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Abstract

Various single-standed DNA-encapsulated Ag nanoclusters (nanodots) exhibit strong, discrete
fluorescence with solvent polarity-dependent absorption and emission throughout the visible and
near-IR. All species examined, regardless of their excitation and emission energies, show similar ps
single-molecule blinking dynamics and near IR transient absorptions. The polarity dependence, psec
blinking, and indistinguishable psec-decaying transient absorption spectra for multiple nanodots
suggest a common charge transfer-based mechanism that gives rise to nanodot fluorescence
intermittency. Photoinduced charge transfer that is common to all nanodot emitters is proposed to
occur from the Ag cluster into the nearby DNA bases to yield a long-lived charge-separated trap state
that results in blinking on the single molecule level.

[. Introduction

Fluorescence intermittency (“blinking”) is a significant limitation to attaining high, sustained
emission rates from single molecules and to tracking long-time single molecule dynamics.
Although isomerization,1 intersystem crossing,2 and Auger-based3 (photoinduced charge
transfer) blinking mechanisms have been proposed, direct observations of the states causing
intermittency are rare due to challenges in synchronization of stochastic individual molecule
trajectories on the s to second timescales. Recently, we developed a new class of fluorophores
consisting of few-atom silver clusters encapsulated in single-stranded DNA (ssDNA). While
the highly polarizable electrons of bulk silver result in many advantageous electronic and
optical properties,4:5 clusters consisting of only a few atoms exhibit discrete electronic
transitions - properties more akin to molecular behavior. For example, water-soluble,
fluorescent, oligonucleotide-encapsulated silver clusters (Ag nanodots) show bright,
photostable emission throughout the visible and near-IR regions.6:7 As long as the highly
polarizable Ag cluster electronic states are discrete and continuous band energies are not
exhibited, fluorescence can be a major relaxation pathway for the cluster excitation.8710
Unprotected Ag clusters of similar size, however, also exhibit significant (>10%) electron
photoejection that non-radiatively dissipates absorbed energy,11:12 due to the strong
absorption and low ionization potentials of highly polarizable metal electrons within molecular
scale clusters. As clusters grow beyond 1-nm in diameter, fluorescence and electron
photoejection both become inefficient decay pathways relative to plasmonic re-radiation
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(scattering) and nonradiative dissipation.11:12 The strong fluorescence of SSDNA-
encapsulated nanodots, which is complementary to both organic dyes and much larger
semiconductor quantum dots, are being actively investigated for use in biological imaging.
13:14

Fluorophores typically exhibit blinking at the single molecule level due to the presence of dark
states formed following photoexcitation. Because of their relatively long lifetimes, these dark
states facilitate saturation of absorption, thereby limiting both sensitivity and the ability to
continuously track dynamics of individual molecules. Although silver nanodots’+1%:16 typically
exhibit faster dark-state decay relative to organics’ and quantum dots18, transitions to such
dark states still place limitations on the sustainable emission rates of single nanodots.16 These
dark states, however, can be advantageously employed as photoswitches for improvements in
both spatial resolution!”:19 and detection sensitivity,20:21 although only isomerization-based
photoswitches exhibiting thermally-stable dark states have thus far been reported. In contrast,
Ag nanodots exhibit photoaccessible dark-states with ~10-ps characteristic decay times, 16 that
can be optically depopulated faster than their natural decay time.® Such direct dark state
excitation enables optical modulation of fluorescence and highly sensitive signal recovery
through photoinduced dark state relaxation (termed SAFIRe, or Synchronously Amplified
Fluorescence Image Recovery).1® This not only significantly increases emission rates through
dark state depopulation, but can greatly improve sensitivity through detection of modulated
signals, thereby taking advantage of the blinking process.15 Consequently, it is of great interest
to understand and exploit the optically addressable, metastable dark states that enable efficient
optical modulation of Ag nanodot fluorescence.

As silver salts are only weakly soluble in the absence of a ligand, and bare gas-phase clusters
efficiently photodissociate at visible energies,®2223 a DNA scaffold that binds and
encapsulates is crucial to Ag nanocluster stability and fluorescence.8 In contrast to the
characteristic atom or dimer loss resulting from visible excitation of gas phase Ag clusters,23
unprotected aqueous Ag nanoclusters exhibit ~10% quantum yields of electron photoejection,
2412,25 |eading to dissipation of absorbed energy that often exceeds the dissociation threshold
of the ground state of the cluster.? Interestingly, nucleotide bases can be efficient electron
acceptors,26-28 suggesting that excited-state charge transfer from Ag clusters to DNA bases
may play a role in the observed blinking dynamics. Furthermore, the dual laser fluorescence
modulation® of the oligonucleotide-encapsulated Ag nanodots appears to result from an
interaction between the highly polarizable silver cluster excited-state and the oligonucleotide.

Here, we link the single-molecule blinking dynamics of several oligonucleotide-encapsulated
silver nanodots’ with bulk dark-state transient absorption measurements on aqueous nanodot
solutions. These complementary investigations of the photoaccessed dark state reveal very
similar photophysics, suggesting that the same states are being probed in the two very different
measurements. Additionally, femtosecond transient absorption measurements of the excited-
state dynamics provide information necessary to generate a state model for early time
dynamics. Together, the time resolved studies support a model involving sub-ps photoinduced
charge transfer, that leads to a small dark state population (~1% yield) that persists out to ~10
psec. This dark state is likely to be that which yields single nanodot blinking and dual laser
fluorescence enhancement.® Thus, in this picture, the dark state lifetimes can be reduced with
high-intensity cw laser excitation16 through optically-induced repopulation of the fluorescent
state. Accordingly, the overall emission rates can be tuned by controlling the relative excitation
rates of the two states, achieved either by adjusting the intensity of the ground-state excitation
laser or by introducing a second, red-shifted laser for direct dark state excitation. 15
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Il. Experimental Methods

The synthesis of red and near-IR absorbing Ag nanodots has been described previously.’
Femtosecond transient absorption spectra were acquired using a commercially available pump-
probe spectroscopy system (Newport, Helios). The pump wavelength was tunable from 465 —
2900 nm and the pulses (~120 fs, FWHM) were generated from an optical parametric amplifier
(Newport, TOPAS) which, in turn, was pumped by a Ti:Sapphire regenerative amplifier
(Newport, Spitfire) operating at a repetition rate of 1 kHz. The probe pulse was obtained by
using approximately 5% of the amplified 800 nm output from the Spitfire to generate a white-
light continuum (420 — 800 nm) in a sapphire plate. The temporal step resolution of the system
was 7 fs and the maximum extent of the temporal delay was 3200 picoseconds. The instrument
response function was determined to be ~150 fs. At each temporal delay, data were averaged
for 1.5 seconds. The pump beam was chopped at 500 Hz to sequentially obtain pumped (signal)
and non-pumped (reference) absorption spectra of the sample. A correction factor to account
for the chirp of the white-light continuum probe was generated using the ultrafast response of
CHCl3 and was applied to all data sets. The data were stored as 3-D wavelength-time-
absorbance matrices that were exported for use with the fitting software. The solutions were
studied in 2 mm path-length cuvettes, and were stirred continuously throughout the data
acquisition.

Nanosecond transient absorption measurements were performed as pump-probe experiments.
A white light source (Newport, 250W tungsten lamp, 300W radiometric power supply model
69931) served as the probe while the pump is a tunable nanosecond laser (Newport- Spectra-
Physics, PRO-250-10, 8ns pulse, pumping an OPO: Newport- Spectra-Physics, MOPO-PQ).
The energy is varied by using two beam splitter cubes each one preceded by a half wave plate.
The wave plate orientation is controlled by a rotary stage (Newport, PR50-PP) and a motion
controller (Newport, ESP-300). In order to work with a flat top beam and easily calculate the
fluence, the laser beam is expanded (4x) by a telescope, and the central part is selected by using
a 1 cmiris. Pulse energy is measured with a pyroelectric detector connected to a power meter
(OPHIR, PE25BB and NOVA II) and is constantly monitored during the measurement by a
fast, amplified silicon PIN detector (Newport, 818-BB-21A). The angle between the pump and
probe light is kept as small as possible (< ~2°). Single wavelength transient absorption temporal
response was recorded using a monochromator (Acton, SP150) and a Si PIN photo-receiver
(Femto, HCA-S-200M-SI) for the visible and a InGaAs PIN photo-receiver (Femto, HCA-
S-200M-IN) for the near-IR part of the spectrum. Transient signals from the photoreceiver are
synchronously triggered with the pump pulse, captured using a 300 MHz digital oscilloscope
(Tektronix, TDS 3034b), and transferred to a PC via a GPIB interface. Gated transient spectra
between 300 — 900 nm were taken using a spectrometer (Acton, 320PI) and a CCD camera
(Princeton Instruments, ST-133). A delay generator (Berkeley Nucleonics, model 575) was
used to control the initial delay between the pump pulse and the start of the data acquisition.
The hardware controlling the camera allows for tuning of the gate width, delay time, and signal
gain. Dedicated Labview software is used to generate wavelength-versus-time 2-D arrays of
®OD values for each single measurement.

Fluorescence correlation spectroscopy (FCS) time traces were taken by exciting with a
continuous-wave HeNe laser (594nm or 633nm, Melles Griot) focused into a diluted sample
solution by a 60x, 1.2 NA water immersion objective (Olympus UPlan Apo). Emission was
collected by the same objective and focused onto an avalanche photodiode (Perkin Elmer), and
the time traces were generated by a time-correlated single photon counting board (Picoquant,
Timeharp).
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Various Ag nanodots with absorption and emission ranging from blue to near-IR wavelengths
have been created by specifically tailoring the encapsulating DNA nucleotide sequence. In this
paper, the photophysical dynamics giving rise to blinking for three red to near-IR emitting
species, Ag660, Ag680, and Ag710, are elucidated. These species exhibit excited-state
emissive lifetimes ranging from 3 to 3.5 ns and fluorescence quantum yields ranging from 17%
to 34%, but the hydrodynamic radii (Ry) of all emitters are indistinguishable, as the ~2.5nm
Ry results primarily from the 12-mer ssDNA scaffold.2® Previous single-nanodot studies
revealed a single blinking timescale, corresponding to 5-40 microsecond off-times, which
limits the overall emission rates.1® Higher intensity excitation reveals a sublinear relationship
between excitation and emission intensities, but no clear saturation, as both on-and off-times
gleaned from single-nanodot emission decrease with increasing incident intensity.16 Further,
significant solvatochromism is observed suggesting a large change in dipole moment between
ground and emissive excited states. In Figure 1, a Lippert-Mataga plot of the Ag660 is shown,
plotting the Stokes shift as a function of the solvent reaction field, according to the following
equation, 30

V1 —Yo=

2(u1 — po)? (8— 1 - 1)

headd  \2e+1 20241 3)

in which, v; and vg are the frequencies of the absorption and emission maxima, a is the Onsager
radius, pg and pq are the dipole moments of the ground and emissive excited states, respectively,
¢ Is the static dielectric constant of the solvent, and n is the solvent refractive index. The slope
of the linear fit was then used to calculate the dipole moment change (uq - pg) which for the
Ag660 emitter was found to be 16.0 + 1.1 Debye, assuming an Onsager radius of 0.4 nm,
estimated from the expected radius of a ~10-atom Ag cluster bound to cytosine. The large
change in dipole and the negative slope suggests that significant charge separation occurs upon
excitation and less so upon emission, indicating that there is a reduction in charge separation
on relaxation to the emissive state.

Transient absorptions at short timescales (fs to ns, Figure 2), with ~100 fs excitation, reveal
rapid (~350 fs) population of an excited state absorption that is both broader and red-shifted
relative to the nanodot ground-state, low-energy absorption band (e.g. 595 nm for the Ag660
nanodot). These fast transient absorption spectra resemble the spectrum of the dual-laser-
induced fluorescence enhancement recently reported, through optically induced dark state
decay.1® Although the general features of the different nanodot transient spectra are similar, a
noticeable blue-shift of the peak of the transient absorption between the “early” time (< 3 ns)
spectra and spectra taken at 60 ns (Figure 3) is evident. Coupled with the polarity effects on
Stokes shift (Figure 1), the blue-shift suggests that this is associated with a distinct state or
geometry formed by relaxation from the initially excited charge transfer state. In order to obtain
the “actual” transient absorption spectra and the amplitudes of the time transients at different
wavelengths, it was necessary to correct for overlap between the ground state bleaching and
induced transient absorptions. The kinetic traces of the ground-state recovery (Figure 2) were
corrected for contributions from the transient absorption at wavelengths sufficiently far from
the ground state absorption. This was justified based on identical kinetics being observed on
both sides of the transient spectrum (at ~520nm and 775nm), and enabled separation of the
transient absorption temporal components. The result is an increased AOD depletion at 579
nm, which is then largely dominated by the ground-state recovery kinetics. Similar corrections
were made for all emitters. The ground state recovery kinetics reveal multiple pathways of
ground-state repopulation, as indicated by the various timescales. The Ag660 ground-state
bleach, for example, recovers with time constants of ~500 fs (kjg= 2x1012 s71) and ~2 ns
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(koo = 5x108 s71), each resulting from decay of a different excited-state following excitation.
Since non-radiative decay occurs at approximately 2x1012 s71, direct competition between
these radiative and non-radiative relaxation processes cannot be occurring as otherwise no
emission on the 2 ns timescale would be observable. It should be noted that the 2 ns decay time
is consistent with the measured fluorescence lifetime, supporting the assignment to an emissive
state. The 350 fs risetime of the transient absorption (Table 1) indicates that formation of the
emissive state (state 2) takes place with ki, = 2.9x1012 571, likely before significant vibrational
relaxation can occur, which decays with the same 2 ns time constant as observed in the bleach
recovery. It is therefore proposed that an initially formed charge separated state (state 1)
undergoes branching non-radiative relaxations to the ground state (~500 fs recovery time to
state 0) and to a fluorescent excited state (state 2, which is formed with a ~ 350 fs rise time)
that has a ~2 ns emissive lifetime. This level scheme is diagrammed in Figure 4. The relative
time constants of 350 and 500 fs for formation of the emissive state and bleach recovery,
respectively, suggest a branching ratio of 59% to 41%, which is consistent with the relative
amplitudes from the components of the ground state bleach recovery (Figure 2).

The fs transient absorption time range (3 ns) is insufficient to measure the lifetime of the long-
lived (~10 ps) dark state giving rise to blinking on the single molecule level; therefore, ns-ps
transient absorption was also performed. Interestingly, we previously reported that the ~10-ps
lived Ag710 dark state not only gives rise to blinking, but also can be optically excited to further
increase emission rates.1® Nanosecond transient spectra indicate the formation of a long-lived
charge-transfer state, presumably through a transition mediated by the initial fast charge
transfer. The rise-time dynamics of this long-lived charge separated state (state 3) were
instrument-response limited (~7 ns). Though the ground-state absorptions differ for each
nanodot, transient absorption studies reveal strikingly similar spectra in the nanosecond
(Figures 3A-C) to microsecond (Figure 4) time region. As with the fs transient data, the ns-ps
transient absorption and bleach spectra were separated by subtracting a scaled version of the
ground state absorption band, for all of the species. The extracted transient absorption spectra
show that there is indeed a broad peak across the visible and near-IR (Figure 3D) whose peak
wavelength is common to all nanodots studied.

We measured the absorption cross section of this excited state absorption band by the singlet
depletion method, given by the following relations,3!

AOD.wate 0= 8()[ state 3] [ )

AOD 410 3= — &3] state 3] 1 3)

in which €’s are the molar extinction coefficients of the ground (state 0) and long-lived dark
states (state 3), [state 3] is the concentration of the long-lived dark state, and I is the cell path
length. It is assumed that all molecules excited into the first excited-state either return to the
ground state or populate state 3 at t = 60 ns. Additionally, an isosbestic point is seen in the
decaying transient spectrum (Figure 5), suggesting that the excited-state population nearly
quantitatively returns to the ground state. Because the ground-state and transient absorption
spectra overlap, the extinction coefficient at the isosbestic point is identical for the two states
(e3(Ac) = €o(A¢)), in which A is the isosbestic point. For the Ag660 emitter, the isosbestic point
occurs at 648 nm (Figure 5), where the ground-state extinction coefficient has the value 1.2 x
10° M1 cm~1:32 equal to the dark state extinction coefficient at the same wavelength. The
peak dark state extinction coefficient was then determined to be 1.5 x 10° M~ cm™1 (absorption
cross section of 5.8 x 10716 cm?2) at 655nm, based on the bleach correction of the transient
absorption, with values for all nanodots being listed in Table 2. The Ag660 transient decayed
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biexponentially with 10us (35%) and 40us (65%) time constants (Figure 6). Biexponential
decays were observed in all the emitters (Table 2), suggesting that two states with
indistinguishable transient spectra are populated. A stretched exponential model, however,
could also faithfully fit the observed decay.

Formation of the microsecond lifetime dark state (state 3) renders the nanodot unable to
fluoresce until the emissive manifold is repopulated. These dynamics are also manifested as
fluorescence intermittency on the single molecule scale.16 Correlations of individual photon
time traces can be used to elucidate the dark state formation rate, decay rate, and quantum
yield. Fluorescence correlation spectroscopy (FCS) was used to record photon time traces and
generate single molecule dynamic information. The off-times, which correspond to the long-
lived dark state lifetime (tqar), Were extracted using exponential fits of the autocorrelation
decays (autocorrelation time: t,c) and the steady-state dark-state (state 3) population fraction
(Fps, obtained from the correlation amplitude), with33

1
k30:_(1 - FDS)
Tac (4)

k30:k;()+(rm Loy (5)

in which ksq is the observed decay rate of the long-lived dark state, with contributions from
both the natural decay rate k’3q and the excited-state absorption repopulating the emissive
transition manifold. Time traces at several excitation intensities were measured, and the
autocorrelation curves were fit to extract the time constants (Figure 7).34 The natural decay
rate was calculated by extrapolation of the linear fit to zero intensity. The slope of the fit was
used to extract the excited-state absorption cross sections. Both the decay rate and absorption
cross section were compared with the values obtained using solution transient absorption data.
The transient absorption decay rate is taken as the natural decay rate, as no observable pump
energy dependence was found. The single molecule intensity correlation analysis convolutes
all off-times and models them as a single component, giving only one time constant.
Additionally, the faster decay components up to the nanosecond scale are beyond the
experimental time window, and only the longer-lived off-time is experimentally observable
with FCS. A weighted average of the bi-exponential decay components of ns transient
absorption was used to compare decay constants with those measured by FCS. For the Ag660
species, the natural decay time constant from FCS (31 ps) was found to be slightly larger than
that obtained from transient absorption (20 us). As shown in Table 2, similar agreement was
observed for the 680-nm and 710-nm emitters.

V. Discussion

The similarity of blinking timescales and transient absorption spectra suggests a mechanism
common to all of the nanodots. Although clusters likely differ in size and geometry, the sSSDNA
scaffold is a consistent feature of all nanodots studied. Further, although drastic variations in
both formation efficiency and stabilization as a function of pH have been reported, the
endocyclic amine group of cytosine3® remains the most likely binding site for Ag clusters,
suggesting a silver-cytosine electronic interaction that facilitates initial formation and stabilizes
the cluster upon reduction. The presence of cytosine is indeed critical to cluster formation,”:
16,32,36,37 and all of the clusters discussed presently contain multiple cytosine bases in the
encapsulating DNA scaffold sequence.”-2° The similarities among differently absorbing
nanodot species, coupled with the strong, broad near-IR transient absorption reminiscent of
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the hydrated electron absorption,11:38 suggests that a common, charge-transfer mechanism
possibly gives rise to the photoinduced dark states in the nanodot emitters. Both gas phase and
condensed-phase studies of anionic pyrimidines show that there is an experimentally observed
and theoretically predicted absorption centered between 650 and 800 nm in aqueous solutions.
3941 Transient absorption measurements of pyrene-deoxynucleotide coupled systems also
show a broad, red absorption band with slow recombination rates.28 In both cases, the peak
was identified as anionic nucleotide absorption decaying via charge recombination. As the
nanodot transient absorption persists in the presence of acetone,11:42 and the transient signal
rapidly and faithfully decays with repopulation of the emissive manifold upon irradiation, the
DNA strand is the likely acceptor facilitating recombination, without the hydrated electron
formation typically associated with unprotected Ag clusters.

The femtosecond transient absorption clearly indicates the presence of an initially formed
excited state that rapidly bifurcates into creation (~350 fs rise) of a long-lived excited state that
decays with the fluorescence lifetime and slightly slower (~500 fs) bleach recovery. The ratio
of these decays reasonably models the observed partitioning into these two channels. Further,
the action spectra,15 FCS, and ns-ys transient absorption experiments all clearly show an even
longer-lived transient (state 3, ~10 psec) with overlapping but slightly higher energy absorption
compared to the emissive state 2. Further, the long-lived transient also exhibits a fast rise time,
suggesting that it does not arise from state 2, as the ~1% quantum yield of the trap state would
indicate an easily observed rise time of ~300 ns, if arising from state 2. Consequently, we
suggest that the initially formed state 1, with substantial charge separation, rapidly separates
into two channels — initial recombination to 1) mostly recover the ground state and 2) generate
the fluorescent excited state 2, both within several hundred femtoseconds but with slightly
different time constants. The much longer-lived state 3, suggestive of anionic cytosine,39 must
also be formed rapidly, and it is likely a trap state resulting from the initial charge separation.
The model suggesting that the trap decays from the initial charge separated state is further
supported by the solvent dependence of the Stokes shift discussed previously. The negative
slope of the Stokes shift as a function of reaction field indicates that the dipole change in
absorption is larger than the dipole change in emission, suggesting that a charge separated trap
(state 3) likely evolves from state 1, instead of from the longer-lived, fluorescent state 2. If
instead dark state population arose from the emissive level, the measured dark state quantum
yield (~1%, see below for discussion) does not change, but only the rate constant for forming
the dark state must be reduced, as it is then competing with the decay of the excited emissive
level (~ 3 ns).

Photoinduced charge transfer requires the photon energy absorbed to drive the electron transfer.
The Rehm-Weller equation can be used to calculate the driving force of photoinduced CT,
given by,30

AG=E, ,-E,, —Ep-E,. (6)

D+/D A/A

in which Ep4/p is the reduction potential of the donor, Ea/a- is the reduction potential of the
acceptor, Eqq is the ground-state absorption energy, and the last term (E¢) is the Coulombic
attraction energy experienced by the ion pair after charge transfer. The standard reduction
potential of oligocytosine (Cg) has been reported to be —1.6 V.43 Henglein et al. has reported
the standard reduction potentials of silver clusters as a function of size (n =1, 2, 3, 5).12
Combining the half-cell values, the expected photon energies required to induce charge transfer
fall within the range of the silver cluster excitation energies (2.0 — 2.4 eV). The Coulombic
energy term, though not known, can only drive the reaction further. Therefore the driving force
is estimated to be sufficiently high for photoinduced charge transfer to cytosine from clusters
of 2 Ag atoms or larger. Though the specific assignments of cluster size and geometry to
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excitation/emission energy have not been made, it has been previously argued that the clusters
have sizes of 2-8 atoms based on mass spectral evidence and the small hydrodynamic radii,
644 but sizes could range as high as even 20 atoms.8:456 These latter sizes are likely to
increase the hydrodynamic radius beyond the measured levels, however.

The calculated driving forces suggest that although the forward photoinduced driving forces
are “normal” (AG < 0.5 eV), the reverse direction has a significantly larger driving force (AG
~2 eV) that would be well into the inverted region. The recombination rate would then be
dependent on relative changes in nuclear coordinate, tunneling, and Franck-Condon (FC)
overlaps. FC overlaps between anionic and neutral cytosine are likely poor with a significant
geometry change, while coupling of low quantum number cationic cluster vibrations with what
are likely to be continuum states above the ground state Ag cluster dissociation threshold® may
also be poor.47 Coupled with the large driving force requiring very large reorganization
energies, very slow recombination rates compared to the initial charge separation are expected.
48751 Even without the Ag cluster and its poor vibrational overlap with the charge separated
state, long-lived charge separated states have indeed been seen both in DNA and other
molecular systems resulting from inverted region dynamics.52:53

Within the above assumed charge transfer model, the rate of charge transfer (k13) can be
calculated using the single molecule autocorrelation times measured with FCS. The value is
given by33

F .. .
k3= — (1+@)

Tac kot @

in which kg is the excitation rate. The non-radiative decay rate (kyq) was used in place of the
normally-used radiative rate (koq), because according to the proposed model, population of the
long-lived CT state competes with non-radiative decay (1-0) and population of the emissive
state (1-2) rather than with fluorescence (2-0). Within this model, the charge transfer rate
constant for the Ag660 emitter is 3.36 x 1010 571 based on an excitation rate of 2.21 x 107

s L. The quantum yield of CT is then calculated based on the decay competition by ¢3 = kya/
(K10 + k12 + Kk13). The total calculated quantum yield is then ~0.7%. For all three near-IR
emitters, quantum yields ranging between 0.4 to 0.8% were calculated. This quantum yield
value reflects the overall probability of populating the microsecond-lived trap states from initial
excitation, without passing through the emissive state 2.

V. Conclusion

The microsecond blinking dynamics observed on the single molecule level for silver nanodots
has been shown to correspond to a spectrally observable, transient dark state. This state is
proposed to be the result of photoexcited charge transfer to the encapsulating ss-DNA.
Although initial charge separation is nearly instantaneous, forward charge transfer and trapping
also occurs at fast rates (~1011 s~1) while recombination can occur very slowly (~10*s™1). The
photoaccessability and large cross sections of the CT state enable significant repopulation of
the emissive manifold upon excitation by relatively low (~5 kW/cm?) secondary laser
excitation intensities. This allows the already bright and photostable nanodot emitters to be
used as optically modulatable probes for improved sensitivity.1> The DNA provides a stable,
photoaccessible charge accepting site, enabling photoexcited back-electron transfer. The
charge transfer mechanism proposed here is ubiquitous among all fully-reduced DNA-
encapsulating silver nanodots examined.
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Figure 1.

Lippert-Mataga plot of the 660nm emitting species. The solvent dielectric function was
changed by the variation of the ethanol-water ratio. The absorption and emission spectra were
measured in each solvent and the slope of the fitted line was used to calculate the dipole change
from the ground state to the excited state, according to the Lippert-Mataga equation. The change
was calculated to be 16.0 = 1.1 Debye.
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Figure 2.

Femtosecond transient absorption kinetic traces. The wavelengths shown for each emitter
reflect the transient absorption (black) and the ground-state depletion (red). The depletion
shown appears at negative AOD, but is plotted in its absolute value. It has been corrected for
spectral overlap by subtracting out the contribution from the transient absorption, which is
based on the kinetics at 775 nm calibrated to the expected value based on the peak curve fittings.
The data was collected by exciting with a 100 fs Ti-sapphire laser at 1 kHz, then probing with
a white-light continuum generated from the same laser. The excitation wavelength was tuned
to the peak of the ground-state absorption for each emitter.
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Figure 3.

(A-C) Femtosecond and nanosecond transient absorption spectra (normalized) of a series of
silver clusters, labeled by the maximum emission wavelength. All of the species were excited
by 100 fs pulsed excitation, except for the long delay time curve, which was generated from
excitation by a 7ns pulsed laser. The dip in the spectrum around 800 nm is an instrumental
artifact resulting from the white-light generation used as the probe. (D) The transient absorption
and spectral fit of the Ag660 emitter, which was fitted to the 20ns delay absorption curve,
revealing a broad peak centered at 650nm.
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Figure 4.

Energy diagram of the photoinduced charge transfer scheme. Energy values listed for the
transitions were taken from ground-state and transient absorption spectra. The Ag,-DNA
complex is initially excited to the excited state of the silver cluster, from which either a decay
to the radiative state or the transition to the charge-transfer (CT) state occurs. The CT state can
then either relax non-radiatively back to the ground state or transition into a longer-lived CT
state, from which photo-assisted reverse charge transfer can occur.
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Figure 5.

Nanosecond transient absorption spectra of the Ag660 nanodot at varying time delays. The
curves clearly show an isosbestic point with delay at 648 nm, suggesting that depletion of the
ground state at 595nm leads to population of a state responsible for the positive change in
absorbance at higher wavelengths. The nanodot was pumped with a several ns pulse at 590
nm.
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Figure 6.

Transient absorption decay measurements. The decays were recorded at 770nm using an
oscilloscope recorded photoreceiver response, whose instrument response time was 10 ns. Each
decay was fitted biexponentially.
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(A-C) Fluorescence correlation spectroscopy time trace autocorrelations for the three Ag
nanodots. The species were excited (594nm, 633nm HeNe) by a focused laser (40x water
objective, 1.2 NA) at the specified powers, and time traces were collected by an avalanche
photodiode through a 50um optical fiber. Two decay components were fitted, the longer time
scale corresponding to diffusion through the laser focus, while the shorter time decay was
attributed to the charge separated dark state.
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