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Strongly emissive individual DNA-encapsulated Ag
nanoclusters as single-molecule fluorophores
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The water-soluble, near-IR-emitting DNA-encapsulated silver
nanocluster presented herein exhibits extremely bright and pho-
tostable emission on the single-molecule and bulk levels. The
photophysics have been elucidated by intensity-dependent corre-
lation analysis and suggest a heavy atom effect of silver that
rapidly depopulates an excited dark level before quenching by
oxygen, thereby conferring great photostability, very high single-
molecule emission rates, and essentially no blinking on experimen-
tally relevant time scales (0.1 to >1,000 ms). Strong antibunching
is observed from these biocompatible species, which emit >10°
photons before photobleaching. The significant dark-state quan-
tum yield even enables bunching from the emissive state to be
observed as a dip in the autocorrelation curve with only a single
detector as the dark state precludes emission from the emissive
level. These species represent significant improvements over ex-
isting dyes, and the nonpower law blinking kinetics suggest that
these very small species may be alternatives to much larger and
strongly intermittent semiconductor quantum dots.

correlation | photophysics | silver nanoclusters | single-molecule
spectroscopy | fluorescence intermittency

hile myriad dyes exist with varying photophysical prop-

erties (1, 2), organic dye-based single-molecule and even
bulk in vivo imaging dynamics studies suffer from low probe
brightness, poor photostability (3), and oxygen sensitivity (4).
Advances in nanotechnology such as the use of quantum dots (5,
6) have ameliorated some of these issues but at the cost of
toxicity (7), broad excitation (8, 9), power-law blinking (10-12),
and large probe size (13, 14). While quantum dots are readily
excited with low-intensity sources, their fluorescence exhibits
intermittency on all time scales (10-12), thereby causing prob-
lems when used for tracking or imaging studies. Arising from
Auger processes (15), these photophysical dynamics are appar-
ent at all excitation intensities and appear without characteristic
times. While functionalization, large size (=10-20 nm in diam-
eter), and cellular uptake are potential problems, the strong
nonmolecular power-law fluorescence intermittency is a major
drawback of these materials as single-molecule reporters (10—
12). Recently, ~35-nm-sized fluorescent nanodiamonds have
also been reported as single-molecule emitters, but these also
raise concerns about label size (16). Consequently, for both in
vitro and in vivo single-molecule studies, fluorophores with high
emission rates and excellent photostability must be identified
that are completely devoid of blinking on all relevant time scales,
while maintaining small overall sizes.

By combining the virtues of chemistry and nanotechnology, we
have developed few-atom, molecular-scale noble metal nano-
clusters as a class of emitters that simultaneously exhibit bright,
highly polarizable discrete transitions, good photostability, and
small size, all within biocompatible scaffolds (17-20). Recent
observations that DNA encapsulates Ag nanoclusters to yield a
range of absorption and emission features throughout the visible
region (21) have enabled the detailed investigation of Ag
nanocluster size and nanocluster interactions with cytosine bases
in particular (18, 20). Here, we report a bright, near-IR-emitting
Ag nanocluster created in ssDNA consisting of 12 cytosine bases
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that shows very high emission rates, excellent photostability,
strong antibunching, and essentially no intensity fluctuations on
experimentally relevant time scales.

Results and Discussion

We have used the demonstrated affinity between silver and
cytosine bases on ssDNA (18, 22-27) to create near-IR-emitting
Ag nanoclusters with excellent single-molecule and bulk optical
properties. While we have separately reported the visible emit-
ters in bulk studies (18, 20), the preferentially created ~700-nm
emitter reported here offers strong emission in a less-obscured
spectral window and shows excellent single-molecule emission.
These species were created by combining a 6 X 107> M solution
of single-stranded C;» DNA (Integrated DNA Technologies,
Coralville, TA) with 3.6 X 10™* M AgNO; (99.9999%; Aldrich,
St. Louis, MO), both in 18-M() water, and reducing the Ag ions
with one equivalent of NaBH4 (98%; Sigma, St. Louis, MO).
Upon reducing the C;» DNA and Ag* mixture, small DNA-
stabilized silver clusters are formed as schematized in Fig. 14,
without further growth into large nanoparticles. Upon adding
NaBH4 to the mixture of Cj, ssDNA and silver nitrate, two
emissive species are formed that emit in the red and near-IR
regions resulting from different Ag, cluster sizes. While multiple
species can be created, dissolution in PBS preferentially creates
an Ag nanocluster species that has an excitation maximum of
~650 nm and emission maximum of ~700 nm (Fig. 1B). This
species has a fluorescence quantum yield of 17% and exhibits a
2.6-ns lifetime and a molar extinction coefficient of 3.2 X 10°
M~Lem™!, as determined by fluorescence correlation spectros-
copy (FCS). Gel electrophoresis combined with mass spectrom-
etry analysis indicates that this species is either the Ag dimer or
trimer, as both emitters are present even after purification
[supporting information (SI) Fig. 4]. Additionally, although the
observed stability in the presence of NaCl (21) and preferential
formation in short DNA strands relative to all other emitters
(unpublished work) (21) suggests that this is the highly stable
(28) Ag dimer, reports of 620- and 700-nm emission from the Ag
trimer in rare gas matrices (29) support the IR emitter being the
trimer. Further studies will be necessary to better separate these
two emitters.

Under identical imaging conditions, our near-IR-emitting
nanoclusters appear at least twice as bright as Cy5.29 (Fig. 1 C
and D). As the fluorescence quantum yields (0.17 for the
IR-emitting Ci2—Agy, 0.3 for Cy5.29) and the extinction coeffi-
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Fig. 1. Near-IR-emitting Ag nanoclusters. (A) Schematic of the IR-emitting
Ci-Agn formation. After complexation of C;; DNA with silver cations, the
mixture is reduced with NaBH4 and the near-IR-emitting Ag nanocluster is
studied. (B) Normalized excitation and emission spectra of the studied species.
(C) Image of single IR-emitting C1,-Agn moleculesin a poly(vinyl alcohol) (PVA)
film. (D) Image of single Cy5.29 molecules in a PVA film. The image dimensions
are 40 X 40 pum, and imaging conditions of C and D are identical (Hg-lamp
excitation through a 640-to 660-nm bandpass filter at ~5W/cm? and detected
with identical settings on an Andor iXon CCD).

cients (3.2 X 10° M~lcm™! for the IR-emitting Ci,—-Ag,, 2.5 X
10° M~ tem~! for Cy5.29) roughly offset, the increased bright-
ness of IR-emitting C;,~Ag, under weak excitation (=5 W/cm?
incident intensity) likely arises from significant differences in
blinking dynamics. Although the photophysics and blinking of
Cy5 fluorophores are well known (30, 31) and can be minimized
(32) or used to one’s advantage (31, 33), like all organic dyes, O,
sensitivity, moderate photobleaching quantum yields (=107°),
and intensity-dependent blinking time scales that obscure true
dynamics of the system under study all seriously limit application
in single-molecule studies. Excited at 647 nm under ambient
conditions, single-nanocluster emission rates increase sublin-
early with excitation intensity (Fig. 24), presumably because of
intersystem crossing (ISC) dynamics. Unlike organic fluoro-
phores, Ag nanoclusters show essentially no blinking on exper-
imentally relevant time scales (0.1 to >1,000 ms), while exhib-
iting excellent photostability. At lower excitation intensities (~1
kW/cm?), 10 keps is readily detected for many minutes to hours.
Fig. 2B shows an example of a typical single molecule excited
with 633-nm continuous wave (CW) excitation (1.5 kW/cm?),
which had an average detected fluorescence intensity of ~25,000
counts per s for 1,250 s after which the molecule bleached or
transitioned into a long-lived off state. Although devoid of
intensity fluctuations on normal experimental/binning time
scales, autocorrelation traces of both immobilized molecules
(Fig. 2C and Table 1) and those free in solution as measured by
FCS (Table 1) show fast intensity fluctuations on the tens of

Vosch et al.

1000000 -
w ] -
= 100000 o o e—
~ 3 "
£ E —
~ 10000 4 s
o E -
! I
10004
ML | T LR | ML |
100 1000 10000

Excitation Intensity (W/cm®)

B 50000
@ 40000
£ 30000-_wﬂ&‘mﬂq}V
S 20000 - 4
L 10000

0 —
0 250 500 750 1000 1250
Time (s)

C= ¢
el
(9]

N

® 34

£ ]

o

< 24

o 11

2 %
14
1E-6 1E-5 1E-4

Time (s)

DA 10000 ' 140
g 'WMWM‘ o P" " 120
S 1000 L 100
z 80 O
c 60 O
= 100 112 3 60
g 40
= 20

10 +———r1T 17— 0
0 10 20 30 40 50 60 485E-6 4.9E-6 4.95E-6
Time (s)

E 20000
@
£ 15000
o
o
= 10000
£ 5000
o
=]

[T 0I'I'I'I'I'I'I'I'I'I'I'I'I
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s)

Fig.2. High emission rates and intensity-dependent photphysics of C1-Agn.
(A) Fluorescence intensity versus excitation intensity curves for 647-nm (red)
and 633-nm excitation (black). The connected scatter points correspond to the
average fluorescence intensity, while the unconnected scatter points corre-
spond to the burst fluorescence intensity level in the on period. The latter are
only presented for the three highest fluorescence intensities. (B) Fluorescence
intensity trajectory of a single IR-emitting C12-Agn molecule excited at 633-nm
CW excitation and an excitation intensity of 1,500 W/cm?2. (C) Autocorrelation
traces of the three brightest intensity levels from D. The numbers from 1 to 3
correspond to the levels indicated in D. The autocorrelation curves were
constructed by using bin times of 100 ns, and curves 2 and 3 are vertically offset
by 0.5 and 1.0, respectively for clarity. (D) Fluorescence intensity trajectory of
asingle molecule excited with CW 647 nm as incident intensity is changed from
67 to 230, 670, 3,000, 7,200, and 23,000 W/cm?2. Vertical lines demarcate
intensity changes. The right section shows the zero-delay portion [one chan-
nel is artificially delayed by ~4.9 us with a DG-535 delay generator (Stanford
Research, Sunnyvale, CA) to avoid detection dead times] of the photon arrival
cross-correlation (CC) of amolecule excited with 23,000 W/cm?2 using a bin time
of 1 ns. This region shows the antibunching feature of the fluorescence from
the excited state. (E) Fluorescence intensity trajectory of a single IR-emitting
Cy2-Agn molecule excited at 647 nm using an excitation intensity of 23,000
W/cm?2.,
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Table 1. Experimental and extracted photophysical parameters from the IR-emitting C12— Agn emitters

Aexcr Excitation intensity, Ta Average intensity, Burst intensity, Toffs Tons kisc, bisc,
nm W/cm?2 s counts/s counts/s us us 10851 103
647 6.72E+01 2,600

647 2.28E+02 7,700

647 6.72E+02 17,500

647 1.13E+03 1.7 31,400 57,300 200:8 29016 3.20:12.8 8.40:7.5
647 3.04E+03 9.4 33,000 73,300 18035 200:11 3.30:1.7 8.70:4.4
647 7.22E+03 3.5 67,200 261,300 100:3.5 5.30:2.6 4.00:1.9 9.70:5.3
647 2.28E+04 1.9 128,100 596,200 5.50:1.9 2.90:1.7 3.80:2.1 9.30:5.6
647 2.81E+03 4.9%

633 4.81E+01 1,000

633 1.28E+02 2,800

633 3.73E4+02 7,900

633 1.47E+03 20.9 20,400 34,600 290:13 730223 2.90:3 7.90:7.9
633 4.03E+03 14.8 36,000 78,000 22077 47010 270:24 7.70:6.8
633 1.34E+04 8.9 60,500 173,700 1405 2604 3.70:4.2 110:12

*Measured by FCS.

microseconds scale resulting from excited-state transitions into
a dark state. Assuming a three-level system with fluctuations
arising from ISC, the correlation decay time is a combination of
on and off times (Egs. 1 and 2), corresponding to the dark-state
formation quantum yield and dark-state lifetime, respectively
(34, 35). Further suggesting ISC dynamics, the correlation time
decreases with increasing excitation intensity (Fig. 2 C and D).
As the correlation decay is given by Eqgs. 1 and 2, this often-
observed correlation time shortening with excitation intensity
typically arises from a shortened “on” time (i.e., increased rate
of ISC), while not changing 7. Expected to lengthen the off
time, oxygen exclusion (107° torr) did not alter the correlation
decay at any intensity level (data not shown). This fast decay
component therefore likely arises from a heavy atom effect of
silver that enhances the rates both into and out of a spin
forbidden state, such that the dark-state lifetime is faster than
quenching by oxygen, yielding the observed oxygen insensitivity,
fast dark-state decay, and extreme photostability. As molecules
detected by FCS sample vastly different intensities as they
traverse different regions of the excitation volume, comparisons
of intensity-dependent photophysical parameters with those of
immobilized species are somewhat inappropriate. The similar
correlation decays to those of immobilized molecules (Table 1),
however, indicates that aqueous and immobilized molecule
photophysics are very similar, even with the increased range of
motion available in solution. Consequently, long time photo-
physics and parameters are extracted only from immobilized
species, with the understanding that these appear similar to those
free in solution.

With increased excitation intensity, emission rates continue to
increase to levels normally unattainable with current organic
fluorophores and without bleaching. These higher excitation
intensities yield upwards of 200,000 cps (detected; Fig. 2 D and
E), but at the expense of blinking with long on and off times that
are easily discriminated by a single threshold (Fig. 2E). The
number of events is currently too low to determine consensus
time scales. Currently thought to be a multiphoton process based
on higher power-pulsed data, more extensive intensity-
dependent long-time blinking dynamics need to be examined in
future studies. With CW excitation, the long off times are quite
rare and only appear at the very highest excitation intensities,
further suggesting multiphoton origins. Although emission rates
and photostabilities are more reminiscent of much larger semi-
conductor quantum dots than of organic fluorophores, the single
exponential blinking dynamics only on very fast time scales
demonstrates that these are molecular species that should im-
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prove on the problematic power-law blinking of quantum dots
(10-12) for single-molecule tracking studies.

Modeling observed photophysics by a three-level system at all
intensity levels one can directly extract 7o, and 7o¢, and, conse-
quently, the ISC rate constant, ki, from fitting the correlation
function [C(¢), with correlation time 7] coupled with indepen-
dently measured relevant experimental and molecular photo-
physical parameters (Eqs. 1-4) (34).

C(t)y=A+ Be "™ [1]
Ure=1/Ton + 1/7og [2]
Ton! Totr = A/B [31

kise = dpidest/ (TriTonl on)- [4]

In these equations, @y is the fluorescence quantum yield (0.17),
@ is the experimental detection efficiency (0.05),  is the
fluorescence lifetime, 7o, and 7. are the on and off times, and
I,y is the intensity/bin while in the on state.

Extracted intensity-dependent molecular photophysical pa-
rameters were similar for both 647-nm and 633-nm CW excita-
tion (Table 1). Interestingly, the shortened correlation decay at
high excitation intensities results from not only the expected
decreased on time (i.e., more cycles through the emissive state
per second), but also a decreased off time. Both excitation
wavelengths at high enough incident intensity shorten the dark-
state lifetime, thereby enabling more photons per second to be
obtained from individual molecules. Intrinsic dark-state life-
times are ~30 us, but decrease to <10 us for the highest
excitation intensities, significantly increasing the duty cycle
(rate) of emission. In other words, instead of having to wait for
some long time for the dark state to decay, dark-state absorption
and back ISC significantly shortens the off time, yielding many
more excitation cycles per second to be achieved.

The value of 7., naturally decreases with increasing excitation
intensity, yielding an average kis of 3.3 X 107 s~L. This relatively
high ISC rate indicates a dark-state quantum yield of ~0.9% and
causes the on time for the highest intensity level to be compa-
rable to or shorter than the off time, thereby demonstrating the
importance of shortening the dark-state lifetime with increasing
intensity to yield bright emission. Consequently, the actual
fluorescence intensity while in the on state is significantly higher
than the value one obtains from binning the data in long intervals
(e.g., 0.1 or 1 s). This instantaneous fluorescence intensity is
represented in Table 1 as “burst” intensity, and the average
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Fig.3. Short-lived dark state directly observed through protein bunching. (A) Fluorescence intensity trajectory of a single IR-emitting C1,-Ag, molecule in 10-us

time bins. (B) Autocorrelation of the data depicted in A. (C) PAID histogram of the data depicted in A. (D) Simulation of fluorescence intensity trajectory of a
single molecule, using the same photophysical parameters as obtained from fitted data of the molecule depicted in A, binned in 10 us. (E) Autocorrelation of
the data depicted in D. (F) PAID histogram of the data depicted in D. Triplet modulation of the singlet emission can only be seen upon spreading correlations
along an axis giving the numbers of photons between each correlated pair, which uniquely enables bunching to be observed with asingle detector at much longer

times. Experimental and simulated emission traces show nearly identical features.

intensity is reported as the fluorescence intensity in 0.1-s inter-
vals. Fig. 24 shows the evolution of the fluorescence intensity
versus excitation intensity on a log/log scale. In Fig. 24 the red
connected curve corresponds to 647-nm excitation, and the black
connected curve corresponds to 633-nm excitation. This average
emission becomes sublinear at high excitation intensities and
tends toward saturation. The black and red scatter points that are
not connected to the curves in Fig. 24 show the burst intensities,
which increasingly deviate from the average intensities as exci-
tation intensity increases, further indicating that the dark state
limits the overall emission rate. The detected fluorescence from
633-nm excitation is roughly half that of the value excited at 647
nm at the same excitation intensity, reflecting the relative molar
extinctions at 633 and 647 nm (Fig. 1B).

To demonstrate the remarkable photostability, Fig. 2E shows
a typical single nanocluster excited at 647 nm (23 kW/cm?), that
during this 650-s trace enabled >10% photons to be collected
before it transitioned to a long-lived off state. Assuming 5%
detection efficiency, this trajectory corresponds to >2 X 10°
emitted photons and >10'0 excitation cycles. If one uses exci-
tation intensities near 1 kW/cm?, intensity traces are readily
recorded for several hours with virtually no long-term blinking.
At high excitation intensities, we observe occasional transitions
into usually recoverable long-lived dark states, but because of the
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length of these off periods, it is difficult to say whether or not we
observe photobleaching. At low excitation intensities, typically,
the only intensity fluctuations on time scales >100 us result from
mechanical instability and refocusing.

Although blinking is generally accepted evidence of single
quantum system observation, the apparent lack of intensity
fluctuations at low excitation intensity and achievable extremely
high emission rates seemingly contradict our assertion that these
are single molecules. Consequently, using two detectors in a
Hanbury Brown-Twiss setup (17, 36) and introducing a delay
between the two avalanche photodiode channels of 4.9 us, we
time-stamped the arrival times of all photons detected in both
channels and performed a cross-correlation, which shows excel-
lent antibunched emission from the IR-emitting C;,—Ag, species
at all observed emission rates (Fig. 2D Right). CW antibunching
requires extreme photostability and high emission rates, further
indicating the promise of these materials and providing the only
conclusive proof of single-molecule emission.

Amazingly, the high ISC quantum yield and intensity-dependent
dark-state lifetime also offer the unique opportunity to observe
bunched emission from the emissive level due to the dark-state
dynamics. Like emission from individual ions (37), single-molecule
emission is bunched and antibunched on multiple characteristic
time scales (35). Individual fluorescence photons are, of course,
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antibunched at times corresponding to the inverse radiative rate,
resulting in the near-zero probability of two photons being detected
simultaneously within the single molecule’s emissive lifetime (e.g.,
Fig. 2D). Photons also appear bunched together, however, for on
times that are characteristic of the inverse ISC rate, leading to dark
or off levels. The duration of the off states are then characteristic
of the dark-state lifetime (34). Consequently, if the dark-state yield
is sufficiently large and the on and off times sufficiently short,
bunching of fluorescence photons due to ISC dynamics should be
observable at longer times, such that a fluorescence photon should
not be observable while the molecule is in its dark-state level. In
other words, the dark state should modulate the emission by
preventing photons from being emitted while in this level. Such
bunching would appear at much longer times and should be
observable with a single detector, but the bunching feature would
need to be observed on a relatively high background of photons
from the emissive state. Recently, photon arrival-time interval
distributions (PAIDs) (38) have been used to stretch correlations in
two dimensions with the correlation time between photon pairs
being along one axis and the number of photons between a given
pair plotted along the other. Collapsing all data to the former axis
gives the standard correlation function, whereas collapsing all data
to the latter gives photon count histograms (39). For our single
nanocluster emission and simulated molecules with identical pho-
tophysical parameters, taking time differences between all photon
pairs and noting the number of photons detected between each pair
directly enables construction of these PAID histograms (Fig. 3).
While the autocorrelations (Fig. 3B) show no dip at ~8 us, the
PAID histogram clearly shows a dip in this region that corresponds
to the intensity anticorrelation resulting from dark-state shelving.
The autocorrelation of simulated data gives very similar autocor-
relation curves and PAID histograms as the actual data, with the
observable dip at ~8 us when the photons are spread out in two
dimensions as with the experimental data. These anticorrelations
cannot be readily observed in the standard autocorrelation curves
because of the low contrast relative to emitted photons. Time-
tagged photon arrival times were simulated as a three-level system
with photophysical parameters as obtained from the actual exper-
imental data. Single molecules are modeled as Poisson emitters of
a given emission intensity but modified by finite emissive-level and
dark-state lifetimes, such that no emission can occur within the
exponentially distributed lifetimes of these states. A time base of 1
ns was used, creating a digital trace mimicking the experimental
data such that the average number of photons per bin is well below
1 for every intensity level. In this way we simulated time-tagged
photon arrival data streams and analyzed them with the same
software used for analyzing the experimental data. Therefore, the
unique photophysics of these stable oligonucleotide-encapsulated
fluorophores enable direct single-molecule evidence by observing
the bunching feature at times exceeding detection dead times. The
fact that on levels are only detected with ~5% (detection effi-
ciency), but off levels are detected with near perfect fidelity, makes
PAID analysis ideal for verifying single-molecule biomolecular
observation.

Conclusions

ssDNA-encapsulated Ag nanoclusters yield highly stable and bright
fluorescence in the near IR. The very high emission rates without
blinking on experimentally relevant time scales (0.1 to >1,000 ms)
and the excellent photostability enable shorter and longer time
dynamics of individual molecules to be followed than possible with
any other fluorophores. The unique photophysics not only confer

1. Schmidt T, Kubitscheck U, Rohler D, Nienhaus U (2002) Single Mol 3:327.
2. Vosch T, Cotlet M, Hofkens J, Van der Biest K, Lor M, Weston K, Tinnefeld

P, Sauer M, Latterini L, Mullen K, et al. (2003) J Phys Chem A 107:6920-6931.
3. Eggeling C, Widengren J, Rigler R, Seidel CAM (1998) Anal Chem 70:2651-2659.
4. Lill Y, Hecht B (2004) Appl Phys Lett 84:1165-1167.
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outstanding optical properties in aqueous solution, but also enable
a single-molecule-specific bunching feature to be observed at long
times due to ISC modulation of fluorescence. These few-atom Ag
species offer great potential in pushing in vitro, and possibly in vivo,
single-molecule studies to much faster and also much longer time
scales than currently possible.

Methods

Steady-state absorption and fluorescence spectra of the Ci—-Ag,
complex in deionized water were recorded on a UV-2401 PC
spectrophotometer (Shimadzu, Kyoto, Japan) and a PTI flu-
orometer (Photon Technology International, Lawrenceville,
NJ), respectively. FCS was performed with a X60, 1.2 N.A. water
immersion objective to focus laser excitation light into solution.
Fluorescence collected by this objective as molecules diffused
through the diffraction-limited volume was focused on a 100-um
multimode fiber and routed to one or two avalanche photo-
diodes. Serial dilutions from initial solutions for which absor-
bance at 650 nm was measured enabled determination of molar
absorptivities through FCS-based counting of emitters in the
calibrated detection focal volume (40). Time-stamped arrival
times enabled correlation functions to be calculated for times
less than the diffusive transit time through the detection volume,
similar to that described below for immobilized molecules.
Immobilized single-molecule experiments were performed by
diluting 1 ul of a buffered (borate buffer, pH 9) DNA-
encapsulated silver cluster solution in 999 ul of saturated
aqueous poly(vinyl alcohol) (5 mg/ml, 98% hydrolyzed, 16,000
MW; Acros Organics, Geel, Belgium) solution and spun-coat on
a cleaned glass coverslip at 1,500 rpm for 1 min. (P-6000 Spin
Coater model P6204; Special Coating Systems, Indianapolis, IN).
Coverslips were cleaned by sequential sonication in acetone, 1 M
NaOH, and milliQ water (18 MQ), each for 15 min. The
coverslips were then rinsed with milliQ water, dried with com-
pressed Ny, and put in a UV ozone photo reactor (PR-100; Ultra
Violet Products, San Gabriel, CA) for 2 h. For molecule
visualization and positioning, a CCD camera (Ixon; Andor,
South Windsor, CT) and a scanning stage (MS2000; Applied
Scientific Instruments, Eugene, OR) were used. Fluorescence
data from the single C;>—Ag, molecules was collected through a
X100, 1.4 N.A. oil immersion objective on an IX70 inverted
microscope (Olympus, Melville, NY) with appropriate emission
filters and routed to one or two avalanche photodiodes (SPAQ;
PerkinElmer, Wellesley, MA) with appropriate delays and ar-
rival times recorded with a SPC630 card (Becker-Hickl, Berlin,
Germay). A CW 647-nm laser (air-cooled mixed gas laser;
Melles Griot, Irvine, CA) and a CW 633-nm laser (HeNe laser;
Melles Griot) were used for excitation. To get CW antibunching
data, the macro and micro times of each photon detection event
were properly combined to create an absolute time. For this we
expanded on the approach by Weston et al. (41) to use the macro
timer as a poor stopwatch to determine the number of sync cycles
that have passed between two photon detection events and
replaced this value with the more precise value of a multiple of
the measured sync period. From this value we subtract the micro
time to get the absolute photon detection time.
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