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Probing Single Molecule Dynamics
X. Sunney Xie* and Robert C. Dunn
The room temperature dynamics of single sulforhodamine 101 molecules dispersed on a
glass surface are investigated on two different time scales with near-field optics. On the
1 o-2_ to 1 02-second time scale, intensity fluctuations in the emission from single molecules
are examined with polarization measurements, providing insight into their spectroscopic
properties. On the nanosecond time scale, the fluorescence lifetimes of single molecules
are measured, and their excited-state energy transfer to the aluminum coating of the
near-field probe is characterized. A movie of the time-resolved emission demonstrates the
feasibility of fluorescence lifetime imaging with single molecule sensitivity, picosecond
temporal resolution, and a spatial resolving power beyond the diffraction limit.

Single molecule detection has recently
been achieved at cryogenic temperatures
(1, 2), in liquids with flow cytometry (3),
in aerosol particles (4) and electrophoresis
gels (5), and at interfaces with near-field
optics (6-9). These results offer exciting
possibilities in many fields, including analytical chemistry, materials research, and
the biological sciences. In particular, nearfield microscopy (10) permits the fluorescence imaging of single chromophores in
ambient environments with nanometer spatial resolution (6-9). Moreover, Betzig and
Chichester have recently shown that this
technique can not only locate the single
chromophores but also determine their orientations (6). Time-resolved spectroscopy
combined with near-field optics (11, 12)
will allow one to probe dynamical processes
such as molecular motions and chemical
reactions on a single molecule basis.
In near-field microscopy, sub-diffraction-limited spatial resolution is achieved
by bringing a subwavelength spot of light
close to a sample such that the resolution is
only limited by the size of the spot. Single
molecule sensitivity results from the high
photon flux delivered by the tapered single
mode fiber probe (13), efficient background
rejection resulting from the small illumination area, and possibly, excitation by strong
evanescent wave components near the tip
Pacific Northwest Laboratory, Molecular Science Research Center, P.O. Box 999, Richland, WA 99352,
USA.
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end (14). The sides of the tapered near-field
probe are coated with about 90 nm of
aluminum to prevent light leakage, with an
aperture of about 100 nm capable of delivering 1010 photons per second. A feedback
mechanism based on shear force, similar to
that previously reported (15, 16), is implemented to regulate the tip-sample gap with
a vertical resolution of better than 1 nm.
The total emission is collected from beneath a transparent sample by a detection
80
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Fig. 1. Near-field fluorescence image of sulforhodamine 101 molecules dispersed on a
glass surface. The bright features in the 4 gm
by 4 pum (256 pixels by 256 pixels, 8-ms
averaging time per pixel) image result from
emission from single molecules. Linearly polarized excitation light aligned with the x axis
was used. The FWHM of the sub-diffractionlimited features are 125 nm, which corresponds to the aperture diameter of the tip
used in the imaging.
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We attribute the observed behavior to
spectral diffusion of the molecules. Single
molecule spectral diffusion has been observed in excitation spectra taken at liquid
helium temperature (23). Recently, changes of single molecule emission spectra with
time have been seen on polymethylmethacrylate films at room temperature
with near-field optics (8). The fluctuations
in the emission intensity observed in the
present study may result from variations in
the absorption cross section at the excitation wavelength, caused by changes in the
single molecule absorption spectrum. The
spectral diffusion can result from thermal
fluctuations of the molecule and its environment or from a photoinduced molecular process (for example, conformational
changes or perturbations induced by excess
energy released in nonradiative relaxation).
Although a detailed study is needed to
address these issues and their implications
to the spectral lineshape, these observations reveal molecular-level dynamics that
are present in absorption and fluorescence
measurements but are otherwise hidden in
experiments conducted on large ensembles
of molecules.
To investigate the picosecond dynamics
of a single molecule, we coupled a 10-MHz
train of ultrashort light pulses (5-ps
FWHM, 594 nm, bandwidth < 1 nm,
300-,uW average power) from a cavitydumped, synchronously pumped dye laser
(Coherent 702) to the near-field probe. We
have recently demonstrated fluorescent lifetime measurements using time-correlated
photon counting coupled with near-field
optics by studying the fluorescence lifetime
of intact photosynthetic membranes (11).
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Fig. 3. Time-resolved fluorescence decay of a
single sulforhodamine 101 molecule on a glass
surface, taken by placing the near-field probe
directly above the molecule. The decay is fit
(solid line) with a single exponential convoluted
with (inset) the instrument response function
(FWHM, 250 ps). The weighted residuals are
shown above (chi square = 1.2). The measured
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lifetime is 2.0 ± 0.25 ns.
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system designed to maximize the collection gle molecule dynamics are observed in the
efficiency and background rejection, which emission signal until it finally drops to the
are necessary for single molecule sensitivity background level as the molecule is photo(17, 18). The sample is raster scanned with bleached. One possible mechanism for the
a closed-loop xy scanner (Queensgate) con- jumps involves molecular reorientation on
taining capacitance-based sensors (posi- the surface (7).
To investigate this phenomena, we modtioning accuracy of better than 1 nm),
which avoids complications associated with ulated the polarization of the excitation light
piezo hysteresis. This feature allows us to between the x and y directions with a Pockquickly and accurately position the tip els' cell (Fig. 2B). Throughout the course of
the experiment, a constant signal close to
above a molecule.
Figure 1 shows a 4 gim by 4 jim near- the background level was observed for the
field emission image of sulforhodamine 101 y-polarized excitation. For x-polarized excimolecules dispersed on a glass cover slip. tation, however, there were sudden fluctuaThe bright, sub-diffraction-limited spots tions in the emission signal, clearly beyond
observed are attributable to emission from the noise level, similar to those observed in
single molecules and exhibit a full width at Fig. 2A. This observation rules out the
half maximum (FWHM) of 125 nm, limit- possibility of molecular reorientation as the
ed by the aperture size of the particular origin of the abrupt emission jumps.
near-field probe used. The sudden and permanent disappearance of some of these
features in subsequent images as a result of A 700
irreversible photochemical reactions is in600dicative of single molecules.
*,500The excitation polarization used in col- E 400lecting Fig. 1 was linearly polarized along
200the x (horizontal) axis with an extinction
100ratio of 80:1 when viewed in the far field.
25
15
20
30
10
0
5
The electric field distribution in the near
lime
(s)
in
a
confield of a subwavelength aperture
B
ducting screen has been calculated (20, 2 1)
800-,, ,
and qualitatively confirmed experimentally
(6). Accordingly, the electric field compo42°{it00h
nent along the y direction should be signifc On
icantly smaller than that along the x direction in our experimental arrangement.
50
40
30
20
10
0
There is, however, a strong electric field
Time (s)
component along the z direction at the
C
edges of the near-field aperture. For mole594 nm
cules with transition dipoles projected into
a,
the z direction, a crescent-shaped pattern
SOH
(for linearly polarized excitation) or a
-g
doughnut pattern (in the case of depolarized light) should be expected in the near500
5O 54o 5o60 580 6Q0
field image (6). Those shapes are not obWavelength (nm)
served in Fig. 1, and we can therefore
as a function of time
Emission
counts
2.
(A)
Fig.
ditransition
conclude that the molecular
poles are parallel to the glass surface. This is (0.2-s bins) collected by centering the nearsingle molecule.
intuitively consistent with the planar struc- field probe directly above a before
the photoobserved
are
Sudden
jumps
101
inset)
2C,
(Fig.
ture of sulforhodamine
With
molecule.
the
tip
of
(B)
bleaching
and in agreement with previous bulk mea- positioned above another molecule, the the
excitasurements on the same system (22). The tion polarization was modulated (0.25 Hz) beellipticity of the features in Fig. 1 results tween x and y polarizations with a Pockels' cell.
from the polarized excitation (6), and the The transition dipole of this molecule is oriented
intensity variation between the molecules is along the x direction, resulting in a large modattributable to the random orientation of ulation. A constant signal close to the backthe molecular dipoles on the surface plane ground level is observed for the y-polarized
excitation, and there are sudden fluctuations in
or differences in their absorption spectra.
signal derived from x-polarized
Successive scans of the same area re- the emission
indicates that molecular reoriThis
excitation.
sudthe
and
even
vealed intensity changes
is
not the cause of the sudden jumps in
entation
den appearance of bright new features, sim- emission observed in (A). (C) Excitation specilar to observations made in a related system trum of 200 nM solution of sulforhodamine 101
(7). To understand this behavior, we posi- in methanol. For (A) and (B), the molecules
tioned the tip above a molecule and record- were excited at 594 nm, and the total emission
ed the emission counts as a function of time was detected. (Inset) The molecular structure
(Fig. 2A). Sudden jumps indicative of sin- of sulforhodamine 101.
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Fig. 4. Time-resolved near-field fluorescence
images (1.5 gum by 1.5 ,um) of single sulforhodamine 101 dye molecules dispersed on a
glass surface at time delays of (A) 0 ns, (B) 1.5
ns, (C) 3.0 ns, and (D) 4.5 ns after excitation
with picosecond light pulses. These four images were extracted from a movie of 64 frames (2

pgm by 2 gm) spanning a total of 6.6 ns. This
movie, collected in 20 min, contains a vast
amount (2 megabytes in binary form) of spatial
and temporal information demonstrating the
feasibility of lifetime imaging with single molecule sensitivity, picosecond time resolution,
and a spatial resolving power beyond the diffraction limit.

for the shorter lifetime measured is discussed below.
Fluorescence lifetime measurements on
single fluorophores have been demonstrated
at cryogenic temperatures (24) and at ambient temperatures in flow cytometry experiments (25). The near-field experiment reported here combines this high temporal
resolution with high spatial resolution,
which is particularly desirable for many
biological applications. The fluorescence
lifetime measures an intrinsic property of
the molecular species and its particular
environment, such as pH, the presence of
quenchers, or binding to a protein or DNA.
In recent years, fluorescence lifetime imaging with the use of confocal microscopy has
undergone rapid advancements (26, 27).
Below we demonstrate the feasibility of
picosecond lifetime imaging with sub-diffraction-limit spatial resolution and single
molecule sensitivity for two-dimensional
samples.
For near-field fluorescence lifetime imaging, a three-dimensional histogram of emission counts (x,y,t) is collected as the sample is
scanned (line scan rate of 0.5 Hz). A large,
fast memory is configured such that 64 images
(128 pixels by 128 pixels) are simultaneously
accumulated, each corresponding to a different time delay between the excitation pulse
and the emission photon. With this scheme,
a movie spanning 6.6 ns was collected of the
fluorescence decays of single sulforhodamine
101 molecules dispersed on a glass surface
(Fig. 4).
The large amount of data contained in
the movie enables us to characterize the
quenching of the fluorescence by the aluminum coating of the near-field probe. This
has been an unsolved technical issue in the
development of near-field fluorescence microscopy. Not surprisingly, the fluorescence
decays are dependent on the relative position between the tip and the molecules.
Plots of the fluorescence lifetimes as a function of position across a molecule in the x
direction (Fig. 5) show that when the tip is
centered above the single molecule, the
fluorescence lifetime is the longest (2.0 ns).
As the tip is moved off center, excited-state
energy transfer from the molecule to the
aluminum coating substantially reduces the
lifetime and, therefore, the fluorescence
quantum yield. Similar behavior is seen in
the y direction.
The radiative and nonradiative dynamics of molecules in front of mirrored surfaces
have been extensively studied (28-31 ) .
When the fluorophore-mirror distance is on
the order of the emission wavelength, the
radiative rate oscillates with distance as a
result of the interference of the emitted and
reflected wave. When the distance is less
than 10 nm, nonradiative energy transfer to
the metal occurs with a strong distance
SCIENCE

*

VOL. 265 * 15 JULY 1994

dependence [d-3 or d-4, depending on the
mechanism (30)1. In a recent experiment
with a submonolayer of Rhodamine 6G in
front of an aluminum mirror, both spectral
changes (2-nm gap) and substantially shortened fluorescence lifetimes (<6-nm gap)
were observed (31). Fortunately, the tipsample gap (>5 nm) in the near-field experiments and the specific geometry of the
aluminum coating (Fig. 5) results in a
weaker molecule-metal interaction. It is
encouraging that our results indicate that
the nonradiative energy transfer can be
minimized when the tip is centered above
the molecule. Further studies are under way
to determine the tip-sample gap dependence in lifetime and the relative contributions of nonradiative and radiative rates.
Fluorescence quenching should also be dependent on the orientation of the transition
dipole with respect to the metal surface
(28). The single molecule measurements
shown above were performed on molecules
with transition dipoles oriented parallel to
the glass surface. The effect of spectral
diffusion on the measured lifetime has not
been evaluated.
From a practical point of view, quenching by the aluminum coating around the
aperture actually enhances the spatial resolution in near-field fluorescence imaging.
On the other hand, in order to avoid the
complications of quenching on lifetime
measurements, it is important to center the
tip above the molecule. However, for subnanosecond dynamical processes, the fluorescence lifetimes should not be affected.
Downloaded from www.sciencemag.org on June 17, 2012

The single molecule fluorescence decay
(Fig. 3) was measured by placing the
center of the fiber tip 7 nm above one of
the sulforhodamine 101 molecules in Fig.
1. The data were fit (solid line) with a
single exponential decay of 2.0 ns convoluted with the instrumental response function (Fig. 3, inset). This lifetime is compared with that previously reported (2.7
ns) for a submonolayer coverage of sulforhodamine 101 molecules absorbed on
borosilicate glass surfaces (22). The reason
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Fig. 5. Plot of the lifetime (open circles) and
intensity (dots) (FWHM, 125 nm) as a function
of x distance across the emission feature of a
single molecule, extracted from the movie
shown in Fig. 4. Above is a schematic of the
near-field probe with its dimensions drawn on
scale with the plot below. There is a substantial
decrease in the fluorescence lifetime of the
molecule near the sides of the fiber tip because
of the quenching by the aluminum coating.
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For longer processes and fluorescent objects
comparable to or bigger than the tip,
quenching can be further avoided by conducting measurements under liquid, where
the frictional forces associated with the
shear-force feedback mechanism allow for
larger tip-sample separations (9). The fact
that time-resolved fluorescence measurements on single chromophores can be performed in a nonpurtabative manner opens
the way toward the study of chemical reactions on a single-molecule basis. Detailed
studies of dynamical processes-such as
photoinduced electron transfer, proton
transfer, isomerization, or protein conformational changes-in specific local environments with known molecular orientations are now experimentally feasible.
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Alterations of Single Molecule Fluorescence
Lifetimes in Near-Field Optical Microscopy
W. Patrick Ambrose,* Peter M. Goodwin, John C. Martin,
Richard A. Keller
Fluorescence lifetimes of single Rhodamine 6G molecules on silica surfaces were measured with pulsed laser excitation, time-correlated single photon counting, and near-field
scanning optical microscopy (NSOM). The fluorescence lifetime varies with the position of
a molecule relative to a near-field probe. Qualitative features of lifetime decreases are
consistent with molecular excited state quenching effects near metal surfaces. The technique of NSOM provides a means of altering the environment of a single fluorescent
molecule and its decay kinetics in a repeatable fashion.

Experiments

on single molecules reveal
details of molecular environments that are
indiscernible in bulk measurements. Optical single molecule detection has been reported in liquids (1-6), in solids (7-11),
and on surfaces (12-16), where single molecules are used as probes of individual local
environments and as indicators of unimolecular events. The technique used to detect single molecules on surfaces under ambient conditions, NSOM, is a scanned
probe microscopy that uses a subwavelength
optical aperture to illuminate a subdiffraction limited area on a surface (17). In
NSOM, small areas are illuminated with
high irradiance and low power. Single molecule sensitivity is attained because the
background scattered light, which is a fixed
W. P. Ambrose, P. M. Goodwin, R. A. Keller, Chemical
Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA.
J. C. Martin, Life Sciences Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA.
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fraction of the excitation power, is accordingly low. Single fluorescent molecules
were used to probe the optical electric field
distribution around a near-field aperture
with a diameter of -50 nm (12). Photobleaching of individual molecules was observed directly as an abrupt cessation of
fluorescence under irradiation from a nearfield source (13).
We demonstrate the use of pulsed excitation and time-correlated single photon
counting (TCSPC) to resolve temporally
the fluorescence from individual Rhodamine 6G (R6G) molecules on silica located
< 10 nm from an NSOM probe. In TCSPC,
the elapsed time between an excitation
pulse and a detected photon is measured. A
histogram of the elapsed times provides a
fluorescence decay curve, from which the
fluorescence lifetime (T) is extracted. As a
single R6G molecule is moved near an
NSOM probe, r varies repeatably with position under the probe. Qualitative features
of some alterations in r are consistent with

