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The fluorescence intensity fluctuation and polarization modulation of spin-cast single fluorescent
conjugated polymers of 2,5-dioctyloxy p-phenylene vinyléD©O-PP\j with length of the order

of the persistence length have been studied. The results indicate that this type of polymer behaves
like a collection of semi-independent excitons, with dipoles aligned predominately in the same
direction. This suggests that this type of polymer can be considered as a linearly extended rigid
structure(i.e., a straight rod The fluorescent transient exhibits a multiple-step-like behavior with

the count rate at each step being a multiple of a common step-size. The fluorescence variation
follows the excitation polarization with a DC background observable in some molecules. This DC
background indicates that the chromophores in some polymers are not aligned in the same direction.
Variations in the Huang—Rhys factor at a single polymer level are also observe@00®
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I. INTRODUCTION polymer deposited in solid state thin film form, where inter-
. i . _chain interactions can strongly influence the light emis&fon.
Organic thin-film electroluminescence based on CONAS the present experiment requires a uniform chain length
gated polymers has recently been the focus of extensive P b q g

research. However, the basic photophysics of these materi—Com-ug""ted polymer to be dispersed in a thin nonconjugated

als is still not fully understood. Recent improvements jn Matrix, we developed a novel method, “sorting by solubility

fluorescence microscopy technigues have made photophysiegn,tr(,)l” to prepare sugh a polymet.In t,his method, the
studies at the single molecule level possiieBarbara’s Val’la’FIOI’l of solubility Wlth.molecular weight and .tempera?
group has led the way in studying the photophysics of singldU"® iS émployed to obtain a polymer of a desired chain
PPV-PPyV and MEH-PPV polymefs’ This paper presents length. For the polymer used in this expenm?)ent, pristine
the fluorescence intensity fluctuation of single DOO-pPYPOO-PPV was first dissolved in 0°C tolu-e?'fel. After a
polymers[structure shown in the inset of Fig(al]. In con-  few hours, nondissolved polymers were filtered out. After

trast to previous work on long-chain MEH-PR¥100 nry,  finsing the residual powder, the procedure was repeated with
the chain length of the DOO-PPV polymer used in this ex-chloroform, first at 0°C and then at 24°C. The 24 °C chlo-
periment, ~18 nm, is chosen to be close to its persistentoform solution was dried by Nbubbling to obtain a final
length. {Although the persistence length of DOO-PPV hasSample having a molecular weightlg,) of 8600, and poly-
not been measured directly, the persistence length of poly diversity (M,,/M) of 2.23 (determined by gel permeation
methoxy, 5-(2-ethyl-hexyloxy-p-phenylene-vinylefie chromatography This corresponds to a polymer of 34
(BEH-PPV), a chain isomer, has been determined by lightmonomer unit§determined by §1,M,,)*?] having a rela-
scattering to be-11 nm(Ref. 8.} One would expect such a tively narrow chain length distributiofpolymer length~18
short-chain polymer to exhibit rodlike behavior both in solu-nm). The dispersed single-molecule (Tov of monomey
tion and when spin-cast. In the work presented here, the distock solution after further dilutiofby a factor of 18-10F)
pole moment behavior on the single polymer chain is obdin the polystyrene matrixpolystyrene:chloroform:toluene
served and analyzed. Variations of the Huang—Rhys factor at10 mg:18 ml:4 ml was spin-cast15 s at 2000 rps fol-
the single polymer level are also observed. lowed by 10 s at 3000 rpsonto a fused silica cover slip
substrate(Esco Producys The resulting film thickness is
<100 nm. Under these conditions, most molecules will align
to have the polymer parallel to the plane. However, the plane
While the method for preparing dye molecules on sub-of the chromophore, which is the same direction of the plane
strate for single molecule experiment is well-documerited, of the benzene ring, may lie in or out of the substrate plane.
the situation is completely different for polymers. Unlike The polymer was viewed on a homemade sample scan-
small molecules, which are relatively easy to disperse in solning confocal microscope consisting of a NikdEllipse
vent and then spin-cast onto a substrate, polymers tend ®60) optical microscope fitted over a standard AFM head
aggregate together. The situation is particularly severe fofPark Scientific InstrumentsThe Z-control of the scanner

Il. EXPERIMENTS
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10 T . T . 5 bubbled through the solution to purge dissolved oxygen from
ol the solution. The cleaned cover glass slips were placed in a
dry nitrogen box(equipped with special filters for Oand
H,0) for a minimum of 2 h. Although the spin-coating pro-
cess itself was performed in air, immediately after coating,
the prepared sample was returned to the above chamber.
Within the chamber the cover glass affixed to a specially
designed holder to ensure that the film came into contact
| M only with dry N,. During image taking, the whole assembly
0 , , , L M was transferred to the scanner. Between scans, the sample
0 10 20 30 40 50 was returned to the dry-Noox.
(a) Time [s] After a fast low irradiance scan to determine the position
of polymers, individual molecules were systematically posi-
tioned at the focal point of the objective lens and their fluo-
rescent transient recorded. The nature of this transient indi-
cates whether the quenching of the polymer has single or
multistep characteristics. The photoluminescence spectrum
was also obtained at the same time. In addition, the nature
(direction of the absorption dipoleq) were investigated by
slowly rotating (2.5 H2 the linearly polarized excitation
light (absorption and thus fluorescence being proportional to
|- E|?, whereE is electric field vector™ In all cases lin-
4 8 early polarized light was used for excitation. With the excep-
b) Counts [/10 ms] t?on of those g)fperiments in Whiph the direction'of polariza—
tion was explicitly rotated, the direction of polarization was
FIG. 1. Fluorescent transiefi#) and histogramb) of a single DOO-PPV  Kept constant.
molecule under low irradiance excitati¢®00 W/cnf) with linearly polar-

ized light. Four levels of approximately 2 counts/10 ms interval are visible.||| RESULTS
Due to the low excitation irradiance, signal to noise ratio has been increased

by continuous averaging of 10 adjacent bifisis figure only. There are The fluorescence time decay from single DOO-PPV
~20 molecules/10Qu’. Care has been taken to prevent exposure to °Xy‘;c)olymers was observed for a hundred molecules. Three mol-
gen and water during sample preparation and scanning. The chemical stru
ture of DOO-PPV is shown in the inset. ecules, representative of the three types of observed behav-
ior, are shown in Figs. 1 and 2. Referring first to Figa)l
taken at a relatively low excitation irradiance, fluorescence is
electronics was disabled and the facedown sample scannedseen to occur at discrete intensity levels separated by a step
the X-Y plane. Laser excitation from the TE}yimode of a  size of 2 counts/10 ms. After 5 s of bouncing between levels
linearly polarized Ar-ion lasef488 nm, after attenuation (level 3—4—2—3), the output intensity gradually reduces
and passing through a narrow band filt€@mega Optical in a stair like fashion(level 3—2—1—0) with a much
was reflected down to the sample by a dichroic beam splittelonger time constart~10 9. For the 20 molecules studied at
(Omega Optical The size of the beam was chosen tothis excitation irradianc€200 Wi/cnf), the step size was
slightly underfill the back of the objectivéNikon 100X oil 3.5+ 1.5 counts/10 ms. Due to the low excitation irradiance,
immersion, N.A=1.3, infinite focu$ to minimize self- signal to noise ratio has been increased by continuous aver-
fluorescence from the objective. The fluorescence signal, cohging of 10 adjacent binghis figure only. Note that the
lected through the same objective, after passing through abrupt changes at the step edge occur within the 10 ms time-
long pass filter was either sent to an ARBG&G SPCM-  resolution for the raw data. The corresponding intensity his-
AQ-131) for fluorescence intensity detection, or a spec-togram of Fig. 1a) is shown in Fig. 1b). This steplike be-
trograph and CCD systenfActon Research 0.25 M and havior is very different both from the exponential decay that
Princeton Instrumentsto record the spectrum. For fluores- one would expect for an ensemble of molecules and the
cence intensity detection, a bandpass filter was used to rejesingle-step photobleaching that is observed in a single small
residual excitation before the fluorescence was focused ontmolecule'®
a 200um diam optical fiber. Upon exiting the fiber, the light In Fig. 2(a), an increase in excitation irradian¢&600
was refocused onto an APD operating in photon countingV/cn?) is accompanied by a similar increase in count rate.
mode. A 10 ms time constarftvith 2 ms downtim¢ was  The corresponding intensity histogram is shown in Fidp).2
used during experiments. For recording the fluorescencEor the 60 molecules studied at this excitation level, fluores-
spectra, light was sent into a spectrograph and liquid Ncence occurred at discrete intensity levels separated by a step
cooled CCD system through optical fiber. size of 45+ 15 counts/10 ms. Similar time-dependent fluores-
As quenching in conjugated polymers of this type is pri-cence intensity jumping from level to levé@evel 7—4—6
marily a result of contamination from oxygen, the following —3—1—0) is observed. But, in contrast to the previous
steps were undertaken to limit the exposure of the solutioase, some steps are missed. There appears to be coordina-
and thin film to air*>* Prior to spin-casting, dry-Nwas tion being demonstrated between adjacent chromophores.

I
S

8 ||\ \)

| HrCa0 n
I m L le

Ir‘

w

(o)}
Step Level

Counts [/10 ms]
N
N

N
-

300

200

100

Number of points

Downloaded 16 Feb 2001 to 140.109.112.140. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



3850 J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 White et al.

. ——— 8 -
300 : '’ D 7
I i L ‘Hs © 7
© 200} ‘ > o 5
= _JM ' 49 O 4
2 [ 33 2 s
3 100 i Xz 2.
&) 3
]
0 2 4 6 8 10 12 14 16 18

Number of Molecules

)

FIG. 3. Number of discrete fluorescence levels observed for 91 molecules.
Data used in this assessment were taken with sample dilutions of 20
molecules/10Qum?, 20 molecules/100Qum?, and 2 molecules/100@m?.

No significant difference was seen between data taken at the various sample
dilutions. Due to the photon flux experienced by the molecules prior to

°
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Counts (110 ms) recording, the number of steps per molecules may be biased towards the low
side.

in an N, environment and those exposed to atmospheric con-
ditions.

Similar fluorescent transients were observed for approxi-
mately 100 molecules. For each molecule, the number of
discrete steps of fluorescen@e., 4 in Fig. 1 and 7 in Fig. 2,
FIG. 2. Fluorescent transiefd and histogramb) of a single DOO-PPV ~ Molecules with an ambiguous number of steps were gener-
molecule under high irradiance excitatiéh600 W/cn?) with linearly po- ally excluded was noted and compiled into the form of a

larized light. While in the main figure, care has been taken to prevent exhistogram(Fig. 3. The histogram clearly indicates the mul-
posure to oxygen and water during sample preparation and scanning, tl

inset shows the drastic effect of atmospheric exposure on sample lifetime. | evel emission and _phOtObleaChm_g of an ensemb_le of single
the main figure, there are20 molecules/10Qum?, while in the inset the ~Molecules. Summarizing, for a given molecule, in general
coverage is~2 molequlesllqwmz- No averaging has been done(@. For  the step size is constant, and, within experimental error,
the histograms, 5 point continuous averaging has been employed in the maifgles Iinearly with excitation power. This view is consistent
figure and 10 count binning for the inset. . .

with all the dipole moments of all the chromophores of a

given polymer being aligned in the same direction.

In order to investigate more carefully the behavior of the

) ) _ ) _ dipole ensemble of a single polymer, an electro-optical
The inset of Fig. 2 displays a molecule for which no specialy,gqulator was used to slowly rotat@.5 Hz) the linearly

efforts have peen rr_wade to protect it from the atmosphercbdarized excitation bean 4 - E| varies at 5 Hz Although
The most obvious difference between those molecules study the majority of cases, full modulation is observed, there
ied in a N, environment and those studied under atmospherig e exceptions. Figure 4 shows the fluorescent transient of

conditions is the greatly reduced bleaching time—which at,ne sych exception. Initially the fluorescence output is what
times makes the observation of individual steps difficult.

While the first two molecules reflect the majority of cases,
the polymer shown in the inset represents a type of behavior
that is relatively uniqué<10% of all moleculesin that it
exhibits not only coordination within various parts of the
system but also coordination across the entire molecule. The
fluorescence transient exhibits jumping between levels while
returning to zero in betweeftevel 6—+0—4—0—2—0 or
level 3—-0—2—0—1—0 depending on the count rate as-
signed to the base steplaking these three types of mol-
ecules into consideration, it appears that while there may be
strong communication along the chain, each section is also
capable of individual behavior. The quenching behaviors of
emitters do not always act independently. In a small mol-
ecule, intensity fluctuation that does not drop to zero is at- Time [s]

tributed to either spectral diffusion or rotational jumpitid’

The equal steps observed in Figs. 1 and 2 make either epr_ﬁlG-_4- FIuor_esc_ent tran;ient of a single I_DOO-PPV _mol_ecule under high
nation improbable from this type of polymer. It should be IEeES A Ity poied T, Tre dreeton ot porre
noted that no significant behavioral difference—other thanyark state are clearly visible(see text Upper inset shows an example of
time-scale—was observed between those molecules isolatedrve fitting to the equatiorl,= A sir? (wt+B)+C (see text
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1.2 T T T T T T . TABLE |. The summarized results from the modulation experiment shown
in Fig. 4. Each section of the curve was least squares fitted to the turve
10F =A sir(wt+B)+C, wherel is the fluorescence intensity, corresponds to
— the twice the frequency of modulatiqgd Hz), andA, B, Care allowed to
B os vary.
N u
g 0.6 Time (s) Parameters
é 0.4 Section Start Finish A(+0.1) B C(+0.1)
D—l_ 1 0 1.3 1.9 —94° 0
0.2 2 1.3 42 1.3 -114° 0.8
0.0 . ) . . . . , 3 4.2 10.7 1.0 +164° 0
500 520 540 560 580 600 620 640 660 4 10.7 11.2 0 o o
5 11.2 23.0 1.0 —45° 0

Wavelength [nm]

FIG. 5. PL emission spectra-- and --) from two single DOO-PPV poly-
mers. The spectral width for both molecules is narrower than in chloroform

—). Each molecule exhibits significantly different spectral behavior. . . L
=) g y P between chromophore orientation within a polymer, but

there is only limited correlation between polymers in our thin
films.
would be expected for parallel dipoles—100% modulation of ~ The results from the modulation experimehig. 4) fur-
the fluorescence output. However -at.3 s there is a sudden ther confirm this view. In order to show that this result is
shift in phase. The fluorescence increases and a DC backonsistent with a picture of four semi-independent chro-
ground appears. Note that the fluorescence intensitgtian ~ mophores, each with a fixed dipole moméeno rotation al-
integer multiple of the single step size. This continues untilowed), each section of the curve was least squares fitted to
4.2 s, when there is another sudden phase shift and the fluthe curvel =A sir(wt+B)+C, wherel is the fluorescence
rescence drops to that expected for a single dipole or paralléitensity,  corresponds to the frequency of modulati@b
dipoles. This continues with no phase change until the molHz) andA, B, Care allowed to vary. The results of such a fit
ecule goes darkl0.7 9. Emission starts again at 11.2 s with are summarized in Table I.

a different phase, and continues emitting with constant phase What is occurring in Secs. I, lll, IV, and V is quite
until at 23 s the molecule goes permanently dark. straightforward. In Sec. |, two parallel dipoles are emitting
The photoluminescencéPL) spectra from different (chromophores a and.dn Sec. Il a single chromophofe)

single DOO-PPV polymers was taken at the same time as thé emitting. In Sec. V, a new chromophofé), somewhere
polymer bleaching, as shown in Fig. 5. The fluorescencelse in the polymer, starts to emit. In Sec. Il, we propose that
spectrum in chloroform solution is also shown for compari-3 chromophorega, b, and g are emitting. This can be seen
son. The fluorescence spectrum from a single DOO-PPYrom adding the output intensities incoherently,
polymer is narrower because of the inhomogeneous effect of
polymer in solution. Note that the shape of the fluorescence |=1,,5+1¢c
spectrum could be very different from one polymer to the . .
oltoher. This indicates thz;/t there is no single HEar?g—Rhys fac-  —LL19sif(wt=94)+0]+[1.0sif(wt+164+0]
tor at the single polymer level. However, it does not exhibit =1.1sif(wt—99)+0.9,
distinctive two-state behavior, as in long chain MEH-PPV
polymer’ The implication of these differences will be dis- which, considering the noise level of the data, represents a
cussed in the next section. reasonable fit.
Clearly, this is not the on—off or blinking behavior that
has previously been observed for dye molecules or semicon-
IV. DISCUSSION ductor nanocrystals where the entire system behaved as a
single quantum systemRather it seems better to consider
Differing orientations between chromophore dipolesthese larger polymers as an assembly of semi-independent
(and hence absorption dipojeand the incident electric field chromophores on a rigid backbone. The polymer used is this
(i.e., |u-E| varies though9) would be seen experimentally as experiment contains approximately 34 monomer units. It is
a variation in step size. A constant step size thus implies thatasonable to estimate the delocalization length to be ap-
all dipoles maintain the same orientation with respect to theroximately 6 monomers. We can thus picture the conju-
incident electric field. Clearly, this is the case for a singlegated polymer used in this experiment as an assembly of 5-6
polymer(Figs. 1 and 2 In contrast, the variation in step-size units that may act either individually or as a collective sys-
seen between polyme(direction ofE is kept constantsug-  tem. Due to the rigid backbone of conjugated polymers, di-
gests that each polymer is oriented slightly differently with poles of chromophores close to each other tend to “line up”
respect the electric field. The 30% variation between poly-and act as a single quantum system. As the distance between
mers suggests that the angle betwaeandE, and hence the chromophore increases, the relative orientation of the dipoles
polymer orientation varies between 0 and 45° for the thinbecomes more random and their tendency to act coherently
films investigated in this report. Thus there is correlationdecreases. This clearly explains the observed multistep be-
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havior (generally 4-5 distinct levels of fluorescehesmd the V. CONCLUSION

nonzero DC photoluminescence background in some modu- ] ) ]
lation experiments. In conclusion, the fluorescent transient of a single DOO-

The present result clearly demonstrates multiste’PV Polymer with molecular weight around 10000, and
quenching, in contrast to previous work on PPV-PpyV and€ndth close to the persistence length, is not simply on/off
MEH-PPV in which at most 2 steps are seen beforePlinking. Rather, multiple steps with generally equal spacing
quenching"® Although the difference might be due to the areé observed. This suggests that this polymer can be consid-
chemical structuréDOO-PPV has symmetrical side groups €réd to be composed of a number of closely coupled basic
while MEH-PPV has asymmetrical side grolpse believe  Units that may act either cooperatively or independently, ad-
the difference in molecular weight, hence polymer lengthjacent dipoles tending to orient in parallel and sometimes act
should play the more significant rolBersistence length is an together. Polymers with length close to the persistence length
important length scale for polymer conformation. When theclearly maintain their rigid-rod structure when spin-cast.
polymer length is shorter or comparable to the persistence
length, it tends to form rodlike structures. However, when
the length is much longer than the persistence length, thg\CKNOWLEDGMENTS
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