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ABSTRACT: We report on a remarkable size and internal structure dependence on time- ‘

and polarization-resolved photoluminescence (PL) from individual regioregular rrP3HT
(poly-3-(hexylthiophine)) nanoparticles. For the smallest particles (~34 nm) with rela-
tively low crystallinity (40%), the time evolution of polarization contrast is nearly stationary;
for intermediate-sized particles (~ 65 nm), depolarization occurs on a 1—2 ns time scale.
The largest and most crystalline particles studied (118 nm, 70%) show a PL depolarization
on a time scale of <50 ps. In every time regime, we observe P3HT nanoparticle PL dynamics
that are qualitatively different from those of extended films and single-polymer chains,
highlighted by intriguing differences in power law dynamics in the PL intensity at long times.
This work may support the hypothesis that hierarchical assemblies of conducting polymer
nanoparticles could offer a route to higher efficiency in organic photovoltaic systems.
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The problem of short characteristic exciton diffusion lengths
(~10—15 nm) in organic semiconductors has generated
significant interest in nanostructured assemblies of conjugated
polymers for solar energy harvesting applications. Directed
assembly of p-/n-type semiconducting polymer nanoparticles
offers an interesting possible solution to the mesoscale morphol-
ogy problem in organic light harvesting systems, where both
dimensions and stable packing geometries may give rise to more
robust and efficient organic PV devices.'* ® Recent studies by
several groups point to the importance of control over particle
size and internal structural order for the optimization of charge
efficiency and charge separation.'**? The interesting aspect of
the nanoparticle approach for photovoltaic applications is that
for certain nanoparticle packing structures that can, in principle,
be defined by nanoparticle size, there exist extended, continuous,
conducting paths for electrons and holes. In keeping with this
thinking, the Venkatraman group has devised new synthetic
methodologies for preparing nanoparticles of organic semicon-
ductors with tunable sizes and degrees of crystallinity. In this
Letter, we examine the time- and polarization-resolved photo-
luminescence (PL) from individual regioregular rr-P3HT (poly-
3-(hexylthiophine)) nanoparticles as a function of both size and
internal crystallinity (unpublished results). Our measurements
reveal PL dynamics that depend on both size and internal
structure, and that are qualitatively different from extended
P3HT films in every decay time regime. Perhaps most interesting
is the observed size dependence in the long-time regime, which,
when described with a power law decay (related to mean
electron—hole separation distances), shows significantly larger
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exponent values than those recently observed in extended films.>
These results yield new understanding of the relationship
between photophysics and nanoparticle properties and imply
the feasibility of hierarchical assemblies of conducting polymer
nanoparticles* as a route to higher efficiency in organic PV
systems.

The photophysics of polythiophene and polythiophene
blends are currently the focus of intense research efforts across
many different disciplines. Recent studies of time-resolved
pump—probe polarization anisotropy in absorption and
luminescence® using fluorescence upconversion® and streak
camera techniques®” have been reported for P3HT in thin films,
pointing to exciton migration and charge separation processes
that occur on time scales on the order of a few picoseconds,*
as well as long time scale dynamics attributed to radiative re-
combination of polaron pairs.”® However, because of the sensi-
tivity to path length and absorber density in ultrafast methods,
such techniques are difficult to apply to single molecules or
isolated nanostructures. Polarization methods, in particular, are
powerful tools for elucidating the details of internal order and
multichromophoric character in single-polymer chains and
nanoparticles.*”*~** However, such “steady-state” polarization
methods are incapable of recovering dynamical information from
single molecules or isolated nanostructures on time scales shorter
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Figure 1. (Left) HRTEM image of a 116 nm particle. Crystalline
domains of about 5—10 nm have been highlighted. The insets display
the crystalline arrangements of each crystal. From these images, it is
evident that the internal crystalline domains are randomly oriented.
(Right) Normalized UV—vis absorption of four nanoparticle families.
(Bottom) Two of these nanoparticles have different mean sizes (32 and
60 nm as determined from DLS) and the same crystallinity, as
determined by the UV—vis absorption, while (Top) we display UV—vis
absorption for two families of similar size but different crystalinity, as
evident from the difference in the shoulder at 600 nm.

than ~1 us due to limitations imposed by mechanical rotation
times or CCD camera frame rates.

Figure 1 summarizes the properties of the P3HT nanoparticles
under investigation here. The ratio between the intensities of the
vibronic band (610 nm) and the main absorption band in the
UV/vis absorption spectra of aqueous dispersions of nanoparti-
cles provided a measure of net crystallinity. High-resolution
transmission electron microscopy (HRTEM) images confirm
the semicrystalline nature of the nanoparticles and provide the
additional insight that the particles are actually polycrystalline,
with multiple crystalline domains that are nonuniformly or-
iented. The nominal sizes of the nanoparticle families were
determined with dynamic light scattering (DLS) and confirmed
with AFM surface height scans.

The experiments described here employ a variant of time-
tagged/time-resolved (T3R) single-photon counting, with ac-
cess to polarization dynamics on time scales ultimately limited by
the (picosecond) time-to-digital conversion resolution. We used
a pair of high-timing precision avalanche photodiodes (APDs)
(id Quantique id100—50) arranged in a Hanbury—Brown Twiss
configuration and registered to the same point in the sample
plane. This point corresponds to the center of an iris that was
placed in the emission path and tightened so that the fluores-
cence signal of only a single particle would be sent through the
detection path. This, along with sparse particle populations in the
sample plane (described in Supporting Information), ensured
that all signals collected were from single particles. A neutral 50/
50 beamsplitter was used to divide the fluorescence signal,
followed by linear analyzers in front of each APD to sort signal
photons by polarization state (perpendicular/parallel) with
respect to the polarization of the excitation pulse. The individual
APD signals were input into a precision channel router
(PicoQuant PHR800 Uni-Router) and directed into a time-to-
digital converter (PicoQuant TimeHarp300_V2) operating in
T3R mode. As in conventional T3R measurements,'® this
approach enables construction of fluorescence lifetime trajec-
tories by sorting a cluster of photon events within a given global
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Figure 2. Gaussian fits of histograms of PL decay components from
P3HT nanoparticles: 118 nm, 70% crystalline and 115 nm, 55%
crystalline. Histogram areas have been normalized to show the relative
contributions (amplitudes) of each decay component. The distribution
of single-exponential decay times for single P3HT chains of () = 600 ps
is shown by the dashed curve (arbitrary scale).

time segment by (local) arrival time relative to the most recent
excitation pulse. Because each detected photon has an additional
polarization “tag”, we have access to information on the picose-
cond time evolution of the polarization contrast, as well as
polarization correlations between individual photon detection
events.

We used a vertically polarized PicoQuant pulsed diode laser
operating at 440 nm (pulse width ~ 50 ps) with a 10 or 40 MHz
repetition rate as an excitation source. The laser spot was weakly
focused (~10 um spot size) and set up in epi-illumination
geometry, with an average nominal input intensity of ~1 kW/
cm”. Nanoparticle sizes were determined using both dynamic
light scattering (DLS) and in situ AFM surface height measure-
ments. Isolated P3HT nanoparticle samples were prepared by
drop-casting from dilute (~10~° M) aqueous solution onto
plasma-cleaned glass coverslips. PL data from individual particles
were accumulated for typically 3—5 min. Detailed count rate
analysis (Supporting Information) of the PL from different
nanoparticle families showed the onset of a process that com-
petes with radiative recombination and that scales with the
particle size and internal volume fraction of crystalline P3HT.
This could be a similar effect as that observed for collapsed MEH-
PPV chains by the Scheblykin group."'

Figure 2 summarizes the PL decay distributions from two
different NP families, 115 nm (55% crystallinity), and 118 nm
(70% crystallinity). Each single-particle decay function was fit to
a decaying three-exponential function convoluted with our
instrument response function (see Supporting Information for
details). The peaks in Figure 2 are Gaussian fits to histograms of
decay constants, whose areas have been scaled according to the
relative contribution to the total detected PL, thus approximating
a decay rate probability function. The dashed gray curve repre-
sents the distribution of single-exponential decay constants
obtained from single chains of P3HT cast from chloroform.
Thus, the central peak, which appears between 300 and 900 ps
depending on particle size, is associated with radiative decay of
the relaxed singlet exciton,™ although it presents with consider-
able variability among the different nanoparticle families (data
not shown). The long-time decay components that appear above
500 ps are most sensitive to the crystallinity— an effect that is most
prominent in the largest nanoparticle family with the highest
crystallinity.
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Figure 3. Polarization-resolved PL decay from different P3HT nano-
particles, (A) 34 nm/40%xtal, (B) 60 nm/40%xtal, and (C) 118 nm/
70%xtal. The corresponding polarization contrast parameter time
evolution for (A—C) is given in (D—F). The scale for the polarization
contrast, M, is the same for all (D—F), and the time-resolved count data
have been segmented to give approximately equal numbers of total
counts at each time. The different traces in (D—F) correspond to
different time segments in the PL trajectory.

Figure 3A—C displays polarization-resolved PL decay data for
34 and 60 nm (both with 40% crystallinity) and 118 nm (70%
crystallinity) NPs, compared with the (single-exponential) PL
decay of a single P3HT chain (gray trace). Figure 3D—F shows
the corresponding polarization contrast, M = (Npy,
Nperp)/ (Npara + Nperp); Npara/perp are the number of detected
counts in the parallel/perpendicular polarization channels as a
function of local photon arrival time (ns). In this analysis, the
local photon arrival times (relative times referenced to the
excitation pulse) were binned to give approximately equal
numbers of counts in each local time segment, thus roughly
equal in uncertainty in M. For the 34 nm sample, the polarization
contrast appears nearly stationary in local time, with a typical
mean value of M = 0.25. For the largest particles, the PL appears
to be almost completely depolarized at early times and acquires a
weak (positive) bias at longer times. By far the most interesting
behavior is seen for the 60 nm NPs, which show PL depolariza-
tion on a 1—2 ns time scale. In every particle family studied, the
time variation of polarization contrast with local time appears
roughly independent of which global time segment is selected in
the PL trajectory. Thus, the underlying dynamics governing the
time evolution of polarization contrast seem to be constant in
coarse time and only weakly associated with photobleaching. We
speculate that the size dependence in the time evolution of
polarization contrast could be due to the relationship between
crystal domain sizes and the number of different crystalline
domains within each nanoparticle. Preliminary HRTEM results
(Figure 1) show that the largest particles with the largest percent
crystallinity are polycrystalline, with crystal domains that are on
the order of 10 nm. If the average initial crystalline domain size is
independent of nanoparticle size (that is, formed prior to
nanoparticle assembly), then size constraints allow for only
two or three crystalline domains in the smallest particles, thus
producing strong (and constant) polarization anisotropies. In
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Figure 4. Power law analysis of long-time PL decay from 60 nm (blue
triangles and red squares denote different polarization components) and
170 nm (gray circles, polarization contributions combined) P3HT
nanoparticles. Signals from ~20 different particles within the same size
family were combined. The data were binned at S ns intervals between
20 and 100 ns. The red and blue solid lines represent fits to the PL data
with a power law argument of u = 1.7; the solid black line indicates a
power law fit with ¢ = 0.7 (£0.1).

contrast, the largest polycrystalline particles would presumably
have randomly oriented domains, thereby giving depolarized
emission at short time scales.

Recent reports’ have suggested that radiative recombination
in P3HT occurs primarily at the interface of lamellar (crystalline)
and poorly stacked (amorphous) domains.>'*'?" Charge se-
paration occurs over subnanosecond time scales (thus scram-
bling the polarization in emission) by dissociation of excitons
created at interfaces between lamellar (aggregate) and poorly
stacked (nonaggregate) domains. Thus, the time evolution of the
polarization contrast that we observe in the 34 and 60 nm
nanoparticles could be related to anisotropic exciton diffusion
within the crystal domain directions. The distinct time evolution
in the 60 nm particle family may be a consequence of a crystal
“ripening” effect. In smaller particles, surface energy and size
constraints would inhibit further growth of crystalline domains
through nucleation. Because the nanoparticles with the highest
crystallinity are likely highly polycrystalline, there may be numer-
ous nucleation sites, which would mean that the average indivi-
dual domain size would not change very much through nucleated
crystal growth. The 60 nm particle with low crystallinity may
have the proper conditions for significant nucleated crystal
growth, and therefore, the crystal domains may be larger than
those in the small and large, but polycrystalline, particles.

In the model proposed recently by Paquin and co-workers to
describe the time dependence of PL decay in P3HT films,” the
long-time dynamics can be modeled with a power law, given by
1() ~ A-t 1) where A is an amplitude and the power law
exponent ¢ is given by the ratio of the mean e /h” radius and a
distance parameter characterizing tunneling in the material.>*°
Paquin and co-workers reported a value of u = 0.54 for neat
P3HT films, which appeared to be independent of temperature
and polarization. Figure 4 shows a comparison of PL decay in the
long-time regime from 60 and 170 nm P3HT nanoparticles with
40 and 50% crystallinity, respectively. Because the PL is so weak
in this time regime at room temperature, PL decay signals from
approximately 20 different nanoparticles, collected individually,
within a particular family were combined for the analysis. For the
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170 nm sample, we recovered a value of i = 0.7 £ 0.1, which is
close to the reported thin film value.’ For the 60 nm sample, we
obtained a value of 4 = 1.7 (0.1), nearly a factor of 3 larger than
the thin film value. This suggests that the average electron—hole
radius is significantly larger in the 60 nm particles. This could be
due in part to screened electrostatic interactions between carriers
inside the nanoparticle and charges on the surfactant bound to
the surface. Alternatively, a reduction of the charge tunneling
distance in the material due to confinement in the nanoparticles
could also increase the value of the power law exponent. The
larger power law exponent for the PL decay in 60 nm particles
may, as we speculated earlier, be associated with larger crystalline
domain sizes.

In summary, our measurements of polarization- and time-
resolved photoluminescence from P3HT nanoparticles have
revealed an interesting dependence on particle size and internal
structure. Qualitatively, these results can be interpreted in terms
of an enhanced probability of charge separation upon photo-
excitation that competes with radiative recombination and
increases with increasing internal P3HT nanoparticle crystal
fraction. This interpretation is supported by the PL intensity
and count rate data, which shows a dramatic falloff (compared
with a simple * dependence) with particle size, (shown in
Supporting Information). In addition, the time evolution of
polarization contrast indicates an interesting size/structure-de-
pendent polarization dephasing; the origin of this is not com-
pletely clear. Finally, the power law analysis of the long-time PL
decay suggests a significantly larger mean electron—hole radius
for smaller nanoparticles, which may facilitate higher charge
harvesting efliciencies in a nanoparticle-based organic photovol-
taic architecture.

B ASSOCIATED CONTENT

© Ssupporting Information. Details of data collection, anal-
ysis, and sample preparation. This material is available free of
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