emission. Specific infrared signatures associated with the
single guanosine/inosine along with a subset of cytidines, but not the thymidines, are
observed. These fingerprints suggest that the network of bonds between a silver cluster
adduct and its polydentate DNA ligands can be deciphered to rationally tune the
coordination and thus spectra of molecular silver chromophores.

Silver clusters with ≲20 atoms are chromophores whose
valence electrons organize into sparse energy levels with

distinct electronic transitions and efficient fluorescence.1−5

Although bare silver clusters are highly reactive, they can be
trapped by a range of ligands, and DNA strands are particularly
interesting because they not only protect but also encode the
spectra of a cluster adduct.5−9 For oligonucleotides with 10−
30 nucleobases, different primary sequences tune the cluster
spectra across the visible/near-infrared region, and different
secondary structures modulate emission quantum yields as
much as 1000-fold.10−14 The ability to exquisitely control a
cluster’s spectrum and brightness has led to applications in
biosensing,15 live cell imaging,16 and DNA photonics,17 but a
lack of knowledge about fundamental photophysical events has
impeded the rational design and further development of this
new class of fluorophores.
We are beginning to learn about key factors that control the

electronic spectra and structure of DNA-bound silver clusters
and how their emission is programmed by polydentate
oligonucleotide ligands. Prior transient absorption and two-
color excitation experiments have revealed several types of
excited electronic states, including short-lived Franck−Condon
excited states initially populated by photoexcitation, emissive
excited states with nanosecond lifetimes, and even longer-lived
dark excited states.18,19 The emissive states of the clusters can
relax radiatively with ≲5 ns lifetimes and with ≲90% quantum
yields.10,20,21 The dark state population persists for tens of
microseconds and can be excited with a second, near-infrared
laser to repopulate the emissive state, thereby enhancing
fluorescence brightness.22−26 Precisely how these states are
populated from the Franck−Condon excited states and on

what time scales is still uncertain, although several studies have
reported ultrafast relaxation that takes place in tens of
femtoseconds to tens of picoseconds.18,27−30

Importantly, the electronic states of a cluster are known to
be strongly coupled with those of the aromatic nucleobases of
its DNA host because DNA-specific UV excitation promptly
yields cluster emission.30,31 Time-dependent density functional
theory (TD-DFT) calculations on molecular silver clusters
cross-linked by cytosine pairs (e.g., C−Agn−C, n = 1−6),32 on
a Ag4 cluster bound to an A·T or G·C base pair,33 and on Ag4,
Ag5

+, and Ag6
2+ clusters stabilized by two (dC)6 strands34

predict many transitions involving frontier orbitals with mixed
silver cluster (AgC) and DNA character. Although calculations
like these provide insight into base-silver cluster couplings, it is
difficult to ascertain experimentally which bases are coupled
most strongly.
Here, we report that ultrafast time-resolved IR (TRIR)

experiments on DNA-AgCs reveal bleaching of the vibrational
modes of select nucleobases when the cluster is electronically
excited, yielding a mid-infrared fingerprint of the coordination
site. We focused on the two strands 5′-C4AC4TC3XT4-3′
where X is guanosine (G) or its analog inosine (I) that lacks
the exocyclic C2-NH2 (Figure 1). Both oligonucleotides form
the same Ag10

6+ adducts, as determined by negative-mode
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electrospray ionization mass spectrometry (Figure S1).36−39

These strands also harbor similar binding sites because both
Ag10

6+ chromophores have identical spectra with absorption/
emission maxima at 490/570 nm (Figure 1).35 Within these
binding sites, the X nucleobase is a linchpin ligand because this
chromophore does not form with other canonical nucleobases.
More specifically, its functional groups control the electronic
environment because the adducts with X = I vs G is 2.5×
brighter (QF = 63% vs 25%) and the amplitude-weighted
emission lifetime is almost 2× longer (see below).35

We probe these two guest−host complexes using TRIR
spectroscopy (see the SI for full experimental details). All
TRIR measurements were performed on buffered D2O
solutions because of this solvent's superior IR transmission.
The transient spectra reveal rich patterns of positive and
negative peaks when the cluster is electronically excited in the
visible (Figure 2). Because a bare cluster of heavy Ag atoms has
vibrations that are <200 cm−1 in frequency,40 all bands in
Figure 2 are due to nucleobase vibrations, possibly perturbed
by metal−ligand interactions. As discussed below, the negative
bands correspond to bleaching of nucleobase vibrations, but
this bleaching cannot result from nucleobase-localized excited
states, which lie too high in energy to be reached by the 490
nm pump pulse.
The TRIR signals were globally fit to biexponential functions

at delay times between 0.5 ps and 3.5 ns. At nearly all probe
frequencies, the TRIR signals are dominated by longer-lived
components of 2.0 ± 0.1 and 3.2 ± 0.1 ns for G-AgC and I-
AgC, respectively (Figure 2c,d and Figure S2), as shown by the
kinetics of the most intense negative band at 1623 cm−1 (band
3′; Figures 3 and S3). These decay times mirror the respective
amplitude-weighted visible emission lifetimes of 1.9 ± 0.3 and
3.4 ± 0.1 ns.35 Thus, the synchronous decay of the mid-
infrared absorption and visible emission signals indicates that
the vibrational modes of the encapsulating nucleobases are

populated solely because the cluster is photoexcited. It is
unlikely that the bleaching of the DNA vibrational modes is
due to electronic-to-vibrational energy transfer (EVET), a
resonant dipolar energy transfer mechanism.41 This is because
the ns lifetimes observed here are much longer than vibrational
excited states of nucleobases, which are expected to decay in
several ps in aqueous solution.42

The rise of the TRIR bands is instrument-limited, and
signals like the ones in Figure 3 change from 10% to 90% of

Figure 1. (a) UV−visible absorption spectra of the I-AgC (red) and
G-AgC (blue) DNA-encapsulated silver clusters in 5 mM, pH = 7
cacodylate H2O buffer solutions. Excitation wavelength (490 nm) for
fs-TA and fluorescence measurements is indicated by a black arrow.
Inset: The same spectra zoomed in at the 490 nm peak. (b)
Normalized excitation (recorded at a fixed emission wavelength of
570 nm) and emission (following 490 nm excitation) spectra and
normalized UV−visible spectra (dashed lines; offset vertically by 0.2)
of I-AgC (red) and G-AgC (blue). The sequences of the DNA hosts,
the chemical structures of I and G, and the fluorescence quantum
yields (QF) of the DNA-AgC from ref 35 are shown above the spectra.

Figure 2. (a, b) Composite TRIR spectra of I-AgC and G-AgC,
respectively, in 5 mM cacodylate D2O buffer recorded at the indicated
delay times following excitation by a 490 nm femtosecond pump
pulse. The inverted FTIR spectra are shown for comparison. (c, d)
Decay-associated difference spectra (DADS) of I-AgC and G-AgC,
respectively, obtained by globally fitting the TA data from 0.5 ps to
3.5 ns. Data were fit to a biexponential decay function ΔA(t) = A1
exp(−t/τ1) + A2 exp(−t/τ2), and uncertainties are twice the estimated
standard deviation (2σ). The dominant τ2 decay components are
shown here; the DADS for the τ1 components are shown in Figure S2.
Peaks labeled with numbers in the FTIR spectra (a, b) and ones
labeled with letters in the TRIR spectra (c, d) are discussed in the
main text.

Figure 3. Normalized TRIR kinetic traces for I-AgC (red) and G-AgC
(blue) with excitation at 490 nm and probing at the most intense
negative band at 1623 cm−1 (band 3′ in Figure 2c,d) and the most
intense positive band at 1596 cm−1. The circles and squares are TRIR
data, and the solid curves are exponential fits. The vertical line marks
the linear-logarithmic axis break at 20 ps.
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their peak values in 400 fs, which is thus an upper limit on the
formation time of the emissive excited state or states.
Intriguingly, most of the negative bands increase by an
additional 10−20% with a time constant of ∼6 ps as shown in
Figure 3 for band 3′. The delayed growth of the bleach signals
requires further study, but it is unlikely to reflect growth of the
emissive state population on the same time scale, because the
positive bands that decay in unison with the emission do not
show this component (e.g., the 1596 cm−1 band in Figure 3).
The positive bands are potentially rich in information, but their
analysis is more difficult as the precise species responsible
cannot be identified without calculations, which go beyond the
scope of this study.
To decipher the bonding within the Ag10

6+ coordination site,
we focus on the negative-going, ground-state bleaching
vibrational modes because they can be assigned based on
corresponding transitions in the steady-state FTIR spectra.
The FTIR spectra of I- and G-AgC are similar and display five
major bands (Table 1 and inverted black curves in Figure
2a,b). Cytidine and thymidine transitions dominate these
spectra because they comprise 16 of the 18 nucleosides.
Band 1 is attributed to thymidine, which has the highest

frequency CO stretching band of all the nucleosides (Figure
S4). Bands 2−5 fall in the spectral region for cytidine, as 5′-
CMP in D2O has resonances at 1650, 1617, 1522, and 1504
cm−1 (Figure S4), and its Ag+ complex exhibits corresponding
transitions at 1652, 1618, 1530, and 1507 cm−1.43 Of these
four peaks, the 1522 → 1530 cm−1 shift is the largest,
presumably because Ag+ coordinates with the cytidine N3 and
alters the CN stretching frequency.43 We observe analogous
transitions at 1657 (band 2), 1638 (band 3), 1535 (band 4),
and 1506 (band 5) cm−1 for G-AgC and similar frequencies for
I-AgC (Table 1 and Figure S5). Band 2 at 1657 cm−1 in each
DNA-AgC agrees well with the 1652 cm−1 band of Ag(I)-
cytidine and the 1650 cm−1 band of 5′-CMP. Band 3 at ∼1638
cm−1 is upshifted compared to the 1618 cm−1 band of Ag(I)-
cytidine, possibly because it overlaps with the 1632 cm−1

transition for thymidine (Figure S4).44 Bands 4 and 5 fall in
the 1500 to 1550 cm−1 window where only cytidine has
resonances in D2O (Figure S4).45

These FTIR band assignments were then used to understand
the TRIR spectra, and we focus on the quartet of negative
peaks labeled 2′−5′ (Figure 2 c,d). Bands 2′, 4′, and 5′ are
upshifted by 3−10 cm−1 compared to the FTIR bands 2, 4, and
5 (Table 1), possibly due to overlapping positive bands on the
low frequency side of each peak. In contrast, band 3′ at 1623
cm−1 is downshifted more than 10 cm−1 from the
corresponding band 3 in the FTIR spectra and more closely
matches the 1618 cm−1 band reported for the Ag(I)-cytidine
complex.43 We suggest that the TRIR spectra resolve the
overlapping cytidine and thymidine transitions in band 3
because cytidine preferentially coordinates the cluster.46,47

To further support the selectivity of the TRIR spectra, we
consider band 1 in the FTIR spectrum. This thymidine CO

transition is absent in the TRIR spectra, which is surprising
given that thymidine comprises 5 of the 18 nucleosides in the
two sequences. This difference indicates that the thymidines in
G- and I-AgC are not perturbed when the cluster is
electronically excited, possibly because they weakly coordinate
the cluster. Prior studies demonstrate that thymidine is a poor
ligand for silver clusters because its N3 coordination site is
blocked at neutral pH.48 This site can be deprotonated at high
pH (≳ 10) to form fluorescent clusters, and such pH-
dependent spectral changes are reversible.49 Additionally,
spectroscopic studies of a broad range of oligonucleotides
with different sequences indicate that thymidine favors clusters
with weak emission.50 Furthermore, thymidine can be
enzymatically excised and thus completely removed from the
DNA backbone without disturbing the cluster environment.35

Thus, we suggest that the thymidines do not yield transient
spectra because they do not coordinate the cluster. This
suggests further that the TRIR spectra are due to bonding
interactions and not due to the vibrational Stark effect, which
would perturb the global electrostatic environment and hence
shift the vibrations of the IR-active oscillators of the
nucleobases in a less specific manner.51

TRIR selectivity for bonded nucleobases is suggested by the
band positions and intensity of bands a′ and b′ in the transient
spectra. While the frequencies of bands 2′−5′ differ by ≤3
cm−1 for the X = G and I complexes, band a′ at 1642 cm−1 for
G-AgC is distinct from its counterpart at 1648 cm−1 for I-AgC
(Table 1). The magnitude and direction of this 6 cm−1 shift is
consistent with vibrational changes between guanosine and
inosine. The a′ band is possibly due to bleaching of the
carbonyl group of base X, which has a frequency of 1663 cm−1

for 5′-GMP and 1673 cm−1 for hypoxanthine, the nucleobase
of inosine (Figure S6; hypoxanthine, inosine, and 5′-IMP have
almost indistinguishable FTIR spectra in the 1400−1720 cm−1

region).52,53 The 20 to 25 cm−1 downshift of the carbonyl
bleach frequencies of X in the DNA-AgC may indicate a slight
loss of CO character when X binds to Ag(I) or Ag(0) via
one of the N atoms or the carbonyl group. A downshift in
frequency due to the loss of double bond character upon metal
ion binding is seen when 1-methylthymine binds to cis-
Pt(NH3)2

2+ and Ag+ ions.54

To substantiate the identification of guanosine, the negative-
going band b′ at 1580 cm−1 is observed with G-AgC but not
with I-AgC (Figure 2 and Table 1). This observation is again
consistent with the behavior of the nucleobases. Band b′ in G-
AgC matches the frequency of the ring in-plane stretch
vibration of guanosine, but this same transition in inosine is
substantially weaker (Figure S6). Additionally, this transition is
a signature of guanosine because the other canonical bases do
not have strong IR bands around 1580 cm−1 (Figure S4).45

The guanosine may coordinate via its different electron-rich
heteroatoms, such as the deprotonated N1, the N7, and/or the
C6O.46,55−59 N1 coordination in our complexes is
eliminated based on the TRIR spectroscopy. First, strong

Table 1. Major Band Positions in the FTIR Spectra and Negative-Going GSB Bands in the TRIR Spectra of I-AgC and G-AgCa

bands (cm−1)

I-AgC FTIR 1692 (1) 1657 (2) 1635 (3) 1535 (4) 1506 (5)
TRIR 1660 (2′) 1648 (a′) 1623 (3′) 1545 (4′) 1512 (5′)

G-AgC FTIR 1692 (1) 1657 (2) 1638 (3) 1535 (4) 1506 (5)
TRIR 1662 (2′) 1642 (a′) 1623 (3′) 1580 (b′) 1542 (4′) 1512 (5′)

aNumber and letters in parentheses refer to labels for the bands in Figure 2. Estimated uncertainties in reported frequencies are ±2 cm−1 (2σ).
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evidence suggests that the a′ bands in Figure 2 are due to
carbonyl stretching of G with a hydrogen atom bound to N1,
possibly perturbed by cluster binding, as discussed above.
Second, the FTIR spectrum of the N1-deprotonated GMP
(G(−H1+)) (Figure S4b, dashed curve) has a strong band
between 1450 and 1500 cm−1 that is not seen for the neutral
base. The absence of any significant signals in this region
makes bleaching of bands due to G(−H1+) very unlikely.
It is remarkable that bleaching of X = G/I is observed even

though it is only 1 of the 18 nucleosides, and the
corresponding vibrational bands are undetectable in the
FTIR spectra. As with the bleach bands observed for cytidine,
but not for thymidine, this bleach signal suggests that
guanosine and inosine coordinate the cluster and are perturbed
when the cluster is electronically excited. Despite the 11:1 mol
ratio of cytidine to X, the amplitude of the bleached X band is
more than half as large as that of the nearby bands 2′ and 3′,
which are assigned to cytidine. This may indicate that only a
subset of all cytidines interacts with the excited cluster, but
more study is needed to determine how many and which
cytidines are cluster-bound.
The rich pattern of positive and negative bands seen in the

TRIR spectra in Figure 2 is similar to that observed when
exciting bare DNA strands with UV radiation.60−62 In these
studies, the positive bands occur at frequencies close to ones
calculated for various nucleobase radical ions, providing
evidence that photoexcitation forms charge transfer (CT)
states. If CT states were to form in DNA-AgCs, then the
vibrational frequencies of the nucleobase ions could shift due
to metal cluster coordination, complicating their identification.
CT states of DNA-AgCs have been discussed previously,18 but
Lippert-Mataga models may not accurately describe the
emission solvatochromism observed in water−alcohol mixed
solvents.63 Further study is needed to ascertain the degree to
which any level of CT is present along with whether the shifts
in nucleobase fundamentals can be explained alternatively by
changes in ligand binding arising from non-CT excited states
of the cluster-DNA complex.
In summary, TRIR spectra of two visible emissive DNA-

AgCs show that electronic excitation of the encapsulated
cluster bleaches the vibrational modes of a subset of the
nucleobases. These vibrational signatures decay synchronously
as the cluster electronically relaxes and show that the cluster is
strongly coupled with specific nucleobases within the
polydentate DNA ligand. It may be possible to characterize
the coordination sites of a wide range of these complexes via
TRIR spectroscopy with UV, visible, or NIR excitation. For
example, our experiments identify spectral signatures of a
subset of all cytidines but not thymidine. Furthermore, it is
remarkable that the single guanosine/inosine, with information
on the (de)protonation state, can be identified in the TRIR
spectra. Such vibrational signatures could be used to
understand the bonding which ultimately controls the
electronic spectra of DNA-silver cluster chromophores.
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