
ton .  To collect the remaning sufonics ~ndividually, 
we then renlected the sufoncs n t o  the C ,  which 
was equpped ~511th a 10 m by 100 lnln Phenomenex 
(Torrance. CA) star-ion anon exchange column, and 
eluted them twth a 5.4 mM Na,CO, + 5.1 mM 
NaHCO, buffer, l?le separated ESA f ro~n  a small 
amount o4 co-eutng sulfate by reinjecting the ti~!o 
compounds and eluting them with a 3.2 mM 
Na,CO, + 3 1 NaHCO, mM buffer. Basene sepa- 
ration between MSA and ESNsulfate vias -2 min; 
betvieen ESA. sulfate and i?SA, t vias -9 min, and 
between ESA and sulfate, it vias -1 min. Ater re- 
~noval of the carbonate buffer with HCI, each com- 
pound twas then placed n a quanz tube and dred by 
rotary evaporation (maxmu~n temperature - 50'C). 
Copper oxde was then placed :n each tube, and 
h:gh vacuum, with m~lo  warmin9 (<10S3C), was 
used for co~npete  drying. The sa~nples v/ere then 
sealed and combusted to sulfate, CO,, an0 H,O at 
500'C. The CO, and H 2 0  were collected w ~ t h  a 
proced~re smiar to that of Epsten et a1 (73). The 
H,O vias con\!ened to H by the method of Cole~nan 
and Moore (27) viith a znc catalyze f r o~n  J. M. Hayes 
of Indiana Unversit),. The CO, and H were then an- 
alyzed w~ th  6-60-Nuclide and 3-60-HD-Nuclide 
mass spectrometers. The sulfate vias extracted from 
each tube with hydrochorc acid an0 prepared for S 
isotopic analysis as in (6). 
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Discrete In tensity Jumps and Intramolecular 
Electronic Energy Transfer in the Spectroscopy 

of Single Conjugated Polymer Molecules 
David A. Vanden Bout, Wai-Tak Yip, Dehong Hu, Dian-Kui Fu, 

Timothy M. Swager, Paul F. Barbara* 

Single-molecule fluorescence spectroscopy of a multichromophoric conjugated polymer 
(molecular weight -20,000) revealed surprising single-step photobleaching kinetics and 
acute jumps in fluorescence intensity. These jumps were shown not to result from 
spectral diffusion and were attributed to fluctuations in the quantum yield of emission 
for the molecules. The data indicate efficient intramolecular electronic energy transfer 
along the polymer chain to a localized fluorescence-quenching polymer defect. The 
defects are created by reversible photochemistry of the polymer. These findings have 
implications for the use of conjugated polymers in light-emitting diode displays and 
sensors. 

R e c e n t  developments in fluorescence mi- 
croscopy have allowed for the detection, 
imaging, and spectroscopy of single mole- 
cules at room temperature (1-12). As a 
consequence, single-molecule spectroscopy 
(ShlS) has moved from studies at cryogenic 
temperatures (13) to a broader range of 
environmental conditions. In many cases, 
direct information about the molecular dis- 
tribution of physical quantities, rather than 
just the ensemble-averaged values obtained 
by bulk measurements, can nolv be ob- 
tained. Most room-temperature SbIS stud- 
ies have involved aromatic dye ~nolecules 
that correspond to a single chromophore in 
a fluctuating environlnent and have re- 
vealed direct infor~nation on chemical and 
spectroscopic heterogeneity of single mole- 
cules ($. I$), as well as on the dynamics of 
these inhomogeneities (1 0, 15). 

Here, we used ShlS to study lnolecules 
that each colnprise Inany similar chro- 
mophores, such as conjugated fluorescent 
polymers. Intralnolecular migration of ener- 
gy among these chrolnophores and the ul- 

timate impact of the energy migration on 
ohotochemistrv is of intense f~lllilalnental 
and practical iliterest. Conjugated polymers 
such as poly(p-phenylene vinylene) (PPI1) 
and poly(p-pyridylene vinylene) (PPyI1) 
have sholvn great promise for light-emitting 
device applications (1 6. 17). LVe studied a 
derivatized PPV-PPyV copolymer com- 
pound with a molecular weight of -20,000 
(Fie. 1A). 

Spectroscopic studies on bulk polymer 
materials suggest that conjugated polymer 
emission is often dominated by energy 
migration to local minima in their op- 
tical band structure (18). For example, 
anthracene-derivatized poly(p-phenylene- 
ethynylene)~ in solution have been sho\vn 
to selectively emit from states associated 
with the anthracene end groups (19). '41- 
though excitation diff~~sion along the 
chains in conjugateil polymers is efficient, 
the actual optical excitation (exciton) may 
he localized and lnay have a coherence 
length of only a few lnonolner units (2C). 
Thus, spectroscopic evidence of conjugated 
polylners suggests that their broad absorp- & ,  -- 
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tested directly by SMS because multi- 
chromophoric systems with energy transfer 
will show results markedlv different from 
those without energy transfer. We show 
that in the SMS of this PPV-PPvV deriva- 
tive, intramolecular energy migration cou- 
vled to nonradiative Drocesses has remark- 
able qualitative and quantitative manifesta- 
tions, including discrete jumps in the fluo- 
rescence intensity and discrete single-step 
photobleaching. 

The scanning confocal fluorescence mi- 
croscopy image of a spin-cast dilute film of 
the PPV-PPyV polymer embedded in poly- 
styrene (21 ) is shown in Fig. 1B. This image 
was recorded by a sample-scanning confocal 
microscope similar to those previously de- 
scribed (22), and it exhibits diffiaction- 
limited (-300 nm) spots resulting from in- 
dividual fluorescent volvmer molecules. . , 
The spots in the image are identified as 
polymer single molecules by the following 
standard criteria (1 ): (i) The areal density 
of the features is within a factor of 5 of the 
expected density, and the density varies 
linearly with concentrations of polymer 
molecules in the spin-cast solution (23). (ii) 
Polarized excitation and emission images 
show the molecules have fixed absorption 
and emission dipoles. (iii) The molecules 
show discrete ~hotochemisnv. 

This last criterion is an obvious one for a 
single-chromophore system but is not nec- 
essarily true for a multichromophore mole- 
cule. If the volvrner has manv chro- . , 
mophores that are uncoupled from one an- 
other, it should photobleach in a stepwise 
fashion in much the same way as a small 
cluster of well-separated chromophores. 
However, if the chromophores do commu- 
nicate, the entire polymer should behave 
like one large single molecule. Discrete sin- 
gle-step photobleaching was seen for every 

one of the hundreds of individual polymer 
molecules studied. This result is quite re- 
markable, considering the large number of 
chromophores each polymer chain con- 
tains. The single-step photobleaching 
shows that there is strong communication 
along the polymer chain. Similar photo- 
bleaching has been observed in another 
multichromophore single-molecule system 
and has been attributed to the entire system 
behaving as a single quantum system (24). 
However. the broad nature of both the ex- 
citation and emission spectrum of the poly- 
mer molecules (Fig. 2A) argues against the 
entire polymer being one large delocalized 
auantum svstem (2.5). Therefore, the dis- 
crete single:step photobleaching must result 
from the creation of a permanent photo- 
chemical "defect" (perhaps attributable to 
oxidation) that quenches excitations along 
the entire chain. Indeed, photo-oxidation 
in bulk films of PPV has been seen to create 
carbonyl defects that strongly affect the 
polymer's emission quantum yield, even at 
low concentrations (26). 

The shapes of the fluorescence spots in 
Fig. 1 B are irregular because of fluorescence 
intensity fluctuations of the individual mol- 
ecules. This latter effect is demonstrated bv 
the intensity transient in Fig. 1C. The tran- 
sient was recorded by fixing the laser focus 
on top of a molecule previously located in 
an image. Immediately after the excitation 
laser was switched on, the observed inten- 
sity jumped to 4000 counts per second 
(cps). At -40 s, the intensity abruptly and 
permanently jumped from -4000 cps to the 
background level (50 cps) as a result of 
permanent photochemistry (photobleach- 
ing). Before that occurred, the molecule 
showed intensity fluctuations at various 
times, manifesting discrete intensity jumps, 
including periods of time when the inten- 

sitv was indistinrmishable from the back- - 
ground level. These periods are denoted as 
"dark levels." The dark levels are ascribed to 
polymer molecules that have a photogener- 
ated fluorescence quencher that can revers- 
ibly convert back to a fluorescent state. 

We investigated hundreds of individual 
polymer molecules and observed similar 
fluctuations of the fluorescence intensity, 
including reversible formation of dark lev- 
els. The fluorescence intensity jumped be- 
tween numerous levels. but it did not sam- 
ple all intensities continuously. A histo- 
gram of the normalized intensity levels for a 
collection of single-molecule transients is 
shown in Fig. ID. The histogram shows 
three distinct peaks. Almost all of the mol- 
ecules show the same three intensity peaks 
in histograms of their fluorescence tran- 
sients, and none of the molecules show a 
continuous distribution of intensities. A 
fluorescence transient of a particularly long- 
lived molecule is shown in Fie. 2D. It shows ,.z 

the same behavior as the transient in Fig. 
lC, with a large number of intensity jumps 
and dark levels of various duration times. 

The fluorescence intensitv observed 
from a single molecule is proportional to 
the product of the probability that the mol- 
ecule absorbs a photon and the probability 
that it emits one. These can be broken 
down to the following factors: the excita- 
tion power, the relative orientation of the 
molecule's transition moment and the laser 
polarization, the molecule's absorption cross 
section, and its fluorescence quantum yield. 
Fluctuations in any of these could be re- 
sponsible for the intensity jumps observed 
for individual polymers. To identify the 
source of the fluorescence intensity jumps, 
we addressed individually each factor re- 
sponsible for tlie fluorescence signal. First, 
fluctuation in the excitation power could 
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arise from either fluctuation of the laser 
intensitv or changes in the relative ~os i t ion  
of the l'aser focus and the positior; of the 
molecule. The stability of both of these 
parameters was verified by recording fluo- 
rescence transients of 20-n~n dye-labeled 
latex spheres. The sphere transients showed 
intensity variations only as a result of the 
shot noise, indicating that both the laser 
and positioning stage were stable. Rotation 
of the molecule's dipole is eliminated as a 
source of intensity fluctuations for two rea- 
sons. Repeated images taken alternatively 
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Time (s) 

0 200 400 600 800 
Time (s) 

Fig. 2. (A) Fluorescence spectroscopy of the con- 
jugated polymer molecules. The dashed n e  is the 
excltat~on spectrum for an ensemble of angle 
polymer molecules collected form a concentrated 
s~ngle-molecule sample. The sol~d line in the plot IS 

the emsson spectrum for the same concentrated 
sample. The crosses overla~d on the emiss~on 
spectrum represent the spectrum of a typ~cal sn- 
g e  molecule. (B and C) Portions of two simulta- 
neous fluorescence trans~ents recorded at two 
exctaton wavelengths, 457 nm (blue edge) and 
514 nm (red edge). The two transients are v~rtually 
identical, ind~cating that neither the small-scale 
nor large-scale Intensity jumps are the result of 
spectral diffusion. (D) A particularly long fluores- 
cence translent of an ~ndiv~dual polymer molecule 
(514-nm exc~tation, 500 W cm-< and 50-ms 
dwell). 

between two orthogonal polarizations show 
no evidence of reorientation, and fluores- 
cence transients recorded with circularly 
polarized light show identical behavior to 
those recorded with linearly polarized exci- 
tation. This is not surprising, given the size 
of the ~nolecules and considering that little 
or no rotation is seen for small dve mole- 
cules on glass substrates (3). 

Previous studies of single dye molecules 
in poly~ner fil~ns have reported intensity 
transients that are qualitatively si~nilar to 
those observed for the conjugated poly~ner 
(8). Discrete intensity jumps and occa- 
sional periods of e~nission at the back- 
ground level have been observed for the 
dye molecules. These intensity fluctua- 
tions have been assigned in many cases to 
spectral diffusion of the absorption spec- 
trum, that is, time-dependent variations in 
the shape or position of the single mole- 
cule's spectrum. Spectral diffusion has 
been probed in single dye systems by mon- 
itoring the time evolution of the mean 
frequency of the e~nission spectrum. Such 
measurements are difficult to make with 
high time resolution, particularly for a sys- 
tem with a lower quantum yield, because 
the fluorescence photons are dispersed in 
wavelength before being detected. We 
now reDort an alternative ex~erimental 
approach, in which spectral diffusion is 
probed with greater time resolution by 
monitoring changes in fluorescence tran- 
sients taken at two wavelengths by rapidly 
alternating between excitation on the red 
and blue edges of the excitation spectrum 
(27). If the molecule's absorption spec- 
trum is shifting in time, then the mole- - 
cule's cross section at the excitation fre- 
quencies will change. A blue shift of the 
molecule's absorption band would cause a 
simultaneous increase in emission for the 
blue edge excitation and a decrease in the 
red edge excitation. A red shift would 
show the corresponding opposite behav- 
ior. An  estimate of the excitation spec- 
trum for the single molecules can be ob- 
tained from an ense~nble spectrum and 
images of single molecules recorded at var- 
ious wavelengths. 

The excitation sDectrum of an ensemble 
of single polymer molecules (28) is seen in 
Fig. 2A. Images of single molecules were 
taken at three wavelengths that span the 
ensemble spectrum (457, 488, and 514 nm) 
to ensure that the single ~nolecules had 
similar spectra. The images show all of the 
same single molecules, indicating that the 
individual lnolecules must have excitation 
spectra with widths similar to that for the 
ensemble. 

Two simultaneous fluorescence tran- 
sients for an individual polymer molecule 
taken at 457 nm (blue edge) and 514 nm 

(red edge) are shown in Fig. 2,  B and C. 
The si~nultaneous increase and decrease be- 
havior expected for spectral diffusion is not 
observed. Instead, the two transients are 
virtually identical. Although only a portion 
of one transient is shown in Fig. 2, identical - 
behavior was seen for all of the ~nolecules 
 robed (29). Neither the dark levels nor the 
intensity fluctuations result from spectral 
diffusion. 

The remaining explanation for the dis- 
crete jumps in the fluorescence intensity is 
that there are discrete jumps in the exciton 
nonradiative decay rate and, corresponding- 
ly, in the emission quantum yield. This 
could result from a photoche~nically gener- 
ated temporary defect along the poly~ner 
chain, such as a pair of separated charges, 
that is. a radical cation and radical anion. 
Radical cations have been observed to be 
efficient auenchers of fluorescent excitons 
in conjugated ~nultichro~nophoric mole- 
cules (30). The discrete jumps in the fluo- 
rescence intensity suggest that exciton mi- 
gration is sufficiently rapid and efficient 
that the excitons can collide with the 
wenching defects on a time scale much - 
shorter than their excited-state lifetime. 
Furthermore, the numerous discrete jumps 
in intensity from the background level to 
the average intensity level indicate that the 
quenching defects can revert back to an 
"undefected" state (such as the reverse elec- 
tron transfer of the radical cation and rad- 
ical anion). The reversible formation of 
charge-separated species has been observed 
in bulk conjugated poly~ners at low temper- 
ature (31 ). 

To definitively show that the quenched 
states are photochemically created, we stud- 
ied in more detail the rate of transition from 
the e~nissive to the non-emissive form of 
the molecule, defined as follows: In the 
non-emissi\,e state ("off"), the molecule's 
emission intensity is within 3 standard de- 
viations of the background intensity level. 
In the emissive state ("on"), the emission is 
at all higher intensities. If the changes in 
the molecule are spontaneous (environ- 
mental), then the rate of on + off transi- , , 

tions should show no changes with excita- 
tion Dower. However if the non-emissive 
states are photochemically created, then 
the rate should increase with excitation 
power. Both types of behavior have been 
seen to be responsible for spectral diffusion 
in the single chromophore dyes (15). The 
rate of the transition can be measured bv 
compiling histogra~ns of the number of 
times a molecule is either on or off for a 
given length of time. If we use this simple 
model, the histogram should show a single- 
exponential decay that reflects the rate of 
the transition 132). , , 

Histograms of the frequency of on and 
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off periods of the polymer single molecules 
are shown in Fig. 3. The histograms in Fig. 
3, A to D, are for an ensemble of mole
cules measured individually. They have 
been combined because most molecules do 
not survive long enough to give a large 
number of transitions. Comparison of the 
rate of on —> off transitions at two powers 
(300 and 1500 W cm"2) shows that the 
rate changes nearly linearly with laser 
power, indicating that non-emissive off 
states are photochemically generated. 
Conversely, the off —> on transitions show 
no observable power dependence. There
fore, the relaxation of the off states is 
spontaneous. A few of the molecules ob
served lasted long enough to give tran
sients with many transitions (Fig. 2D). 
The on —> off and off —» on histograms of 
one such molecule are seen in Fig. 3, E and 
F. Both of the rates are consistent with the 
ensemble measurements. Additionally, 
the long transients show times when the 
molecule is on or off for many seconds. 
Similar behavior has recently been ob
served for single semiconductor nanocrys-
tals where long-lived ionized states 
quench the emission of the entire nano-
crystal (33). 

These SMS studies of individual poly
mer molecules reveal that strong commu
nication occurs between the localized seg
ments of the polymer. This results in sin
gle-step photobleaching and in discrete 

0 1 2 3 4 5 0 1 2 3 4 5 
On time (s) Off time (s) 

Fig. 3. (A and B) Histograms of the duration of the 
on times (bright levels) and off times (dark levels) 
taken at high excitation power (1500 W cm -2) for 
an ensemble of single polymer molecules. (C and 
D) The same histograms taken at 300 W cm - 2 . 
The on -> off rate changes by approximately a 
factor of 5, whereas the off - » on rate is essentially 
the same. This result indicates that the dark states 
of the molecule are photochemically created. (E 
and F) The same histogram for an individual mol
ecule, showing consistency with the rates mea
sured from the ensemble. 

jumps in the emission intensity of single 
polymer molecules. The same behavior is 
seen in both high and low molecular 
weight fractions of the polymer (34), and 
the same qualitative behavior is also seen 
in SMS recently begun on PPyV (35). In 
contrast to SMS studies of single chro-
mophore dye molecules, the intensity 
jumps in the polymer are not the result of 
spectral diffusion. The creation of dark 
states as a result of changes in the nonra-
diative rate of the single molecules may be 
important for both multichromophore and 
single-chromophore systems. The dark 
states of the polymer chains indicate that 
only a few, and possibly only one, photo
chemical defect can quench all the emis
sion from a single polymer chain. In poly
mer films, there is the additional possibil
ity that the photochemically generated 
quenching sites could also reduce the 
quantum yield of neighboring chains. This 
implies that the efficiency of light emis
sion in bulk polymer films such as those 
used in light-emitting devices could be 
markedly reduced by the presence of a 
small number of chemical defects. 
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