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Sin gle mol e cule spec tros copy can un cover fluc tu a tion av er aged out in en sem ble mea sure ments. In ad di -
tion, sin gle mol e cule spec tros copy nat u rally im plies ul tra-sensitive mea sure ments, which should play im por -
tant role in fu ture proteomics and genomic re search. Flu o res cence method is the most com monly used sin gle
mol e cule de tec tion. In this pa per, we will use sin gle con ju gated poly mer flu o res cence spec tros copy to il lus -
trate the power of this tech nique.

IN TRO DUC TION

Sin gle mol e cule de tec tion is an emerg ing field that is
not only im por tant from a purely sci en tific point of view but
also in light of its sig nif i cant tech no log i cal im pact.1 The main 
ad van tage of sin gle mol e cule ex per i ments is the abil ity to ob -
serve phe nom ena oth er wise ob scured in en sem ble mea sure -
ments, such as the dis tri bu tion of spec tral po si tions and
shapes, and dis crete fluc tu a tions in in ten sity. While most the -
o ret i cal mod els are de signed to de scribe the be hav ior of a sin -
gle mol e cule, in most spec tro scopic ex per i ments, the av er age 
be hav ior of a huge num ber of mol e cules are ob served. Com -
par i son be tween ex per i ment and the ory is made by en sem ble
av er ag ing of the the o ret i cal pre dic tions. With sin gle mol e -
cule de tec tion, it is pos si ble not only to di rectly com pare ex -
per i ment with the ory, but also to check the sta tis ti cal as sump -
tions used in the en sem ble of mol e cules. In short, this tech -
nique pro vides a method to seek the re la tion ship be tween the
sta tis ti cal en sem ble and the in di vid ual iden tity. For ex am ple,
how many mol e cules are needed to form an en sem ble? Are
the tem po rally av er aged prop er ties of a sin gle mol e cule
equiv a lent to the sta tis ti cal av er age of an en sem ble of mol e -
cules? (Egoric Prin ci ple) It is im por tant to note that re duc ing
time av er age is cru cial for ob serv ing in ter est ing sin gle mol e -
cule fluc tu a tion be hav ior. Long time av er ages of sin gle mol e -
cule be hav ior are likely to ob tain sim i lar in for ma tion as that
ob tained by study ing en sem ble of mol e cules.

To ob serve the spec tro scopic be hav ior of a sin gle mol e -
cule, one gen er ally would like to have the mol e cule in ques -
tion rel a tively im mo bi lized – i.e. in a con densed rather than
liq uid or gas eous phase. This al lows the same mol e cule to be
stud ied as long as it re mains ac tive. Thus, var i ous spec tro -

scopic tech niques can be ap plied to ob tain far richer in for ma -
tion than it is pos si ble to ob tain from mol e cules dif fus ing in
so lu tion. W. E. Mourner per formed the first ex per i ments 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 per -
formed in 1993 at AT & T Bell Lab o ra tories by Eric Betzig
and Rob ert Chichester.3 They used the new tech nique of
near-field (scan ning) op ti cal mi cros copy (NOM or NSOM)
to ob serve the photoluminescence from a sin gle dye mol e -
cule. 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 i -
men tally.4 Since then sin gle mol e cule mi cros copy and spec -
tros copy have at tracted ex ten sive at ten tion. Novel phe nom -
ena have been ob served in sin gle mol e cule ex per i ments8,9,10

such as the fact that the photoluminescence in ten sity of a sin -
gle dye mol e cule ex hib its blink ing be hav ior11 at mil li sec ond
time scale. Al though this has ten ta tively been as signed to
intersystem cross ing (ISC) be tween sin glet and tri ple states, a 
com plete un der stand ing has not yet been pro vided. It should
be noted, how ever, that most sin gle mol e cule stud ies con cen -
trate on one of two sys tems: dye mol e cules or dye mol e cule
at tached to large bio-molecules, such as pro teins and DNA.
In or der to in ter pret cor rectly the in for ma tion gained in the
sec ond class of ex per i ments, con sid er able work is re quired to 
un der stand the be hav ior of the dye mol e cules them selves.
En sem ble mea sure ments re main es sen tial for un der stand ing
and in ter pret ing sin gle mol e cule re sults.

SIN GLE MOL E CULE TECH NIQUES

In con duct ing sin gle mol e cule spec tros copy and mi -

Jour nal of the Chi nese Chem i cal So ci ety, 2002, 49, 669-676      669

Ded i cated to the cel e bra tion of the sev en ti eth an ni ver sary of Chem i cal So ci ety the lo cated in Tai pei.



cros copy, two main ex per i men tal chal lenges pres ent them -
selves: sam ple prep a ra tion and flu o res cence de tec tion. In the
fol low ing para graphs, we will look at both these chal lenges,
em pha siz ing the ways in which these chal lenges have been
met in our lab.

Sam ple Prep a ra tion
Methods for pre par ing dye mol e cules on a sub strate for

sin gle mol e cule ex per i ments have been well doc u mented3,6

and ba si cally in volve suf fi ciently di lut ing the dye of in ter est
(to en sure that only one mol e cule is in the ex ci ta tion vol ume
at one time) and spin-coating on a sub strate that does not ab -
sorb light at the ex ci ta tion wave length (ie. fused sil ica).
Much less work has been pub lished, how ever, con cern ing the
prep a ra tion of com plex macromolecules such as poly mers
and pro teins. In our lab the pri mary fo cus has been on un der -
stand ing en ergy trans fer in, and photo-physics of, lu mi nes -
cent con ju gated poly mers13 – in par tic u lar PPV de riv a tives
such as MEH-PPV and DOO-PPV. While on the one hand
study ing their prop er ties as thin films,14 con sid er able ef fort
has been made to study sin gle poly mers of DOO-PPV15,16,18

and MEH-PPV19 in the con densed state. As such, while the
fol low ing dis cus sion of sam ple prep a ra tion has gen eral ap pli -
ca tion, we will con cen trate spe cif i cally on the prep a ra tion of
thin films in which poly mers are em bed ded.

In our ex per i ments, pris tine DOO-PPV was first frac -
tion al ized by tak ing ad van tage of the lim ited sol u bil ity of its
sym met ri cally sub sti tuted struc ture.17 The pow der dried to
pre vent break age of the chain. In this form the poly mer can be 
stored rel a tively in def i nitely. Im me di ately prior to spin coat -
ing, the frac tion to be ex am ined was redissolved into a
“good” sol vent, chlo ro form, to a fi nal con cen tra tion of <10-4

M of mono mer. In this case a “good” sol vent has the mean ing
of a sol vent in which the poly mer readily dis solves. As the
poly mer is not very sta ble in chlo ro form, it is also im por tant
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
chlo ro form) con trib ute to un wanted back ground photo lumi -
nescence. Thus only the high est pu rity sol vents were pur -
chased and then pu ri fied fur ther in the lab. The sam ple was
then fur ther di luted (by fac tors of 103 to 106) in a poly sty rene
(PS) ma trix (poly sty rene:chlo ro form:to lu ene = 10 mg:18
mL:4 mL). The rec ipe for the PS is for two rea sons. Firstly,
to lu ene is in cluded since chlo ro form is a sol vent that is eas ily
va por ized. Thus, if one uses only chlo ro form, dur ing spin
coat ing the sol vent va por iza tion will lower the sub strate tem -
per a ture, re sult ing in the con den sa tion of wa ter on the sub -
strate (and the poly mer film) from the air. The re sult is a
foggy film. Adding some to lu ene helps to pre vent this. How -

ever, since to lu ene is not a “good” sol vent for the DOO-PPV,
one can only use a lim ited amount of this to lu ene. It should be 
noted that PMMA way also a good choice for the sup port ing
ma trix. As ox y gen is ex tremely ef fi cient quencher of flu o res -
cence, dry-N2 was bub bled through all so lu tions to purge dis -
solved ox y gen from the so lu tion. The so lu tion was then
spin-cast (15 s at 2000 rps fol lowed by 10 s at 3000 rps) onto a 
fused sil ica cover slip sub strate (Esco Prod ucts). The re sult -
ing film thick ness is <100 nm con tain ing ~20 of the mol e -
cules of in ter est in a 100 m2 re gion.16 In sin gle mol e cule
work it is im por tant to ver ify that one is look ing at sin gle mol -
e cules and not ag gre gates. One sim ple check, that we pre -
formed is to pre pare a num ber of thin films at the same time,
vary ing the con cen tra tion of the poly mer over a few or ders of
mag ni tude and en sur ing that the den sity (of spots when ob -
served with the con fo cal mi cro scope) changes lin early with
con cen tra tion. At this point fur ther steps were taken to limit
ex po sure to am bi ent con di tions. Im me di ately fol low ing spin
coat ing, some sam ples trans ferred to a ni tro gen dry box and
placed in a spe cially pre pared N2 cell be fore view ing.15 Other
sam ples were placed un der vac uum (10-5 Torr) for a few
hours to al low re main ing ox y gen to dif fuse out of the film be -
fore a de pos it ing layer of Alu mi num to pre vent its re-
 entry.18,19 Compared to un pro tected films, both seal ing meth -
ods al low for photoluminescence to be ob served for con sid er -
ably lon ger times (<1 sec with out seal ing, min utes in the case
of seal ing in N2 cell, hours in the case of Al coat ing). Un for tu -
nately, seal ing with Al has the ef fect of re duc ing the over all
photoluminescence (per haps via an alu mi num-quenching
chan nel). Re cently, we have had some suc cess in over com ing 
this prob lem by in cor po rat ing a thin buffer layer be tween the
film and the Al coat ing. The method of sam ple and sub strate
prep a ra tion is sum ma rized in Fig. 1.

Photoluminescence Detection
Hav ing dis cussed the prob lem of sam ple prep a ra tion,

we now turn our fo cus onto the de tec tion of flu o res cence. The 
de tec tion of a sin gle mol e cule is dif fi cult due to the ex tremely 
weak op ti cal sig nal from one mol e cule com pared to the huge
back ground noise. Typically, a mol e cule will emit ~10000
pho tons/sec ond with rea son able ex ci ta tion power – to un am -
big u ously iden tify and de tect this small num ber of pho tons
pro vides a ma jor sci en tific chal lenge.12 One is faced with the
twin prob lems of max i miz ing the col lec tion of the pho tons
emit ted by the mol e cule of in ter est and min i miz ing the col -
lec tion of back ground light. (Elec tri cal noise can be re duced
by us ing de tec tors with low dark count rates.) Back ground
light is gen er ated from Raman scat ter ing, auto-fluorescence
of fil ters and the ob jec tive oil, scat tered ex ci ta tion light, as
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well as pho tons emit ted from neigh bor ing mol e cules within
the ex ci ta tion vol ume. In or der to min i mize this noise com po -
nent, one seeks to both re duce the gen er a tion of back ground
light (If we want to see the stars, we go to Nantou not down -
town Tai pei!), and lower the col lec tion ef fi ciency for the
back ground light. Of course, we need to do this while at the
same time max i miz ing the col lec tion ef fi ciency for pho tons
emit ted by the mol e cule of in ter est!

Nearfield Op ti cal Tech nique
One of the key meth ods of re duc ing the gen er a tion of

back ground light is to seek to min i mize the ex ci ta tion vol -
ume. Ini tial ex per i ments3,7,21 in this field made use of the
tech nique of near-field op ti cal mi cros copy to do pre cisely
this. An op ti cal fi ber with a sub-100 nm ap er ture was used to
de liver ex ci ta tion light to the mol e cule and the emit ted light
was col lected by a high NA ob jec tive lens. Af ter pass ing
through ap pro pri ate fil ters to elim i nate the ex ci ta tion light,
sin gle mol e cule flu o res cence was de tected us ing an av a -
lanche photo-diode op er at ing in Sin gle Pho ton Counting
mode. Un for tu nately, a key draw back with this method is the
com plex in ter ac tion be tween the mol e cule and the metal
coated near field op ti cal probe.22 It has been ob served (and
ver i fied the o ret i cally) that the pres ence of the probe changes
not only the an gu lar emis sion prop er ties of the mol e cule20 but 
also its life time5,12 by at least a fac tor of 3. As a re sult, the
con fo cal mi cro scope has be come the work horse in the area of 
sin gle mol e cule spec tros copy with the ap pli ca tion of NOM
be ing lim ited to those ar eas in which its in her ently higher res -
o lu tion is ab so lutely re quired. For ex am ple, the re cently de -
vel oped near-field mo lec u lar scan ner has po ten tial ap pli ca -
tions in high res o lu tion im ag ing of pro tein/DNA in ter ac tions
in aque ous so lu tion.28

Con fo cal Tech nique
Fig. 2 pres ents a sim pli fied sche matic of a gen er al ized

con fo cal mi cro scope in which the key com po nents are la -
beled. In this tech nique a la ser, af ter pass ing through a nar -
row band fil ter is re flected to wards the sam ple by a dichroic
mir ror. A (ob jec tive) lens is used both to fo cus the ex ci ta tion
light on the sam ple and to col lect the photoluminescence (PL) 
from the sam ple. The PL, af ter pass ing through the dichroic
mir ror, a notch fil ter and a bandpass fil ter is fo cused onto the
con fo cal ap er ture. Light that passes through the ap er ture is
de tected. A com plete im age can be ob tained by ei ther ras ter
scan ning the sam ple or by ras ter scan ning the la ser beam and
con fo cal ap er ture syn chro nously.

With that ba sic over view, lets con sider the role of each
el e ment with re spect to the goals of (1) max i miz ing the col -
lec tion of PL sig nal and min i miz ing the (2) gen er a tion and
(3) col lec tion of other light. In terms of the first goal, three el -
e ments are cru cial – the ob jec tive lens, the fi nal fo cus sing
lens and the de tec tor. The ob jec tive lens must ef fi ciently col -
lect and im age light from the sin gle mol e cule. Using a high
nu mer i cal ap er ture (NA = 1.4), oil im mer sion lens, en sures
high col lec tion ef fi ciency. In fin ity fo cus type ob jec tives al -
low for ad di tional fil ters to be placed in the beam path with -
out af fect ing the abil ity of the fi nal lens to pro vide a tight fo -
cus. To ac com pany the in fin ity fo cus ob jec tive lens, a tube
lens is gen er ally used to im age the PL at the con fo cal ap er ture 
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Fig. 1. Prep a ra tion of sam ple and sub strate for sin gle
mol e cule spec tros copy. (A) Pris tine DOO-PPV
is first frac tion al ized17 and dried. The frac tion
to be used is then (B) dis solved in pu ri fied chlo -
ro form and (C) di luted into the poly sty rene ma -
trix, 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.
Af ter a short time un der low pres sure, the sam -
ple is placed in a (G) ni tro gen cell to pro tect the
film from am bi ent con di tions. The sub strate is
cleaned (a) first in chlo ro form (24 hours + ul tra -
sound (US)), be fore be ing treated suc ces sively
by (b) ac e tone (1 hour), (c) chro mic acid (24
hours), and (d) KOH (2 hours with US) and fi -
nally stored in (e) ni tric acid un til ready to use.
Finally, just be fore use, it is (f) im mersed in eth -
a nol for 2 hours with US be fore be ing first blow
and then vac uum dried. DDW is used for rins -
ing be tween chem i cals.



plane. Due to the low sig nal ex pected, it is gen er ally nec es -
sary to have a low noise, high quan tum ef fi ciency de tec tor
op er at ing in pho ton-counting mode (gen er ally ei ther a
photo-multiplier tube or an Av a lanche Photo-Diode). 

In terms of the 2nd goal, min i miz ing the gen er a tion of
back ground light, again three el e ments are cru cial – the la ser,
the ob jec tive lens and the sam ple – to min i miz ing the ex ci ta -
tion vol ume. In or der for the ob jec tive lens to ob tain a min i -
mal spot size in the fo cus plane it is nec es sary to en sure that
the in com ing beam is TEM00, not a com bi na tion of higher or -
der modes. This can be done ei ther by us ing a sin gle lat eral
mode la ser or by em ploy ing a spa tial fil ter be fore a multi-
 mode source. A high-NA ob jec tive lens al lows the spot size in 
the fo cal plane to be min i mized. As a rule of thumb, the min i -
mum spot size ob tain able by an ob jec tive lens is de fined by:

(1)

where  is the wave length of the ex ci ta tion light. Thus for
488nm ex ci ta tion, on can limit the lat eral spot size to ~220
nm by us ing a NA = 1.4 ob jec tive. Well, the spot size is min i -

mized in the fo cal plane, it is rap idly di verg ing out side the fo -
cal plane. Thus to min i mize the ex ci ta tion vol ume it is nec es -
sary to have the mol e cule of in ter est em bed ded 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
mak ing use of pico- or pref er a bly femto-second la sers.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 ac com plished by an ap er ture placed in front of the de -
tec tor – from which this tech nique de rives its name. This ap -
er ture al lows only light emit ted from the ex ci ta tion vol ume to 
pass into the de tec tor (Scattered and out of fo cus light is thus
re jected). The spec tral re duc tion of back ground is ac com -
plished in two ways. First the com bi na tion of the nar row band 
fil ter (in the ex ci ta tion path) and the ho lo graphic notch fil ter
fol low ing the dichroic mir ror, en ables scat tered and re flected
ex ci ta tion light to be re jected be fore it reaches the de tec tor.
This is key as the ex ci ta tion in ten sity is many or ders of mag -
ni tude greater than the sin gle mol e cule sig nal. Finally a
bandpass fil ter de signed to pass spe cif i cally the wave length
of in ter est al lows the re jec tion of other light based on its spec -
tral char ac ter is tics.

Using these de sign prin ci ples, we built a low-cost sam -
ple-scanning con fo cal mi cro scope (Fig. 3) for the ob ser va -
tion of sin gle poly mers of DOO-PPV, a poly mer who ab sorbs
in the green and whose PL is cen tered at ~550 nm. The var i -
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Fig. 2. Prin ci ples and sche matic of a con fo cal mi cro -
scope de signed for sin gle mol e cule de tec tion.
Ex ci ta tion light from the la ser first passes
through a Nar row Band fil ter (NB) be fore be ing 
re flected to wards the sam ple by a dichroic mir -
ror (DM). An ob jec tive lens (L-obj) fo cuses 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 fil ter (BP) are fo cused by an other lens 
(L-tube) onto the de tec tor. An ap er ture (CA)
con fo cal to the fo cus on the sam ple aids to re -
ject scat tered back ground light. Mol e cules are
found by ras ter scan ning ei ther by scan ning the
sam ple or by scan ning the la ser and con fo cal
ap er ture syn chro nously.

1.22
2o NA

Fig. 3. Sche matic di a gram of the con fo cal la ser setup
used for im ag ing sin gle poly mers. Ex ci ta tion is
pro vided by a sin gle mode Ar gon-ion la ser. The 
con fo cal ap er ture is pro vided by the op ti cal fi -
ber. For align ment, a HeNe la ser is di rected to
fol low the Ar-ion la ser beam path. Af ter align -
ment, a sin gle mir ror (RM) is re moved from the
beam path. A com puter con trols data ac qui si -
tion and scan ning (see text for de tails).



ous op tics were placed in/on a stan dard Nikon (El lipse 660)
op ti cal mi cro scope. The stage was con trolled. La ser ex ci ta -
tion from the TEM00 mode of a lin early po lar ized Ar-Ion la ser 
(488 nm), af ter at ten u a tion and pass ing through a nar row
band fil ter (Omega Op ti cal 488NB3) was re flected 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
under fill the back of the ob jec tive (Nikon 100X oil im mer -
sion, N.A. = 1.3, in fin ity fo cus) to min i mize self- fluores -
cence from the ob jec tive. The flu o res cence sig nal was col -
lected through the same ob jec tive. Af ter pass ing through the
dichroic beam split ter, a long-pass fil ter (Omega Op ti cal
530EFLP) and a band-pass fil ter (CVI-F70-550-3), the flu o -
res cence was fo cused onto a 200 m op ti cal fi ber that acted
as the con fo cal ap er ture. Al though a ho lo graphic notch fil ter
is rec om mended to block re flected and scat tered ex ci ta tion
ra di a tion, we found that the com bi na tion of the dichroic mir -
ror, 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
pho ton count ing mode (dark-count ~15cps, QE~65% in the
re gion of in ter est). The TTL out put of this de tec tor was fed
into a com puter via a pulse coun ter card (Na tional In stru -
ments PCI-6602 in a CA1000 configurable con nec tor ac ces -
sory en clo sure with CB-68 LPR I/O con nect Type SH6868EP 
68 Pin). The same com puter was also used to con trol the mo -
tion of the pi ezo elec tric stage (Physik Instrumente P-730) in
the X-Y plane. Data ac qui si tion and con trol soft ware was
writ ten in LabView (Na tional In stru ments). A highly at ten u -
ated TEM00 HeNe la ser (  = 633 nm) was used to aid in fo cus -
ing the ex ci ta tion beam on the thin film and align ing the con -
fo cal ap er ture (op ti cal fi ber) as it emits in a re gion in which
(1) the poly mer in ques tion is non-absorbing, and (2) the var i -
ous fil ters are trans par ent. It is im por tant to note that not only
should the two la ser beams be col lin ear, but their di ver gence
and beam size also must be ap prox i mately equal in or der for
the align ment to be suc cess ful.

Once the sam ple is in place and the sys tem is aligned, a
fast low irradiance scan was made to de ter mine not only the
den sity but also the rel a tive po si tions of the in di vid ual poly -
mers. For those sam ples in which mol e cules are well sep a -
rated, in di vid ual mol e cules were sys tem at i cally po si tioned at 
the fo cal point of the ob jec tive lens and their flu o res cent time
de cays re corded. Fig. 4 shows a typ i cal photoluminescence
im age ob tained by ras ter scan ning the ex ci ta tion la ser beam.
The in di vid ual bright spot cor re sponds to one sin gle mol e -
cule. We con trol the den sity to around 1 mol e cule per 10 m2. 
Fig. 5 rep re sents a typ i cal flu o res cent time de cay for DOO-

 PPV in which we have ex tracted poly mers of a spe cific mo -
lec u lar weight (av er age mo lec u lar weight of 8.2 K Daltons
(Mn) and a polydispersity ( ), Mw/Mn of 2.23) us ing the tech -
nique of “sort ing by sol u bil ity con trol”.15,17 This cor re sponds
to per sis tence length poly mer of ~24 mono mers as de ter -
mined from the “num ber av er age” mo lec u lar weight (Mn). (It
should be noted that for sin gle mol e cule ex per i ments this is
more ap pro pri ate than the stan dard “mean-average” mo lec u -
lar weight (MnMw)1/2) As can be seen from the fig ure, emis -
sion oc curs at a num ber of dis crete in ten si ties. Changes in in -
ten sity are al ways abrupt and not grad ual. The his to gram
(Fig. 4 in set) il lus trates that al though emis sion was ob served
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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
im age was ob tained by ras ter scan ning the sam -
ple stage. The x-y axis in di cates the scan area,
40 m by 40 m. The ver ti cal axis is the pho ton
counts.

Fig. 5. Photoluminesence time trace of a sin gle DOO-
 PPV poly mer ~24 mono mers long un der irradi -
ance ex ci ta tion of 1600W/cm2 with lin early po -
lar ized light. Emis sion is ob served at a num ber
of dis crete in ten si ties. The in set sum ma rizes the 
num ber of dis crete flu o res cence lev els ob -
served for some 91 mol e cules and shows that in
gen eral emis sion oc curs at 3-4 dis crete in ten si -
ties.



at only one level for a few poly mers (sim i lar to the case for
small dye mol e cules31), for the ma jor ity of poly mers emis -
sion is ob served at four dis crete lev els. This is con sis tent with 
a view of the poly mer as be ing com posed of a num ber of in de -
pend ent chromo phores, each hav ing a con ju ga tion length of ~ 
6 mono mers.

De spite the low sig nal, spec tro scopic in for ma tion can
also be ob tained from sin gle mol e cule ex per i ments. In our
lab, we have taken spec tro scopic in for ma tion both with long
(sec onds) and short in te gra tion times (10 ms). When we re -
corded 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 la ser, re di rected the fi ber to a spec tro graph 
and liq uid N2 cooled CCD sys tem (Acton Re search 0.25 M
and Prince ton In stru ments) and then re corded the spec trum.
For these ex per i ments, the band-pass fil ter (BP) was re -
moved. Fig. 6 shows the PL spec trum for two sin gle DOO-
 PPV poly mers su per im posed on flu o res cence spec trum in
chlo ro form so lu tion. While the en sem ble av er age of the spec -
trum of in di vid ual poly mers is equiv a lent to that in so lu tion,
the spec trum in di 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 per sis tent length poly mers are clearly sin gle peaked –
in con trast to that the two peaks ob served for long chain poly -
mers,33 again sug gest ing that the me chan ics of en ergy mi gra -
tion are dif fer ent in short and long-chain con ju gated poly -
mers of PPV.

On the other ex treme is the de sire to ob tain spec tral in -
for ma tion on a short time scale. Here one is faced with the

prob lem of low S/N ra tios which makes it im pos si ble to take a 
spec trum us ing a con ven tional spec tro graph. How ever, one
clearly de sires to know whether or not the spec tra is con stant
with con stant in ten sity emis sion and whether changes in
emis sion are ac com pa nied by any spec tral change. As il lus -
trated in Fig. 7, one way of do ing this is to use a beam split ter
to split the PL spec trum into two ap prox i mately equal por -
tions32 for de tec tion by two APDs (APDred and APDblue). By
si mul ta neously re cord ing the flu o res cent tran sient and then
cal cu lat ing the nor mal ized spec tral shift co ef fi cient, S, de -
fined as:

(2)

spec tral changes can be ob served with high S/N ra tio. (If the
photoluminescence (PL) spec trum does not change with
time, S will be con stant with time. A grad ual change will ap -
pear as a slanted line and a sud den spec tral jump by a dis con -
ti nu ity.) In our in ves ti ga tion of spec tral changes dur ing emis -
sion, a po lar iza tion in sen si tive beamsplitter with cen ter = 555
nm was used to split the PL into ap prox i mately two equal por -
tions. The re sults of this work are pub lished else where.30

Wide-field Technique
While con fo cal mi cros copy is the most com mon

method of per form ing sin gle mol e cule de tec tion on im mo bi -
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Fig. 6. PL emis sion spec tra (in dot  and dash ---)
from two sin gle DOO-PPV poly mers com pared 
with that ob tained for poly mers in a di lute so lu -
tion of chlo ro form (solid ). The spec tral
width for both mol e cules is nar rower than that
in so lu tion with each mol e cule ex hib its sig nif i -
cantly dif fer ent spec tral be hav ior.16

Fig. 7. Sche matic di a gram of the con fo cal la ser setup
used for ob tain ing spec tral data with short in te -
gra tion time from a sin gle poly mer. As be fore a
HeNe la ser (not shown is used for align ment).
In this case an ad di tional beam split ter (BS) is
used to split the PL into ap prox i mately two
equal por tions based on its spec trum.

red blue blue

red blue red

APD -APD APDR-1
; R

APD APD R 1 APD
S where



lized mol e cules, wide-field sin gle mol e cule de tec tion has
found ap pli ca tion in ar eas in which one is in ter ested in track -
ing 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 hav -
ing be ing used to ob serve a sin gle kinesin slid ing along a
microtubule23 and in di vid ual actin fil a ments slid ing over
heavy meromyosin.24 While a full dis cus sion of this tech -
nique is be yond the scope of this pa per, we would just like to
men tion that these tech niques re quire that a highly ef fi cient
fluorophore (i.e. Green Flu o res cent Pro tein (GFP)) be at -
tached 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 back ground light can no lon ger be spa tially re jected,
re quir ing the use of con sid er ably more ex pen sive op tics. In
ad di tion, the APD must be re placed with a CCD (higher cost,
lower speed). In te gra tion times must be in creased mak ing it
dif fi cult to look at short time fluc tu a tions. Ap pli ca tions of
spec tro scopic tech niques also be come less straight for ward,
though still pos si ble. While back ground can be greatly re -
duced by cou pling ex ci ta tion beam in to tal in ter nal re flec tion
con fig u ra tion,23,25 the time res o lu tion of wide-field im ag ing
is gen er ally re stricted by the im ag ing CCD de tec tor to be
around 100 ms (10 frames/sec ond). That said, in many ways,
con fo cal and wide-field tech niques are com pli men tary. The
wide-field tech nique is use ful when one is in ter ested in fol -
low ing the two-di men sional tra jec tory of sin gle mol e cules
over dis tances of tens of mi crom e ters (i.e. bi ol ogy). The con -
fo cal tech nique, on the other hand, is more ap pro pri ate for
study ing the photo-physics and photochemistry at high time
res o lu tion of the light-emitting mol e cule it self.

CON CLU SIONS

Sum ma rizing, in this pa per we have in tro duced three
op ti cal meth ods for sin gle mol e cule de tec tion: (1) near field
op ti cal (NOM) mi cros copy, (2) con fo cal mi cros copy, and (3)
wide-field mi cros copy. The three meth ods are com ple men -
tary to each other. Con fo cal method stands out due to its rel a -
tive low cost (a com plete sys tem in clud ing op ti cal ta ble, de -
tec tors and la sers can be as sem bled at a cost ~ US$60,000),
rel a tive ease of use, and high S/N ra tio. The near field tech -
nique (ca pa ble of ~15 nm res o lu tion com pared to about ~300
nm for con fo cal method)26,27 finds ap pli ca tion where its rel a -
tively high res o lu tion is re quired – for ex am ple to ob serve the 
rel a tive po si tion of two dif fer ent photoluminescence sites on
a sin gle large mol e cule.28 The 3rd tech nique, al though pos si -
ble to use with sin gle mol e cules, is most ap pro pri ate for
long-range two-di men sional dif fu sion stud ies where im mo -

bi liz ing the mol e cule is not an op tion.
We be lieve that in the fu ture, be sides pro vid ing fun da -

men tal in sights into the phys ics and chem is try of sin gle mol -
e cules, sin gle mol e cule de tec tion should also find in creas ing 
ap pli ca tion in bi ol ogy. A crit i cal prob lem in mo lec u lar and
cel lu lar bi ol ogy is ob tain ing the high est pos si ble spa tial res -
o lu tion im ages of bi o log i cal struc tures. The in for ma tion ob -
tained from such im ages ranges from map ping of the ge -
nome on chro mo somal length DNA mol e cules to ob tain ing
im ages of sur face com po nents on cells. Tra di tionally, 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 van -
tage of the X-ray dif frac tion method is high-resolution.
How ever, it is dif fi cult to grow pro tein crys tals, and not all
pro teins can be pre pared in such a crys tal lized form. In fact,
since this tech nique was de vel oped about 40 years ago, only
a few hun dred of pro tein struc tures have been de ter mined by
this method. While the struc ture ob tained by NMR is not as
ac cu rate as that de ter mined by x-ray dif frac tion, this tech -
nique al lows for much sim pler meth ods of sam ple prep a ra -
tion. Its key dis ad van tage is that it is lim ited in ap pli ca tion to 
low mo lec u lar weight pro teins. With large pro tein mol e -
cules, the com pli cated, over lap ping res o nant spec tra makes
pos i tive iden ti fi ca tion of dif fer ent peaks im pos si ble. How -
ever, most im por tant of all, these two tech niques can only
mea sure struc ture in an equi lib rium state. If the pro tein is in
non-equilibrium con di tion, such as an un folded or par tially
folded state, nei ther method can ob tain high qual ity im ages.
A new method is needed to probe pro tein struc tures un der
non-equilibrium con di tions. We sug gest that sin gle mol e -
cule spec tros copy will find wide spread ap pli ca tion in dy -
nam i cal stud ies of DNA and pro tein un der non-equilibrium
con di tions.34,35
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