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We report on the fluorescence properties and the combined effects of energy diffusion and energy transfer in
polyfluorene nanoparticles doped with a variety of fluorescent dyes. As the doping host, polyfluorene possesses
extraordinary “light harvesting” ability, resulting in higher per-particle brightness as compared to dye-loaded
silica nanoparticles of similar dimensions. Both the steady-state fluorescence spectra and time-resolved
fluorescence measurements indicate highly efficient energy transfer from the host polymer to the acceptor
dye molecules. A model that takes into account the combined effects of energy diffusisterRmnsfer,

and patrticle size was developed. Comparisons of experimental data to the model results elucidate the importance
of particle size and energy diffusion within the polymer in determining the optical properties of the doped
conjugated polymer nanopatrticles. Fluorescence quantum yietdd@¥ and peak extinction coefficients of

1.5 x 10® M~*cm™* were determined for agueous suspensions-8) nm diameter polymer nanoparticles
doped with perylene or coumarin 6 (2 wt %). Photobleaching experiments indicate that energy transfer
phenomena strongly influence the photostability of these dye-doped nanoparticles. Significant features of
these nanoparticles include the high brightness, highly red-shifted emission spectrum, and excellent
photostability, which are promising for biological labeling and sensing applications. In addition, the
nanoparticles are a useful model system for studying energy transfer in dense, nanostructured, multichro-
mophoric systems.

1. Introduction acceptors), dense multichromophoric systems such as conjugated
polymers consist of multiple donors that are highly coupled,

Forster resonance energy transfer (FRET), a physical phe- N : ) S .
9y ( ). a phy b resulting in mobile excitons. Application of the ister theory

nomenon in which energy absorbed by a fluorophore is ! e oo
transferred to another molecule through a nonradiative pathway, © theszs systems may require significant modification in the
has experienced a resurgence of interest due to a number ofheory:

emerging applications such as molecular beacon biosérisors  Highly fluorescent probes such as nanoparticles have attracted
and optoelectronic devicésMany conjugated polymers are much attention due to a number of demanding applications such
known to possess high absorption coefficients and high fluo- as biosensing, imaging, and high throughput as$&$%sAs
rescence quantum efficien€y’ In electroluminescent devices, compared to conventional fluorescent dyes, inorganic semicon-
energy transfer has been widely employed as a strategy forductor quantum dots and dye-loaded beads exhibit improved
tuning the emission color and enhancing the quantum ef- brightness and photostability and are under active development
ficiency® and a number of detailed investigations of device for fluorescence-based biological applicati@fi> Quantum
properties and photophysics of conjugated polymer thin films dots are ideal probes for multiplexed assays due to their broad
doped with various chromophores have been perforinéd. excitation band and narrow, tunable emission peaks. However,
Additionally, energy transfer is the basis for the FRET technique cytotoxicity is of concern for in vivo applicatior?§:?” Energy
used for studying short-range<{0 nm) interactions between transfer has been exploited in the design of fluorescent dyes
biomolecules and conformational chand&s® Conjugated and polymer®2® and has also been used to improve the
polymers demonstrate great potential for application in highly functionalities of dye loaded latex or silica colloids. Some
sensitive biosensors based on extraordinarily efficient energy commercially available beads incorporate a series of two or more
transfer phenomena characterized as superquenching or hyperdyes that undergo excited energy transfer and exhibit a highly
quenching!®'”We have recently demonstrated the possibility red-shifted emission spectrum. Triple-dye-doped silica nano-
of using hydrophobic conjugated polymer nanoparticles as particles have been demonstrated in which FRET-mediated
fluorescent probe¥:'9 Highly efficient energy transfer was  emissjon features could be tuned by varying the doping ratio
observed in blended conjugated polymer nanopartitiasd of the three tandem dy&&However, the relatively large particle
between conjugated polymer nanoparticles and Au nanopar-gjzes ¢30 nm) of these and other doped silica particles may
ticles:® Although conventional Fister theory is typically  preclude sensing applications involving the use of energy

adequate for describing energy transfer from a single fluorescenti. - sfer to report conformational changes (e.g., molecular
donor to a single acceptor (or an ensemble of independentbeacons)_

*To whom correspondence should be addressed. E-mail: meneil@ ~ Many conjugated polymers have high fluorescence quantum
clemson.edu. yields and broad emission spectra with full widths at half-
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maximum (fwhm) of~50—100 nm, meeting the requirements 2.3. Characterization Methods.Morphology and size dis-

for an efficient, versatile donor. Conjugated polymers also tribution of the doped and undoped PDHF nanoparticles were
possess extraordinary “light harvesting” ability due to their large characterized by atomic force microscopy (AFM) and transmis-
extinction coefficients and also exhibit very fast intra- and sion electron microscopy (TEM). For the AFM measurements,
interchain photoexcitation transport (exciton diffusion). These one drop of the nanoparticle dispersion was placed on a freshly
characteristics offer possible advantages for the developmentcleaned glass substrate. After evaporation of the water, the
of novel fluorescent nanoparticles. In this study, we report on surface topography was imaged with an Ambios Q250 multi-
the fluorescence and energy transfer photophysics of polyfluo- mode AFM in AC mode. Samples for TEM imaging were
rene nanoparticles doped with a variety of fluorescent dyes. The prepared by drop casting the nanopatrticle dispersion onto copper
doped polyfluorene nanopatrticles exhibit fluorescence excitation grids. The samples were allowed to dry at room temperature,
spectra characteristic of the host polymer and fluorescenceand then the TEM images were obtained using a Hitachi H-7600
emission spectra characteristic of the dopant dyes. These dopednicroscope operated at 120 kV.

nanoparticles are many times brighter than inorganic quantum The UV-—vis absorption spectra were recorded with a
dots and dye-loaded silica particles of similar dimenstains Shimadzu UV-2101PC scanning spectrophotometer using 1 cm
one case, a nanoparticle fluorescence quantum yieted@ quartz cuvettes. The fluorescence spectra were obtained using
and a peak extinction coefficient of 1,6 10° M~1cm™* were a commercial fluorometer (Quantamaster, PTI, Inc.). Photo-
determined for particles with an average diameter of 30 nm. bleaching measurements were performed using methods similar
The high experimentally observed energy transfer efficiency is to the those described elsewhé?dyut using the light source
not adequately described by iSter energy transfer alone. A built in the fluorometer. The slit widths on the excitation
model was developed that includes the combined effects of monochromator of the fluorometer were adjusted slightly to
exciton diffusion, Fester transfer, and particle size in determin- generate continuous UV light (380 nm) with a power of 1.0
ing the energy transfer efficiency. Comparisons of experimental mw as determined by a calibrated photodiode (Newport model
results to the results of simulations based on the model yielded818-sl). The light was focused into a quartz cuvette containing
an exciton diffusion length within the range of accepted literature a constantly stirred nanoparticle dispersion with an absorbance
values. The model was also used to explore the effects of particleof 0.10. The fluorescence intensity at a specific wavelength was
size on intra-particle energy transfer efficiency. These nano- recorded continuously over a time period of 2 h. Fluorescence
particles could serve as a model system for studying energy lifetimes were measured using the time-correlated single-photon
transfer in complex nanoscale systems consisting of denselycounting technique (TCSPC). The sample was excited by the
packed chromophores. An improved understanding of the second harmonic (400 nm) of a mode-locked femtosecond Ti:
photophysics in such systems would be of benefit for enhancing Sapphire laser (Coherent Mira 9000). The output of a fast PIN
the performance of nanoparticle-based sensing schemes andiode (Thorlabs, DET210) monitoring the laser pulse was used

nanostructured electroluminescent device layers. as the start pulse for a time-to-amplitude converter (TAC,
Canberra Model 2145). Fluorescence signal was collected in
2. Experimental Section perpendicular geometry, passed through a 420 nm interference

) L i filter with a 10 nm bandwidth, and detected by a single photon

2.1. Materlals.The polyfluorene derlvatlve.poly(9,9-d|hexy- counting module (Perkin-Elmer, SPCM-AQR). The output of
Ifluorenyl-2,7-diyl) (PDHF, MW 55 000, polydispersity 2.7)Was e getector was used as the stop pulse for the TAC. The laser
purchased from ADS dyes (Quebec, Canada). The fluorescentas attenuated to maintain the count rate below 20 kHz. The
dyes perylene, nile red, and tetraphenylporphyrin (TPP), and gjgna| from the TAC was digitized using a multichannel analyzer
the solvent tetrahydrofuran (THF, anhydrous, 99.9%) were (rasicomTec, MCA-3A). The instrument response function was
purchased from Sigma-Aldrich (Milwaukee, W1). Coumarin 1, a5 red before and after each fluorescence lifetime measure-
Coumarin 6, and [2-[2-[4-(dimethylamino)phenyllethenyl]-6- ot ysing the scattered laser light from a dilute suspension of
methyl-4H-pyran-4-ylidene]-propanedinitrile (DCM) were pur- o styrene beads. The combination of the detector and
chased from Excnpp (Dayton, OH). All chemicals were used g|acironics results in an instrument response function with a
without further purification. width of ~1.0 ns (fwhm).

2.2. Nanopatrticle Preparation.Preparation of the fluorescent
dye-doped PDHF nanoparticles is performed using a method3 rasuits and Discussion
similar to the reprecipitation method described previodhy:3!
Dye-doped PDHF nanoparticles were prepared as follows. The 3.1. Nanoparticle Size and Morphology.Previously, we
PDHF polymer was dissolved in THF by stirring overnight reported a facile method for preparation of a variety of
under inert atmosphere. The solution was then filtered through hydrophobic conjugated polymer nanopartiéfe®.The prepara-
a 0.7 micron filter and further diluted to a concentration of 40 tion involves a rapid mixing of a dilute solution of polymer
ppm. A given fluorescent dye (either perylene, coumarin 6, nile dissolved in a water-miscible organic solvent with water. The
red, or TPP) was also dissolved in THF to make a 100 ppm rapid mixing with water leads to a sudden decrease in solvent
solution. Varying amounts of a dopant dye solution were mixed quality, resulting in the formation of a suspension of hydro-
with a PDHF solution to produce solution mixtures with a phobic polymer nanoparticles. It is possible to introduce
constant host concentration of 40 ppm and dopant/host fractionshydrophobic fluorescent dyes during nanoparticle formation.
ranging from 0 to 10 wt %. The mixtures were agitated to form Here, a variety of fluorescent dyes were chosen as dopant
homogeneous solution& 2 mL quantity of the solution mixture  species based on their fluorescent quantum yield and spectral
was added quickly to 8 mL of deionized water while sonicating overlap with the donor's emission. Figure la presents the
the mixture. The resulting suspension was filtered through a chemical structures of the dyes and PDHF polymer employed
0.2 micron membrane filter. The THF was removed by partial in this study. The doping concentration and the possibility of
vacuum evaporation, followed by filtration through a 0.2 micron dye leakage were investigated by the following procedure. A
filter. The resulting nanoparticle dispersions are clear and stablenanoparticle suspension in which the nanoparticles contain 9
for months with no signs of aggregation. wt % of coumarin 6 and 91% of PDHF were prepared as
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Figure 1. (a) Chemical structures of the fluorescent dye dopants and the host conjugated polymer PDHF. Representative AFM images of pure (b),
perylene-doped (c), and coumarin 6-doped (d) PDHF nanopatrticles dispersed on silica substrate. (e) Histogram of particle height data taken from
AFM image (b). (f) TEM image of the pure PDHF nanoparticles. (g) Photograph of fluorescence emission from aqueous suspensions of the dye-

doped PDHF nanoparticles taken under UV lamp excitation (365 nm). The composition and spectroscopy of these nanoparticles are indicated in
Figure 3.

described in the previous section. The dye to polymer ratio in

the nanoparticles was determined by YWs absorption 10} TV PDHF ]
spectroscopy, indicating that the dye to polymer ratio of the ith / ‘ ;,/'\.\ o zefYIGm? "
nanoparticle precursor mixture is preserved in the resulting |3 osl i \ / | MG -
nanoparticle suspension (i.e., neither species was preferentially |2 iy '-‘ ;’ Vs TPp
precipitated during the preparation procedure). The overall goe_ { 4 i
preparation yield of the dye-doped nanopatrticles was typically 2 I '-i

higher than 80%. To determine whether the dye was located 504_ F A 4 |
primarily within the nanopatrticles or as free dye molecules in g g , ‘.

solution, a series of tests were performed on the nanoparticle |2 b i

suspension as follows. The sample was concentrated by a factor 02r o \ \ 7
of 6 using centrifugal concentrators (Pall Corp.) with a molecular I o \t;
weight cutoff of 30 000. A negligible absorption and very weak o0 o oo s oo 6ad
fluorescence from coumarin 6 were observed in the filtrate, Wavelength (nm)

which indicates that nearly all of the dye was embedded within

. . . . Figure 2. Normalized fluorescence emission spectrum of PDHF
the nanoparticles, with only a negligible fraction present as free anoparticles and absorption spectra of the fluorescent dyes.
dye in solution. The concentrated sample was diluted and the

above procedure was repeated a few weeks later. The results

indicate no observable dye leakage. The nanoparticle dispersionpolyfluorene derivatives exhibit blue emission with high
were drop-cast onto silica substrates for analysis of particle sizefluorescence quantum yiefd.In this study, PDHF was chosen
and morphology by AC mode AFM. A representative AFM as the host polymer in view of its high absorptivity in the near-
image of undoped PDHF nanoparticles is shown in Figure 1b. ultraviolet region and broad emission spectrum which provides
A particle height analysis obtained from the AFM image favorable spectral overlap with a number of different dopant
indicates that most particles possess diameters in the range ofpecies. Figure 2 presents the normalized fluorescence emission
30 £ 5 nm (Figure 1e). The lateral dimensions from the AFM spectrum of the PDHF nanoparticles in water and absorption
image are somewhat larger than the height due to the radius ofspectra of perylene, coumarin 6, nile red, and TPP in THF
curvature of the AFM ti#3 The size and morphology were also  solutions. The fluorescence of the host polymer PDHF in
characterized by TEM (Figure 1f), which indicated well- ~400-550 nm range possesses good overlap with the absorption
dispersed, spherical nanoparticles with diameters-® nm. spectra of the fluorescent dye molecules, as required for efficient
Our observations are consistent with the recent report that theenergy transfer via the FFster mechanism. Figure 1g shows
equilibrium shape for small sized PDHF nanoparticte8@ nm) the strong fluorescence emission from aqueous suspensions of
tends to be spherical because polymeater interfacial tension ~ undoped and various doped PDHF nanoparticles under UV
is the dominant factor which typically determines the polymer excitation (365 nm). At a few percent doping fraction, the
morphology in this size range, even for somewhat rigid polymers fluorescence from PDHF is almost completely quenched and
such as PDHEF* There are estimated 16@00 polymer the nanoparticles present strong fluorescence from the dopant
molecules per nanopatrticle, assuming a densely packed sphericaspecies, indicating efficient energy transfer from the host
morphology. As shown in Figure 1c and 1d, the perylene-doped polymer to dopant molecules.

and coumarin 6-doped PDHF nanopatrticles were characterized Figure 3 shows the normalized absorption (dashed curves),
by AFM. Height analysis indicates that the presence of dopant fluorescence excitation and emission spectra (solid curves) of
has no apparent effect on particle size and morphology. the undoped PDHF and four dye-doped nanoparticles containing

3.2. Fluorescence SpectroscopyAs a promising class of  varying concentrations of perylene, coumarin 6, nile red, and

conjugated polymers for organic light-emitting devices, many TPP. The dominant absorption peaks (around 375 nm) of the
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Figure 3. Normalized absorption (dashed), fluorescence excitation and
emission spectra (solid) of pure and dye-doped PDHF nanoparticles.

dye-doped nanoparticles are due to PDHF, whereas relatively
weak absorption from the dopant molecule can also be observed.
With 375 nm excitation, where 95% of the absorption is due

to PDHF, the fluorescence from PDHF is almost completely 350 400 450 500 550 600 650 700 750
guenched, and the nanoparticles exhibit fluorescence emission Wavelength (nm)

spectra characteristic of the dopant species. Fluorescencq:igure 4. Concentration dependent fluorescence spectra of PDHF

excitation spectra obtained while monitoring dopant emission panoparticles doped with perylene (top), coumarin 6 (middle), and TPP
are very similar to the normalized absorbance spectra of PDHF, (hottom).

with minor differences attributable to the spectrum of the Xe

lamp of the fluorometer. These observations indicate efficient formation of dye aggregates with low fluorescence quantum
intra-particle energy transfer from the PDHF host to the dopant yije|d. The perylene-doped system shows a similar trend in the
fluorescent dyes. The observed energy transfer efficiencies aregyolution of the fluorescence as the fraction of dye is increased,
roughly similar to the energy transfer efficiencies observed for pyt no additional spectral features from the perylene due to
dye-doped polyfluorene thin film$;***supporting the conclu- - aggregation were observed, nor was quenching due to aggregates
sion that the nanoparticles consist of polymers essentially in 5 carved. The TPP-doped particles have a lower overall
the solid state with dye molecules randomly distributed through- ¢ ,4rescence quantum yield as compared to the other doped

out the polymer. o _ particles, consistent with the lower quantum yield of TPP as
Highly efficient energy transfer is evident in the evolution  compared to coumarin 6 and perylene. Although we have
of the fluorescence spectra with increasing dopant concentration.g ccessfully demonstrated the doping strategy for a few
Figure 4 shows the fluorescence emission spectra of the thregq rescent dyes, it should be noted that acceptor emission was
types of dye-doped nanoparticles as dopant concentration is, . yhserved for some other dyes. For the nile red-doped case,
increased. For the case of PDHF nanoparticles doped with nanoparticles prepared with 5 wt % doping exhibit moderate

\(;v?tL;lT:(IlrgaGS,ir;[h% fgjggﬁgﬁpﬁhgfgstzﬁOf;ggnzgiﬁoﬁ%ia;e:ﬂuorescence from the PDHF host, as indicated in Figure 3. The
g dy ' Y€ jonor's fluorescence is not completely quenched even in more

increases and reaches a maximum around 1.0 wt %, after which .
! 0,
a further increase in dopant concentration causes a pronouncetﬁ‘ea\/IIy doped samples (10 wt %). Another dye, DCM, was

reduction in fluorescence intensity. Over the concentration range?lbserved to ?uenctr;] thde host flugrescegceT,hl_out_ no obwc;]u?
of ~0.2—-1 wt %, the nanoparticles present an intense green uorescence Irom the dy€ was observed. This IS somewna

emission (500 nm) from coumarin 6, which is clearly more cqntra_ldict(ggyAtg other reports on DCM-doped nanoparticles_and
intense than the 430 nm emission of undoped PDHF nanopar-tin films. However, the results support the tentative
ticles. It is also clearly observed that the green emission from conclusion that the rigid, nonpolar polymer matrix would inhibit

coumarin 6 consists of two emission peaks around 500 nm. Veryformation of the twisted intramolecular charge transfer state
similar spectral features were observed in coumarin 6-doped considered to be the dominant fluorescence pathway for BEM.
polyfluorene and PVK thin films? As the doping concentration The dependence of the PDHF fluorescence intensity on the
is increased from 2 to 5 wt %, the intensity of the dye emission dye concentration was modeled using the St&rfolmer rela-
starts to drop and the spectra change shape, consistent with théon, which can be expressed*as
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Fo/F = 1+ Kg [A 1
d Al @) 0F o TPP K,=89
. L 4 Coumariné K, =79
whereFq andF are fluorescence intensities in the absence and e Perylene K,=34

presence of acceptor, respectivel{gy is the Stera-Volmer
guenching constant, and[is the concentration of the acceptor.
The quenching constant is obtained from the slope of a linear
fit to a plot of Fo/F versus p|. If the acceptor concentration is
expressed as a molecule fraction, theg represents the number 10}
of host molecules quenched by a single acceptor. The integrated
emission intensitiesHp andF) of the donor were obtained by
decomposing the spectra in Figure 4 through a multi-peak
Gaussian fitting. The SterrVolmer analysis (Figure 5) indi- . . L . .
cated that approximately 3, 8, and 9 polymer molecules can be .
guenched by single molecules of perylene, coumarin 6, and TPP

respectively. The dnfferences In the quenchllng 'eff|C|enc¥ per of quenchers in the dye-doped PDHF nanoparticles. The scattered points
molecule can be attributed to the dlﬁergnpes In thfsm, radii are experimental results of PDHF fluorescence quenched by the three
of the three dyes. The perhaps surprising observation that agye acceptors, while the solid lines represent fits to the Stéaimer
single dye molecule can quench one or more polyfluorene chainsequation.

consisting of tens to hundreds of chromophore units is supported ) )

by a number of recent experimental reports that indicate that clear from a comparison to the Steriolmer analysis, accep-
energy diffusion via rapid intrachain energy transfer is an tors with larger Fester radii exhibit higher quenching efficien-
important factor in determining energy transfer efficiency to CI€S.

1 2 3 4
Quencher/donor Molecular Ratio

'Figure 5. Fluorescence quenching of the donor versus molar fraction

acceptor dye343 In the following sections, we attempt to There have been a number of recent studies of energy transfer
quantify the relative importance of energy diffusion aridster processes in dye-doped polyfluorene thin filthd>%0-46The
simulations which include both energy diffusion andrster molecules are arranged on a perfect cubic lattice within the

transfer phenomena within the framework of a random walk. Polymer host. The lattice model is not appropriate for the
3.3. Forster Energy Transfer Model. The Faster theory nanopatrticle systems currently under study because the quench-

of resonance energy transfer is best understood by considerin neg gmglrzmyfgr;hfhiggeggfe Ctlgstiéo gZﬁt:?rﬁC&(’f “I;?tliydteo
a single donor and acceptor separated by a dist&cEhe b :

Gty i e Consa i fhe donoraccepor TS e dve moeies et ey to b more ot s
separatiorR is given by? y poly ,

number of dye molecules with overlapping rBter radii,
5 particularly at higher dye-to-polymer ratios. To address these
_ %ok [9000(In 10) o E (e (0i4di 5 issues, we have developed a method for estimating energy
- TDRG 128715NAn4 /(; p()ea(t) @ transfer efficiency that takes into account the random distribution
of the donor and acceptor positions within the confined space
of a nanoparticle. The model is described as follows: Assuming
that the overall energy transfer rate constaki)( scales
linearly with the number of quenchers, ther from a ran-
domly positioned exciton to all the quenchers can be expressed

Ker

wheregp andrp are the fluorescence quantum yield and lifetime
of the donor, respectively, in absence of the acceptbis a
configurational factor describing the relative orientation of
transition dipoles of the donor and acceptor and is usually
assumed to be 2/3 for a random distribution of derexceptor

pairs; Na is Avogadro’s numbern is the refractive index of Na Na 1 [Ry\6

the medium;Fp(1) is the normalized emission spectra of the kE — Z Kep; = z i (3)
donor; andea(4) is the molar absorption coefficient of the T 7 K ™ 75 \R

acceptor. It is convenient to define a distare(the Faster

radius) at which the energy transfer rate conskamtis equal where Na is the number of dye molecules per partici,
to the total decay rate constaktf = 7p~! = kr + kygr) Of the represents the distance between the exciton andtlthdye

donor in absence of the acceptorréter radii for the three dyes  molecule. Defining quenching efficienayfor a given exciton
using PDHF as the donor were calculated using eq 2. Since theasq = ke1/(ks + kng + ker), the overall quenching efficiency
PDHF refractive index is strongly dependent on wavelength over Q can be calculated by averaging over a large nunieof
its emission range, the wavelength-dependent refractive indexrandomly generated exciton positions:

was adopted for the calculatiéh?* The spectral overlap

between PDHF emission and dye absorption is presented in Fo—F 1 N |<'ET‘i
Figure 2. A fluorescence quantum yield of 20% was obtained =Q=— Z _ 4)
for the PDHF nanoparticles using a solution of Coumarin 1 in Fo No T 1+ ko,

ethanol as a standafélThe calculated Fwster radii are 2.29,

3.05, and 3.14 nm for PDHF doped with perylene, coumarin 6, Due to the sensitivity of the simulation results on the positions
and TPP, respectively. The largef'rBter radius of TPP is  of the acceptors, the simulation results must be averaged over
reflected by its large peak absorption coefficient (4 11C° many randomly generated sets of acceptor positions as well.
M~1cm™1) as compared to Coumarin 6 (5:4 10* M—1cm™?) This simulation describes only the fster energy transfer
and perylene (3.& 10* M~1cm1). Coumarin 6 has a moderate  without considering exciton diffusion. The results of the
molar absorption coefficient but very good spectral overlap; simulations (using Fster radii calculated from the spectral
therefore, its Foster radius is comparable to that of TPP. As is overlap) and comparisons to experimentally determined quench-
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TO[ T ' T ' ' ] have been previously employed to model exciton diffusion and
trapping in molecular crystaf8:>°However, the present model
08r differs significantly from these previous models in that the
o6l possibility of Faster energy transfer to an acceptor dye is taken
into account for each step in the random walk trajectory. The
04f model and simulation methods are described as follows: The
ool 47 exciton is given an initial random position within the nanopar-
4 ticle. After a time interval of duratiorkt, the exciton moves a
00F single step of lengtk in a random direction, subject to the
1or constraints imposed by the geometry of the particle. Neglecting
Z sl (for the moment) energy transfer to the dye acceptors, the
s average number of stepsrequired for the exciton to travel a
£ o8f distance equal to the exciton diffusion lengthis given byN
g o4l = (Lpl€).2 The time step sizét is related to the fluorescence
2 : lifetime of the donor {p) by NAt = 7p. A given number of
§ 0.2 | acceptor dye molecules are randomly distributed within a
ool nanoparti,cle. At each step, the overall energy transfer rate
10F constanter is calculated based on the position of the exciton
and the positions of the acceptors according to eq 3. The
08 probabilities of energy transfer and decay during the time step
aal are calculated ap = 1 — exp(—ketAt) andp = 1 — exp(-
At/tp), respectively. Comparison of generated random numbers
0.4 against the probabilities of the two processes is used to
ozl _;" determine if the exciton has undergone decay or transfer during
the time step, ending the trajectory. If not, the exciton trajectory
0o} , , , ) . continues to the next step. Each trajectory is allowed to
0 200 400 600 800 100 eventually terminate in either energy transfer or decay. The
e Dumber of Dve bolecules per Paride algorithm was verified by comparison of simulation results

Figure 6. Quenching efficiency as a function of the number of dye (obtained with energy transfer turned off) with the analytical
molecules per particle for the PDHF nanoparticles doped with perylene expression for steady-state concentration as a function of
(top), coumarin & (middle), and TPP (bottom). The squares are yiciance for a decaying species which is diffusing from a point
experimental results. The dotted curves represent the results of the LIt should b ted that. f terials with tical
Forster transfer model, while the solid curves represent the results of source. . shou _e _no e at, for ma er_las W'_ an Op_ '(_:a
the combined exciton diffusion and Eer transfer model. penetration depth similar to that of the particle radius, the initial
distribution of excitons (prior to energy diffusion) would be

more heavily weighted toward the surface. However, this is not

experimental measurements of donor emission quenching as aOf major concern in the present case, bgcause the p_article radius
measure of energy transfer efficiency instead of using acceptor' & factor of 2-3 smaller than the optical penetration depth.
emission, because the latter is not a reliable indicator of energy A comparison of the model results to the experimentally
transfer efficiency due to possible quenching by aggregate determined quenching efficiencies was performed as follows:
species. The scattered data show the experimental results forl he number of acceptor dyes per particle used in the simulations
the three dyes calculated from Figure 4, whereas the dottedwas varied over the range 0£1000, consistent with the range
curves represent the simulation results using thsteotransfer ~ 0f experimental data. The samérsier radii used in the previous
model. Large discrepancies between the experimental andsection were employed for the combined energy diffusion and
simulated quenching efficiencies (as high as 50%) were observediransfer model. The exciton diffusion length was treated as a
for all three dye species, which indicates thatdter transfer  fit parameter and evaluated over the range ©fl6 nm. The
alone is not able to adequately account for the observedstep lengthe was set to a value of 0.1 nm. Values tdbetween
quenching behavior in these dye-doped nanoparticles and tha0.05 and 0.5 nm were found to yield similar quenching
other processes are likely to be involved, such as energy €efficiency results, indicating little sensitivity to this parameter
diffusion. Excitons in conjugated polymers can migrate along provided that it is set to a value well below thérgr radius

the polymer chain and may hop between chains, processesand the exciton diffusion length. Thousands of exciton trajec-
characterized by an exciton diffusion length, typically on the tories were calculated, and the quenching efficiency was
order of 5-20 nm for conjugated polymef&-48 Simulations determined by counting the number of trajectories that terminate
of energy transfer that neglect energy diffusion are expected toin energy transfer relative to the total number of trajectories.

ing efficiencies are shown in Figure 6. We elected to use

underestimate the efficiency of energy transfer for smaton- The efficiencies were also averaged over many random acceptor
jugated systems, as observed. positions, because the energy transfer efficiency is sensitive to
3.4. Combined Exciton Diffusion and Fuaster Transfer the random placement of acceptors. For a given average number
Model. Energy transfer from a conjugated polymer to fluores- of acceptors per nanoparticle, the actual number of acceptors
cent dyes is described as occurring in two stgF8:#346(1) per nanoparticle is likely to follow a Poisson distribution.

energy diffusion within the polymer host and (2) energy transfer However, Poisson statistics were neglected because it was
from the host to the guest dye molecules. On the basis of thepreviously determined that it does not affect the average
above picture, we introduce a model that explicitly takes into quenching efficiency for cases where the quenching efficiency
account the combined effects of exciton diffusion, energy per acceptor is below 3098.A comparison of the calculated
transfer, and particle size. The model is based on a 3D randomenergy transfer efficiencies for a range of diffusion length values
walk on a discrete cubic lattice. Random walk-based methods to the experimental results (Figure 6) yields an estimated exciton
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Figure 7. (a) Dependence of the quenching efficiency on the exciton diffusion length for the three dye-doped nanoparticles. The starting points
in the absence of exciton diffusion were calculated according to eq 4, whereas the other points were obtained by the combined energy diffusion and
Forster transfer model. The curves are fits to eq 6. (b) Size dependent quenching efficiency for the particles doped the three different dye species.
The number of dye molecules per unit volume is fixed at a value of 0.0057 percomesponding to 80 dye molecules in a particle with a radius

of 15 nm. The scattered points are simulation results, and the curves merely serve as guides to the eye.

diffusion length parameter of & 1 nm for all three dyes. The  Ret similar to the Feoster radius, assuming th&:r depends
agreement between theory and experiment is quite good over aapproximately linearly on the exciton diffusion lengihyy},

large range of dye concentrations. An exciton diffusion length

of 8 nm is consistent with reported values for similar materials, Rer =Ry +o-lp (5)
which range from 4 to 20 nif$:5253The excellent agreement

between the model and experimental results, as compared tavherea. is a parameter describing the relative contribution of
the model results obtained without energy diffusion, provides exciton diffusion to the effective energy transfer radius. Replac-
a strong indication of the importance of energy diffusion in this ing Ry of conventional Foster theory with the effective energy
system. An additional issue that should be considered is whethertransfer radius, the quenching efficiency can be written as
the model assumption that the dyes are positioned randomly is

physically reasonable. Entropic considerations and the particle (R, + a-LD)6
formation kinetics associated with rapid mixing would tend to Q== P (6)
favor the assumption that dye positions are essentially random. R+ (Ry + a-Lp)

However, depending on the particular dye species, surface free B
energy could be minimized by segregation of the dye on the whereR represents an effective average distance from a donor
surface. Because segregation of the dyes on the surface canndb the nearest acceptor. Figure 7a shows the fitting curves to
be ruled out, it is appropriate to consider the effect of such the results of by settin@R and o as parameters. Fits to the
segregation on the quenching efficiency of the dyes and the combined energy diffusion and transfer simulations yielded
relative importance of energy diffusion and energy transfer. This excellent fits for all three dye species using parameters in the
issue can be addressed on a qualitative level as follows. If arange ofR = 3.0 = 0.2 nm ando. = 0.064 + 0.001. The
dye molecule is located on the surface, this would reduce the effective energy transfer distance (including energy diffusion)
effective quenching volume of the dye, because about half of is only 15-20% larger thariRy, when usind_p values of 8 nm.
the volume defined by the FFster radius of the dye would  There is uncertainty of similar magnitude in typid&j values
intersect with the particle. Indeed, simulations in which the dyes determined from spectral overlap. This indicates the necessity
were confined to the surface resulted in substantially smaller of careful determination of ‘Fster radii as well as the need to
quenching efficiencies (as much as a factor of 2 smaller) as obtain additional data for validation such as by systematically
compared to the results obtained assuming a random dyevarying the acceptor concentration and employing a variety of
distribution within the entire volume of the particle. Thus, a acceptors.
larger exciton diffusion length parameter would be requiredto  To explore the dependence of quenching efficiency on
obtain agreement between the model and the experimentalnanoparticle size, simulations were performed using the com-
results. On the basis of these considerations, the excitonbined energy diffusion andFster transfer model (Figure 7b).
diffusion length obtained from the comparison between the For each particle size, number of dye molecules per unit volume
model results and the experimental results should be taken as as fixed at a value of 0.0057 per fncorresponding to 80 dye
lower estimate of the exciton diffusion length. molecules for a particle with a radius of 15 nm. As can be seen,
Additional simulations were conducted to explore the de- the quenching efficiency increases monotonically for small
pendence of quenching efficiency on the exciton diffusion particles in the radius range 66—25 nm, approaching constant
length. For 80 dye molecules per nanoparticle, the quenchingvalues for particle radii above 30 nm. The reason for this size
efficiency was determined as a function of exciton diffusion dependence can be interpreted as follows: for smaller particles,

length (Figure 7a). The points corresponding-to= 0 were the dopant molecules are more likely to be located close to the
calculated according to eq 4, whereas the other points weresurface due to the higher surface to volume ratio. The dye
obtained using the combined energy diffusion anttskey molecules near the surface have a smaller effective quenching

transfer model. As can be seen, the quenching efficiency volume as compared to those farther from the surface (nearer
increases monotonically with increasing the exciton diffusion the particle center), leading to a lower quenching efficiency.
length, approaching unity fdrp values well above the particle  As particle radius increases, the surface effect is relatively less
size (data not shown). A parametrized expression that takes intosignificant, and therefore the quenching efficiency increases.
account both energy transfer and exciton diffusion was devel- For cases in which the particle radius is above 30 nm, well
oped as follows. We define an effective energy transfer radius above the Frster radius, the quenching efficiency approaches
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a constant value corresponding to the bulk solid. The radii of
the prepared dye-doped PDHF particlesl8—17 nm) is well
below the estimated~30 nm threshold for bulk quenching
behavior, indicating that particle size is an important factor in
this case. The apparent size dependence of the energy transfer
properties of the nanoparticles points to the possibility of tuning
energy transfer parameters using particle size or other nanoscale
geometric parameters.

Time-resolved fluorescence measurements were performed
to provide detailed information about energy transfer rate 02k
constants. Fluorescence decay kinetics traces were obtained
using the TCSPC technique. Donor excited-state lifetimes were 0.0 , , , , , £,
extracted from the kinetics traces using custom software ‘350 400 450 500 550 600 €50 V0O VS
employing an iterative deconvolution methtfd Statistical Wavelength (nm}
analysis of several fits and comparison of lifetime results
obtained for Coumarin 6 in ethanol to literature values yields
an estimated uncertainty in the reported lifetime of 50 ps or
better. A fluorescence lifetime of 330 ps was obtained from |
the decay curves of the 420 emission of the undoped PDHF =
nanoparticles. This is consistent with reported lifetimes for < 0,
similar polyfluorene derivatives that range from 160 to 400 ps I%‘
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in thin films.1136 An increase in the decay rate of PDHF
fluorescence is observed as the TPP concentration is increased.
For the 0.2 wt % doped sample, the energy transfer rate constant

[ 1.PuePDHF  M30mm] t= 583 s T=2.7x10%s |
2 PDHF-02%TPP [430nm] ¢ = 1391 s, 1= 58x10"s
0.2} 3. PDHF-0.5%TPP [430 nm)| 1,=1600s; T72.3x10%s ]

(ke) was deduceq by subtracting the decay rate constant of 4. PDHF-DS%TRP BSUnm| s 2268 s, T 1.7x10°s
undoped nanoparticles{"* = 3.0 ns!) from the total decay 0.0 . . ‘ ‘ , , ,
rate constant of the doped nanoparticles { = 5.5 ns1). The Y0 1000 2000 3000 4000 5000 000 7000
result &1 = 2.5 ns’!) is consistent the value calculated using Time (s}

the combined energy diffusion andiSter transfer model. The  Figure 8. (a) Fluorescence emission spectra of TPP-doped PDHF
decay time (100 ps) from a more heavily doped sample (0.5 wt (0.5%) before and afte2 h of photobleaching. (b) Photobleaching
%) indicates a clear enhancement of energy transfer rate constarkinetics of the pure and TPP-doped PDHF nanoparticles under
(er = 70 1) due 0 the higher dopant concentaton and is Sbeus Toraton Wi L0 G of 590 o UF T e
also consistent with Fhe resuI.tS of the S|mulat|on§. It ShO.UId be indicate the emission coﬁection wavelengths. The blagk curves result
noted that the experimental tlme resolution was insufficient t(_) form the fitting by double exponential decay and the time constants
observe the complex dynamics that are often observed in gre indicated in the Figure.
systems involving energy transfer to randomly distributed
acceptorg®55 Additional experiments with improved time
resolution are planned in order to address this question.

3.5. Photobleaching Behavior of the Dye-Doped Nano-
particles. The photostability of fluorescent nanoparticles is of

structure>® Polyfluorene-based thin films in air often exhibit
spectral instability that involves the appearance of an undesired
green emission arising from energy transfer to a small number

critical importance for many fluorescence sensing and imaging of keto (fluor7en.on.e) defectg result.in_g from partial oxidat?on of
applications. The photostability of a fluorescent dye or nano- the polymer?” Similarly, partially oxidized PDHF nanoparticles

particle can be characterized by photobleaching quantum yield €Xhibit green emission due to the presence of fluorenone sites
(¢s), which is equal to the number of molecules that has been on the polymer backbone. Figure 8a shows the emission spectra

photobleached divided by the total number of photons absorbed©f the 0.5% TPP-(_joped PDHF nanopartic!es before and qfter 2
over a given time interva® In other words, photobleaching 1 Of Photobleaching under 380 nm UV light. A comparison
quantum yield is the reciprocal of the number of excitation between the spectra exhibits clearly _an_mcr(_eased green emission
cycles that a typical molecule endures before it undergoes around 530 nm, whereas the emission intensities from the

; ible photobleachi d b d polyfluorene host (430 nm) and the TPP guest (650 nm) are
reversibie phofobleaching and can be expressed as reduced. The photobleaching kinetics data for doped and

ke undoped PDHF nanoparticles are shown in Figure 8b. The
by = (7 photobleaching kinetics of the undoped PDHF particles cannot
Ke T kne T Ker t kg be described by a single-exponential decay. However, the sum

of two exponential functions, with a fast component character-
wherekg is the photobleaching rate constant usually related to ized by a time constant of 600 s (30%) and a slow component
photochemical reactions involving the excited-state of the characterized by a time constant %Q0* s (70%), adequately
molecule. Conventional fluorescent dyes such as coumarins andeproduces the photobleaching curve. The observed biexponen-
rhodamines typically exhibit bleaching quantum yields in the tial photobleaching kinetics could indicate the presence of two
range of~10-4—1075.32 For typical fluorescent dyes under low or more distinct populations, possibly due to the presence of
excitation intensity, the photobleaching kinetics follows a single- different phases with distinct morphology and photophysics. It
exponential decay curve. However, the photobleaching of has previously been observed that different phases of polyfluo-
conjugated polymers is more complicated, and the mechanismrene derivatives can be prepared from the same polymer, each
remains poorly understood due to the complex set of interactionswith markedly different fluorescence and electronic properties
involving a large number of species such as excitons, polarons,arising from differences in the nanostructure of the matéfial.
molecular oxygen, and partially oxidized species of unknown The observation of multiple decay rates is also consistent with
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the possibility that chains located near the surface of the particle multiplied by the acceptor death number. Because dye loading
could be more susceptible to photobleaching as compared tofractions similar to those typically employed in dye-loaded silica
chains located deeper within the nanoparticle. Another pos- or polystyrene nanospheres can be achieved with the dye-loaded
sibility is that the combination of energetic disorder and PDHF particles, we tentatively conclude that similar photosta-
intraparticle energy transfer results in energy transfer from bility figures of merit could be achieved. On the basis of these
higher energy excitations to states of lower energy. This resultsresults, we conclude that doping with energy acceptors is a
in a range of excited-state lifetimes, which would give rise to viable strategy for improving photostability of conjugated
multiexponential photobleaching kinetics, according to eq 7. A polymer nanoparticles.

procedure similar to that described by Eggeling and co-wotkers |t has been observed that, in some cases, the photobleaching
was employed to obtain quantitative photobleaching quantum rate is proportional to the triplet state population of the
yields from the photobleaching kinetics data. To validate the fluorophores$® and that triplets can result in complex photo-
procedure, analysis of photobleaching kinetics for Coumarin 6 bleaching kinetic§26° If the dopant species are able to act as
was performed, yielding results similar to reported vafii@he triplet quencher, it would increase the photostability of the
fast bleaching component corresponds to a photobleachingdonor. Similarly, oxygen is potent triplet quencher and has been
quantum yield of 1.0x 10°%, whereas the slow bleaching found to increase the fluorescence intensities of conjugated
component corresponds to a photobleaching quantum yield of polymers®! In addition, singlet oxygen generated by interaction
2.6 x 1078. Because the fraction of emitted photons associated of O, with triplet states is also likely to be involved in the
with the rapidly decaying component is very small, the production of partially oxidized defect species. Although TPP
determination of death numbesH¢s) is based on the fluores- s known to be an efficient singlet oxygen generator, and singlet
cence quantum yieldp¢ = 0.20) and the slow photobleaching  oxygen is known to be involved in photobleaching, we observed
componentgs = 2.6 x 10°8), yielding a death number of 7.7 no reduction in the photostability of TPP-doped particles as
x 1P photons per undoped PDHF nanopatrticle. compared to undoped particles.

We also determined the effect of energy transfer on photo-  Finally, we consider the nanoparticle figures of merit for
stability of the doped nanoparticles. TPP was chosen as thefluorescence labeling applications. We previously observed that
dopant due to its highly red-shifted fluorescence which provides the conjugated polymer nanoparticles suffered from a reduction
clear separation between donor and acceptor fluorescencein fluorescence quantum yield as compared with the polymers
Biexponential fits to the photobleaching kinetic traces of 0.2 in organic solvent® Blended conjugated polymer nanoparticles
wt % TPP-doped nanoparticles of doped particles yield time were developed later and found to have a slightly higher
constants of 1391 s for the fast-bleaching component and 5.8quantum yield-® The dye-doping strategy provides additional
x 10* s for the slow component in the host photobleaching options for optimizing nanoparticle optical properties due to the
kinetics, both approximately a factor of 2 larger than the time wide range of readily available dyes with quantum yields
constants obtained for undoped particles. Recalling the resultsapproaching unity. Furthermore, PDHF as host has efficient light
from a previous section, the energy transfer efficiency is harvesting ability as compared to optically inert polymer or silica
approximately 50% at the doping fraction of 0.2 wt % TPP. materials. Nearly all of the excitation energy absorbed by
According to the rate picture, an energy transfer efficiency of hundreds of PDHF molecules is transferred to the dye acceptors,
50% would reduce the photobleaching rate constant by a factorwhich can exhibit a high fluorescence quantum yield. The
of 2 as compared to undoped nanoparticles, consistent with thecombination of large per-particle absorptivity and high fluo-
observed photobleach kinetics. A higher dopant ratio (0.5 wt rescence quantum yield results in large improvements in
% TPP) leads to longer time constants for both the two fluorescence brightness. Fluorescence quantum yield08o
components. Again, this is consistent with the rate picture (eq and a peak extinction coefficient of 1.5 10° M~cm?!

7). During the course of the photobleaching kinetics measure- (assuming 200 polymer molecules for a nanoparticle with 30
ment, light also bleaches the dopant molecules (Figure 8b), nm diameter) were determined for PDHF nanoparticles doped
which should result in partial recovery of donor fluorescence, with perylene or coumarin 6 (2 wt %) suspended in water, using
though this phenomenon had no apparent effect on the photo-a solution of Coumarin 1 in ethanol as a stand&rdnother
bleaching kinetics. The photobleaching kinetics of the acceptor significant feature of the dye-doped nanoparticles is their highly
emission at 650 nm emission of the 0.5%TPP-doped samplered-shifted emission spectrum as compared to pure polymers
exhibits a biexponential decrease similar to that of the donor. and typical fluorescent dyes. Differently doped nanoparticles
Regarding the death number for doped nanoparticles, thewith a variety of emission wavelengths can be simultaneously
calculation indicates the death number for the donor’s fluores- excited using a single light source, a useful feature for imaging
cence is roughly the same to that of the pure PDHF nanoparticlesand multiplexed fluorescence detection. Photostability is also
because the lower photobleaching rate is offset by the lower an important factor for many applications. We observed that
donor quantum yield. However, there is a net increase in total the dye molecules in the PDHF particles have photostability
death number per particle when the emission from the acceptorssimilar to that of free dyes in solution, as estimated from the
is included. In the 0.5%TPP-doped sample, the death numberphotobleaching experiments. Because each particle contains

for the acceptor’s fluorescence is calculated to be 3.20° hundreds of dyes, the death numbers and survival times of the
photons per nanoparticle according to the fluorescence quantumdye-doped nanoparticles appear to be hundreds times better than
yield (¢ = 0.013) and the photobleaching kinetic tragg & single conventional molecular dyes and similar to dye-loaded

4.1 x 1079 of the acceptors. The death number of the polymer spheres of similar dimensions. On the basis of the
nanoparticle (considering acceptor emission only) is similar to extraordinary “light harvesting” capability of the polymer host
that of free TPP in solution multiplied by the number of dye and the high quantum yield of the dye molecules, the fluores-
molecules per nanoparticle-(00). Extrapolating to the case cence brightness of the perylene- and coumarin-doped nano-
of heavily doped nanoparticles (negligible donor emission and particles is estimated to be200 times larger than that of single
short donor lifetime), the nanoparticle death number would be quantum dots and 40 times higher than that of dye-loaded silica
largely determined by the number of acceptor molecules spheres of similar dimensions. The combination of the high
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brightness, highly red-shifted emission spectrum, and excellent

photostability is promising for biological labeling and sensing
applications.

4. Conclusions
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