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Single molecule spectroscopy can uncover fluctuation averaged out in ensemble measurements. In addition, single molecule spectroscopy naturally implies ultra-sensitive measurements, which should play important role in future proteomics and genomic research. Fluorescence method is the most commonly used single
molecule detection. In this paper, we will use single conjugated polymer fluorescence spectroscopy to illustrate the power of this technique.

INTRODUCTION
Single molecule detection is an emerging field that is
not only important from a purely scientific point of view but
also in light of its significant technological impact.1 The main
advantage of single molecule experiments is the ability to observe phenomena otherwise obscured in ensemble measurements, such as the dis tri bu tion of spec tral po si tions and
shapes, and discrete fluctuations in intensity. While most theoretical models are designed to describe the behavior of a single molecule, in most spectroscopic experiments, the average
behavior of a huge number of molecules are observed. Comparison between experiment and theory is made by ensemble
av er ag ing of the the o ret i cal pre dic tions. With single molecule detection, it is possible not only to directly compare experiment with theory, but also to check the statistical assumptions used in the ensemble of molecules. In short, this technique provides a method to seek the relationship between the
statistical ensemble and the individual identity. For example,
how many molecules are needed to form an ensemble? Are
the tem po rally av er aged prop er ties of a sin gle mol e cule
equivalent to the statistical average of an ensemble of molecules? (Egoric Principle) It is important to note that reducing
time average is crucial for observing interesting single molecule fluctuation behavior. Long time averages of single molecule behavior are likely to obtain similar information as that
obtained by studying ensemble of molecules.
To observe the spectroscopic behavior of a single molecule, one generally would like to have the molecule in question relatively immobilized – i.e. in a condensed rather than
liquid or gaseous phase. This allows the same molecule to be
stud ied as long as it re mains ac tive. Thus, var ious spec tro-

scopic techniques can be applied to obtain far richer information than it is possible to obtain from molecules diffusing in
solution. W. E. Mourner performed the first experiments in
sin gle mol e cules in the con densed phase at liq uid He lium
tem per a ture. 2 The first room tem per a ture work was performed in 1993 at AT & T Bell Laboratories by Eric Betzig
and Rob ert Chichester. 3 They used the new tech nique of
near-field (scanning) optical microscopy (NOM or NSOM)
to ob serve the photoluminescence from a sin gle dye mol ecule. Soon af ter ward it was shown that (far field) con fo cal
mi cros copy is ad e quate – and far more con ve nient ex per imentally. 4 Since then single molecule microscopy and spectroscopy have attracted extensive attention. Novel phenomena have been observed in single molecule experiments8,9,10
such as the fact that the photoluminescence intensity of a single dye molecule exhibits blinking behavior11 at millisecond
time scale. Al though this has ten ta tively been as signed to
intersystem crossing (ISC) between singlet and triple states, a
complete understanding has not yet been provided. It should
be noted, however, that most single molecule studies concentrate on one of two systems: dye molecules or dye molecule
attached to large bio-molecules, such as proteins and DNA.
In order to interpret correctly the information gained in the
second class of experiments, considerable work is required to
un der stand the be hav ior of the dye mol e cules them selves.
Ensemble measurements remain essential for understanding
and interpreting single molecule results.

SINGLE MOLECULE TECHNIQUES
In con duct ing sin gle mol e cule spec tros copy and mi-
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croscopy, two main experimental challenges present themselves: sample preparation and fluorescence detection. In the
following paragraphs, we will look at both these challenges,
emphasizing the ways in which these challenges have been
met in our lab.
Sample Preparation
Methods for preparing dye molecules on a substrate for
single molecule experiments have been well documented 3,6
and basically involve sufficiently diluting the dye of interest
(to ensure that only one molecule is in the excitation volume
at one time) and spin-coating on a substrate that does not absorb light at the ex ci ta tion wave length (ie. fused sil ica).
Much less work has been published, however, concerning the
prep a ra tion of com plex macromolecules such as poly mers
and proteins. In our lab the primary focus has been on understanding energy transfer in, and photo-physics of, luminescent conjugated poly mers 13 – in particular PPV de rivatives
such as MEH-PPV and DOO-PPV. While on the one hand
studying their properties as thin films,14 considerable effort
has been made to study single polymers of DOO-PPV15,16,18
and MEH-PPV19 in the condensed state. As such, while the
following discussion of sample preparation has general application, we will concentrate specifically on the preparation of
thin films in which polymers are embedded.
In our experiments, pristine DOO-PPV was first fractionalized by taking advantage of the limited solubility of its
sym met ri cally sub sti tuted struc ture.17 The pow der dried to
prevent breakage of the chain. In this form the polymer can be
stored relatively indefinitely. Immediately prior to spin coating, the frac tion to be ex am ined was redissolved into a
“good” solvent, chloroform, to a final concentration of <10-4
M of monomer. In this case a “good” solvent has the meaning
of a solvent in which the polymer readily dissolves. As the
polymer is not very stable in chloroform, it is also important
to pre pare fresh so lu tions each time. Finally, it should be
noted that even trace im pu ri ties in the sol vent (es pe cially
chloroform) contribute to unwanted background photoluminescence. Thus only the high est pu rity sol vents were purchased and then purified further in the lab. The sample was
then further diluted (by factors of 103 to 106) in a polystyrene
(PS) ma trix (poly sty rene:chlo ro form:to lu ene = 10 mg:18
mL:4 mL). The recipe for the PS is for two reasons. Firstly,
toluene is included since chloroform is a solvent that is easily
va por ized. Thus, if one uses only chlo ro form, dur ing spin
coating the solvent vaporization will lower the substrate temperature, resulting in the condensation of water on the substrate (and the poly mer film) from the air. The re sult is a
foggy film. Adding some toluene helps to prevent this. How-
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ever, since toluene is not a “good” solvent for the DOO-PPV,
one can only use a limited amount of this toluene. It should be
noted that PMMA way also a good choice for the supporting
matrix. As oxygen is extremely efficient quencher of fluorescence, dry-N2 was bubbled through all solutions to purge dissolved ox y gen from the so lu tion. The so lu tion was then
spin-cast (15 s at 2000 rps followed by 10 s at 3000 rps) onto a
fused silica cover slip substrate (Esco Products). The resulting film thick ness is <100 nm con tain ing ~20 of the mol ecules of in ter est in a 100 m 2 re gion. 16 In sin gle mol e cule
work it is important to verify that one is looking at single mole cules and not ag gre gates. One sim ple check, that we preformed is to prepare a number of thin films at the same time,
varying the concentration of the polymer over a few orders of
magnitude and ensuring that the density (of spots when observed with the confocal microscope) changes linearly with
concentration. At this point further steps were taken to limit
exposure to ambient conditions. Immediately following spin
coating, some samples transferred to a nitrogen dry box and
placed in a specially prepared N2 cell before viewing.15 Other
sam ples were placed un der vac uum (10-5 Torr) for a few
hours to allow remaining oxygen to diffuse out of the film before a de pos it ing layer of Alu mi num to pre vent its reentry.18,19 Compared to unprotected films, both sealing methods allow for photoluminescence to be observed for considerably longer times (<1 sec without sealing, minutes in the case
of sealing in N2 cell, hours in the case of Al coating). Unfortunately, sealing with Al has the effect of reducing the overall
photoluminescence (per haps via an alu mi num-quenching
channel). Recently, we have had some success in overcoming
this problem by incorporating a thin buffer layer between the
film and the Al coating. The method of sample and substrate
preparation is summarized in Fig. 1.
Photoluminescence Detection
Having discussed the prob lem of sam ple prep aration,
we now turn our focus onto the detection of fluorescence. The
detection of a single molecule is difficult due to the extremely
weak optical signal from one molecule compared to the huge
back ground noise. Typically, a mol e cule will emit ~10000
photons/second with reasonable excitation power – to unambiguously identify and detect this small number of photons
provides a major scientific challenge.12 One is faced with the
twin problems of max imizing the collection of the pho tons
emitted by the molecule of interest and minimizing the collection of background light. (Electrical noise can be reduced
by us ing detec tors with low dark count rates.) Back ground
light is generated from Raman scattering, auto-fluorescence
of filters and the objective oil, scattered excitation light, as
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well as photons emitted from neighboring molecules within
the excitation volume. In order to minimize this noise component, one seeks to both reduce the generation of background
light (If we want to see the stars, we go to Nantou not downtown Tai pei!), and lower the col lec tion ef fi ciency for the
background light. Of course, we need to do this while at the
same time maximizing the collection efficiency for photons
emitted by the molecule of interest!
Nearfield Optical Technique
One of the key methods of reducing the generation of

Fig. 1. Preparation of sample and substrate for single
molecule spectroscopy. (A) Pristine DOO-PPV
is first fractionalized17 and dried. The fraction
to be used is then (B) dissolved in purified chloroform and (C) diluted into the polystyrene matrix, be fore be ing (D) dropped onto a cleaned
fused sil ica (0.5" square, 0.17 mm thick) sub strate and (E) spin-coated to form a (F) film
~100 nm thick, with ap prox i mately 20 sin gle
poly mers in a 100 mi crom e ter square re gion.
After a short time under low pressure, the sample is placed in a (G) nitrogen cell to protect the
film from ambient conditions. The substrate is
cleaned (a) first in chloroform (24 hours + ultrasound (US)), before being treated successively
by (b) ac e tone (1 hour), (c) chro mic acid (24
hours), and (d) KOH (2 hours with US) and finally stored in (e) nitric acid until ready to use.
Finally, just before use, it is (f) immersed in ethanol for 2 hours with US before being first blow
and then vacuum dried. DDW is used for rinsing between chemicals.
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back ground light is to seek to min i mize the ex ci ta tion volume. Ini tial ex per i ments 3,7,21 in this field made use of the
tech nique of near-field op ti cal mi cros copy to do pre cisely
this. An optical fiber with a sub-100 nm aperture was used to
deliver excitation light to the molecule and the emitted light
was col lected by a high NA ob jec tive lens. Af ter pass ing
through appropriate filters to eliminate the excitation light,
sin gle mol e cule flu o res cence was de tected us ing an av alanche photo-diode op er at ing in Sin gle Pho ton Counting
mode. Unfortunately, a key drawback with this method is the
com plex in ter ac tion be tween the mol e cule and the metal
coated near field optical probe.22 It has been observed (and
verified theoretically) that the presence of the probe changes
not only the angular emission properties of the molecule20 but
also its life time 5,12 by at least a fac tor of 3. As a re sult, the
confocal microscope has become the workhorse in the area of
single molecule spectroscopy with the application of NOM
being limited to those areas in which its inherently higher resolution is absolutely required. For example, the recently developed near-field molecular scanner has potential applications in high resolution imaging of protein/DNA interactions
in aqueous solution.28
Confocal Technique
Fig. 2 presents a simplified schematic of a generalized
con fo cal mi cro scope in which the key com po nents are labeled. In this technique a laser, after passing through a narrow band filter is reflected towards the sample by a dichroic
mirror. A (objective) lens is used both to focus the excitation
light on the sample and to collect the photoluminescence (PL)
from the sample. The PL, after passing through the dichroic
mirror, a notch filter and a bandpass filter is focused onto the
confocal aperture. Light that passes through the aperture is
detected. A complete image can be obtained by either raster
scanning the sample or by raster scanning the laser beam and
confocal aperture synchronously.
With that basic overview, lets consider the role of each
element with respect to the goals of (1) maximizing the collection of PL signal and minimizing the (2) generation and
(3) collection of other light. In terms of the first goal, three ele ments are cru cial – the ob jec tive lens, the fi nal fo cus sing
lens and the detector. The objective lens must efficiently collect and image light from the single molecule. Using a high
numerical aperture (NA = 1.4), oil immersion lens, ensures
high collection efficiency. Infinity focus type objectives allow for additional filters to be placed in the beam path without affecting the ability of the final lens to provide a tight focus. To accompany the infinity fo cus objective lens, a tube
lens is generally used to image the PL at the confocal aperture
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plane. Due to the low signal expected, it is generally necessary to have a low noise, high quan tum effi ciency de tector
op er at ing in pho ton-counting mode (gen er ally ei ther a
photo-multiplier tube or an Avalanche Photo-Diode).
In terms of the 2nd goal, minimizing the generation of
background light, again three elements are crucial – the laser,
the objective lens and the sample – to minimizing the excitation volume. In order for the objective lens to obtain a minimal spot size in the focus plane it is necessary to ensure that
the incoming beam is TEM 00, not a combination of higher order modes. This can be done either by using a single lateral
mode la ser or by em ploy ing a spa tial fil ter be fore a multimode source. A high-NA objective lens allows the spot size in
the focal plane to be minimized. As a rule of thumb, the minimum spot size obtainable by an objective lens is defined by:
o

1.22
2 NA

(1)

where is the wave length of the ex ci ta tion light. Thus for
488nm excitation, on can limit the lateral spot size to ~220
nm by using a NA = 1.4 objective. Well, the spot size is mini-

Fig. 2. Principles and schematic of a confocal microscope designed for single mole cule de tection.
Ex ci ta tion light from the la ser first passes
through a Narrow Band filter (NB) before being
reflected towards the sample by a dichroic mirror (DM). An objective lens (L-obj) focuses the
light onto the sam ple. Photoluminescence is
col lected by L-obj, and af ter pass ing through
DM, a ho lo graphic notch fil ter (NF) and a
bandpass filter (BP) are focused by another lens
(L-tube) onto the de tec tor. An ap er ture (CA)
confocal to the focus on the sample aids to reject scattered background light. Molecules are
found by raster scanning either by scanning the
sam ple or by scan ning the la ser and con fo cal
aperture synchronously.

mized in the focal plane, it is rapidly diverging outside the focal plane. Thus to minimize the excitation volume it is necessary to have the molecule of interest embedded in a thin film.
(An al ter na tive tech nique to min i miz ing the gen er a tion of
out-of-plane pho tons is to em ploy two-photon ab sorp tion
making use of pico- or preferably femto-second lasers.29
Finally, one seeks to min i mize the col lec tion of un wanted back ground light. This is done both spa tially and
spec trally. The spa tial re duc tion of un wanted back ground
light is accomplished by an aperture placed in front of the detector – from which this technique derives its name. This aperture allows only light emitted from the excitation volume to
pass into the detector (Scattered and out of focus light is thus
re jected). The spec tral re duc tion of back ground is ac complished in two ways. First the combination of the narrow band
filter (in the excitation path) and the holographic notch filter
following the dichroic mirror, enables scattered and reflected
excitation light to be rejected before it reaches the detector.
This is key as the excitation intensity is many orders of magni tude greater than the sin gle mol e cule sig nal. Finally a
bandpass filter designed to pass specifically the wavelength
of interest allows the rejection of other light based on its spectral characteristics.
Using these design principles, we built a low-cost sample-scanning confocal microscope (Fig. 3) for the observation of single polymers of DOO-PPV, a polymer who absorbs
in the green and whose PL is centered at ~550 nm. The vari-

Fig. 3. Schematic diagram of the confocal laser setup
used for imaging single polymers. Excitation is
provided by a single mode Argon-ion laser. The
confocal aperture is provided by the optical fiber. For alignment, a HeNe laser is directed to
follow the Ar-ion laser beam path. After alignment, a single mirror (RM) is removed from the
beam path. A com puter controls data ac quisition and scanning (see text for details).
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ous optics were placed in/on a standard Nikon (Ellipse 660)
optical microscope. The stage was controlled. Laser excitation from the TEM00 mode of a linearly polarized Ar-Ion laser
(488 nm), af ter at ten u a tion and pass ing through a nar row
band filter (Omega Optical 488NB3) was reflected down to
the sam ple by a dichroic beam split ter (Omega Op ti cal
525DRLP). The size of the beam was cho sen to slightly
underfill the back of the objective (Nikon 100X oil immersion, N.A. = 1.3, in fin ity fo cus) to min i mize self- fluorescence from the objective. The fluorescence signal was collected through the same objective. After passing through the
dichroic beam split ter, a long-pass fil ter (Omega Op ti cal
530EFLP) and a band-pass filter (CVI-F70-550-3), the fluorescence was focused onto a 200 m optical fiber that acted
as the confocal aperture. Although a holographic notch filter
is recommended to block reflected and scattered excitation
radiation, we found that the combination of the dichroic mirror, long-pass and band-pass fil ters proved to be suf fi cient
and rep re sented a con sid er able cost sav ings (to tal cost
~US$450). Upon ex it ing the fi ber, the light was re fo cused
onto an APD (EG&G SPCM-AQ-131) op er at ing in sin gle
photon counting mode (dark-count ~15cps, QE~65% in the
region of interest). The TTL output of this detector was fed
into a com puter via a pulse coun ter card (Na tional In struments PCI-6602 in a CA1000 configurable connector accessory enclosure with CB-68 LPR I/O connect Type SH6868EP
68 Pin). The same computer was also used to control the motion of the piezoelectric stage (Physik Instrumente P-730) in
the X-Y plane. Data ac qui si tion and con trol soft ware was
written in LabView (National Instruments). A highly attenuated TEM00 HeNe laser ( = 633 nm) was used to aid in focusing the excitation beam on the thin film and aligning the confocal aperture (optical fiber) as it emits in a region in which
(1) the polymer in question is non-absorbing, and (2) the various filters are transparent. It is important to note that not only
should the two laser beams be collinear, but their divergence
and beam size also must be approximately equal in order for
the alignment to be successful.
Once the sample is in place and the system is aligned, a
fast low irradiance scan was made to determine not only the
density but also the relative positions of the individual polymers. For those samples in which mole cules are well separated, individual molecules were systematically positioned at
the focal point of the objective lens and their fluorescent time
decays recorded. Fig. 4 shows a typical photoluminescence
image obtained by raster scanning the excitation laser beam.
The indi vid ual bright spot corre sponds to one single molecule. We control the density to around 1 molecule per 10 m2.
Fig. 5 represents a typical fluorescent time decay for DOO-
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PPV in which we have extracted polymers of a specific molecular weight (aver age mo lecular weight of 8.2 K Daltons
(Mn) and a polydispersity ( ), M w/Mn of 2.23) using the technique of “sorting by solubility control”.15,17 This corresponds
to per sis tence length poly mer of ~24 mono mers as de termined from the “number average” molecular weight (Mn). (It
should be noted that for single molecule experiments this is
more appropriate than the standard “mean-average” molecular weight (MnMw)1/2) As can be seen from the figure, emission occurs at a number of discrete intensities. Changes in inten sity are al ways abrupt and not grad ual. The his to gram
(Fig. 4 inset) illustrates that although emission was observed

Fig. 4. A typ i cal con fo cal flu o res cent im age of a
well-dispersed sin gle poly mer sam ples. The
image was obtained by raster scanning the sample stage. The x-y axis indicates the scan area,
40 m by 40 m. The vertical axis is the photon
counts.

Fig. 5. Photoluminesence time trace of a single DOOPPV polymer ~24 monomers long under irradiance excitation of 1600W/cm2 with linearly polarized light. Emission is observed at a number
of discrete intensities. The inset summarizes the
num ber of dis crete flu o res cence lev els observed for some 91 molecules and shows that in
general emission occurs at 3-4 discrete intensities.
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at only one level for a few polymers (similar to the case for
small dye molecules 31), for the ma jority of polymers emission is observed at four discrete levels. This is consistent with
a view of the polymer as being composed of a number of independent chromophores, each having a conjugation length of ~
6 monomers.
Despite the low signal, spectroscopic information can
also be ob tained from sin gle mol e cule ex per i ments. In our
lab, we have taken spectroscopic information both with long
(seconds) and short integration times (10 ms). When we recorded data with long in te gra tion times, we sim ply, once a
sin gle mol e cule had been lo cated (via the fast, low power
scan), blocked the laser, redirected the fiber to a spectrograph
and liquid N2 cooled CCD system (Acton Research 0.25 M
and Princeton Instruments) and then recorded the spectrum.
For these ex per i ments, the band-pass fil ter (BP) was removed. Fig. 6 shows the PL spectrum for two single DOOPPV poly mers su per im posed on flu o res cence spec trum in
chloroform solution. While the ensemble average of the spectrum of individual polymers is equivalent to that in solution,
the spec trum indi vid ual poly mers vary greatly from one to
an other. It is also in ter est ing to note that the spec trum for
these persistent length polymers are clearly single peaked –
in contrast to that the two peaks observed for long chain polymers,33 again suggesting that the mechanics of energy migration are dif fer ent in short and long-chain con ju gated polymers of PPV.
On the other extreme is the desire to obtain spectral infor ma tion on a short time scale. Here one is faced with the

Fig. 6. PL emis sion spec tra (in dot
and dash ---)
from two single DOO-PPV polymers compared
with that obtained for polymers in a dilute solution of chlo ro form (solid
). The spec tral
width for both molecules is narrower than that
in solution with each molecule exhibits significantly different spectral behavior.16
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problem of low S/N ratios which makes it impossible to take a
spectrum using a conventional spectrograph. However, one
clearly desires to know whether or not the spectra is constant
with con stant in ten sity emis sion and whether changes in
emission are accompanied by any spectral change. As illustrated in Fig. 7, one way of doing this is to use a beam splitter
to split the PL spectrum into two ap proximately equal portions32 for detection by two APDs (APD red and APDblue). By
simultaneously recording the fluorescent transient and then
cal cu lat ing the normal ized spec tral shift co ef fi cient, S, defined as:

S

APD red -APD blue
APD red APD blue

R-1
; where R
R 1

APD blue
APD red

(2)

spectral changes can be observed with high S/N ratio. (If the
photoluminescence (PL) spec trum does not change with
time, S will be constant with time. A gradual change will appear as a slanted line and a sudden spectral jump by a discontinuity.) In our investigation of spectral changes during emission, a polarization insensitive beamsplitter with center = 555
nm was used to split the PL into approximately two equal portions. The results of this work are published elsewhere.30
Wide-field Technique
While con fo cal mi cros copy is the most com mon
method of performing single molecule detection on immobi-

Fig. 7. Schematic diagram of the confocal laser setup
used for obtaining spectral data with short integration time from a single polymer. As before a
HeNe laser (not shown is used for alignment).
In this case an additional beam splitter (BS) is
used to split the PL into ap prox i mately two
equal portions based on its spectrum.
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lized mol e cules, wide-field sin gle mol e cule de tec tion has
found application in areas in which one is interested in tracking mo bile mol e cules due to its ~100 m field of view. As
such, it has found its pri mary ap pli ca tion in bi ol ogy having be ing used to ob serve a sin gle kinesin slid ing along a
microtubule 23 and in di vid ual actin fil a ments slid ing over
heavy meromyosin. 24 While a full dis cus sion of this technique is beyond the scope of this paper, we would just like to
mention that these techniques require that a highly efficient
fluorophore (i.e. Green Flu o res cent Pro tein (GFP)) be attached to, or in cor po rated into, the mol e cule of in ter est. 25
Compared to the con fo cal tech nique, S/N is sig nif i cantly
lower as background light can no longer be spatially rejected,
requiring the use of considerably more expensive optics. In
addition, the APD must be replaced with a CCD (higher cost,
lower speed). Integration times must be increased making it
dif fi cult to look at short time fluc tu a tions. Appli ca tions of
spectroscopic techniques also become less straightforward,
though still pos si ble. While back ground can be greatly reduced by coupling excitation beam in total internal reflection
configuration,23,25 the time resolution of wide-field imaging
is gen er ally re stricted by the im ag ing CCD de tec tor to be
around 100 ms (10 frames/second). That said, in many ways,
confocal and wide-field techniques are complimentary. The
wide-field technique is useful when one is interested in follow ing the two-di men sional tra jec tory of sin gle mol e cules
over distances of tens of micrometers (i.e. biology). The confo cal tech nique, on the other hand, is more ap pro pri ate for
studying the photo-physics and photochemistry at high time
resolution of the light-emitting molecule itself.

CONCLUSIONS
Sum ma rizing, in this pa per we have in tro duced three
optical methods for single molecule detection: (1) near field
optical (NOM) microscopy, (2) confocal microscopy, and (3)
wide-field microscopy. The three methods are complementary to each other. Confocal method stands out due to its relative low cost (a complete system including optical table, detectors and lasers can be assembled at a cost ~ US$60,000),
relative ease of use, and high S/N ratio. The near field technique (capable of ~15 nm resolution compared to about ~300
nm for confocal method)26,27 finds application where its relatively high resolution is required – for example to observe the
relative position of two different photoluminescence sites on
a single large molecule.28 The 3rd technique, although possible to use with sin gle mol e cules, is most ap pro pri ate for
long-range two-dimensional diffusion studies where immo-
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bilizing the molecule is not an option.
We believe that in the future, besides providing fundamental insights into the physics and chemistry of single molecules, single molecule detection should also find increasing
application in biology. A critical problem in mo lecular and
cellular biology is obtaining the highest possible spatial resolution images of biological structures. The information obtained from such im ages ranges from map ping of the genome on chromosomal length DNA molecules to obtaining
images of surface components on cells. Traditionally, X-ray
dif frac tion and Nu clear Mag netic Res o nance (NMR) have
been used to de ter mine pro tein struc ture. The main ad vantage of the X-ray dif frac tion method is high-resolution.
However, it is difficult to grow protein crystals, and not all
proteins can be prepared in such a crystallized form. In fact,
since this technique was developed about 40 years ago, only
a few hundred of protein structures have been determined by
this method. While the structure obtained by NMR is not as
ac cu rate as that de ter mined by x-ray dif frac tion, this technique allows for much simpler methods of sample preparation. Its key disadvantage is that it is limited in application to
low mo lec u lar weight pro teins. With large pro tein mol ecules, the complicated, overlapping resonant spectra makes
positive identi fi ca tion of different peaks im possible. However, most im por tant of all, these two tech niques can only
measure structure in an equilibrium state. If the protein is in
non-equilibrium condition, such as an unfolded or partially
folded state, neither method can obtain high quality images.
A new method is needed to probe pro tein struc tures un der
non-equilibrium con di tions. We suggest that sin gle mol e cule spec tros copy will find wide spread ap pli ca tion in dynamical studies of DNA and protein under non-equilibrium
conditions.34,35
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