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ABSTRACT: Nanoparticles (NPs) of the singlet fission chromophore 3,6bis(5-phenylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(PhTDPP) having average hydrodynamic diameters of 63−193 nm were
prepared by rapidly injecting variable concentrations of PhTDPP solutions in
tetrahydrofuran into water. These PhTDPP NPs are stable over months in
water and exhibit fluorescence quantum yields ≪1%. Femtosecond transient
absorption spectros-copy shows that singlet fission is more rapid in smaller
NPs, likely reflecting their greater surface area-to-volume ratio and
consequent exposure of more molecules to the high dielectric aqueous
environment. These observations suggest that charge transfer states, whose
energy is sensitive to the dielectric constant of the surrounding medium,
serve as virtual intermediates in PhTDPP NP singlet fission. However, the
lifetime of the triplet excitons produced by singlet fission is longest in the
larger NPs having greater long-range order, which allows the triplet excitons
to diﬀ use further from one another thus slowing triplet−triplet annihilation.

■

INTRODUCTION

Singlet fission (SF) is the spontaneous spin-allowed formation of
two triplet excitons from one singlet exciton following absorption
of a single photon in an array of two or more organic
chromophores. SF can achieve up to a 200% triplet exciton
quantum eﬃciency in single crystals, thin films, and molecular
1
dimers in solution. As a result, SF molecules have received everincreasing attention for applications in organic photovoltaics
(OPVs), as well as hybrid and dye-sensitized solar cells as a result
2 6
of their potential for carrier multiplication. − A variety of
chromophores have been studied to answer fundamental questions
7 10
11 16
about the SF mechanism, including pentacene, − tetracene, −
17
19
20,21
−
carotenoids,
diphenyliso-benzofuran,
rylene
8,22 ,23
24 27
and a handful of other molecular systems. −
derivatives,
In an eﬀ ort to interpret experimental results and predict molecular
structures that can undergo high yield SF, theoretical studies have
proposed several diﬀ erent mechanisms, often focusing on the role
of charge transfer (CT) states as real or virtual intermediates that
10,28,28−32
facilitate SF.
Recently, we observed SF for the first time in diketopyrro29
lopyrroles (DPPs), a class of chromophores widely used in
OPVs. DPPs are known for their strong visible absorption, high
30 34
electron mobilities, and photochemical stability. − In thin films
of
3,6-di(5-phenylthiophen-2-yl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (PhTDPP), the SF rate constant is kSF = 4.6 ×
29
9
1
10 s− with a triplet yield of 165 ± 30%. A further study on
3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione
(TDPP) with diﬀ erent N-alkyl chain sub-stituents demonstrated
that crystal morphology has a strong eﬀ ect on SF yield as well as
mechanism, with the observation of

an excimer-like dark state that promotes SF, which is
assigned to the correlated triplet pair 1(TT) state having
overall singlet character.29
The degree of CT character between adjacent TDPP
molecules was hypothesized to influence the SF rate since
diﬀ erent solid state packing geometries were seen to modulate
donor−acceptor interactions between molecules. Electronic
asymmetry in the immediate vicinity of any given pair of
chromophores will dictate whether the relevant states are CT
states or charge resonance (CR) states that are characteristic of
excimers formed from two equivalent chromophores.35−38
Recent calculations on the influence of virtual CT state
energies in DPP and other chromophores indicate that such
states should aﬀ ect DPP SF rates via a superexchange
mechanism.39 Thus, the role of CT or CR states on DPP SF
requires further experimental elucidation.
Colloidal NPs of tetracene and pentacene derivatives in
aqueous media have previously been prepared and characterized using optical spectroscopy.40−43 Carotenoids have also
been studied in aggregate assemblies.17,18 Additionally, the
polar aqueous environment surrounding the NPs may provide
the electronic asymmetry needed to create virtual CT states
having an energy low enough to promote SF via the
superexchange mechanism.25 In a study of diphenyltetracene
(DPT) NPs, precipitation yielded 11 nm diameter NPs with an
estimated 50% of the chromophores in contact with the

aqueous environment. Despite the high surface-to-volume ratio
and a SF rate similar to that in thin films, the triplet yield was half
that of the DPT film, and the authors concluded that CT states are
40
not directly populated intermediates in DPT SF. This same
approach can be adapted to investigate SF in PhTDPP NPs
dispersed in aqueous solutions. In this study we prepare very
robust PhTDPP NPs and show that they undergo SF to form
triplet excitons in hundreds of picoseconds and remain stable in
aqueous solution for months. We find that the SF rate depends on
NP size, as NPs with higher surface area-to-volume ratios exhibit
faster SF rates. We also observe that the decay of the triplet
excitons is slower in NPs with larger crystalline domains, which
mitigates against triplet−triplet annihilation. Although this
process limits high triplet yields in PhTDPP NPs, this study
demonstrates that DPP NPs are promising materials for studying
SF in solution. Thus, the strategic design of intermolecular
interactions in DPP NPs may yield longer-lived triplet excitons, of
interest for useful singlet

oxygen generation in aqueous solution.44,45

■

EXPERIMENTAL METHODS

Nanoparticle Preparation. PhTDPP was synthesized as described
previously.29 Its chemical structure along with its absorption spectrum
are shown in Figure 1. NP preparation is performed by the

modulus of the scattering vector q, related to the scattering angle 2θ by q
= (4π/λ) sin θ, where λ is the X-ray wavelength (14 keV, 0.918 Å) in the
range of q ∼ 0.005−0.5 Å−1. Subtracting the solvent scattering

intensity (Isolvent) from the sample scattering (Isample) gives the
scattering contributed by the NPs (INP = Isample − Isolvent).
Femtosecond Transient Absorption Spectroscopy (fsTA).
Experimental details for fsTA experiments have been described
elsewhere.29 Briefly, the output of a 100 kHz amplifier at 1040 nm
(4.5 W, 350 fs, Spirit 1040-4, Spectra Physics) passes through a beam
splitter to direct 510 mW to generate a white light continuum probe
pulse (490−1100 nm) in a 5 mm undoped yttrium aluminum garnet
(YAG) crystal and 2.66 W to drive a noncollinear optical parametric
amplifier (Spirit-NOPA 3H, Spectra Physics) which generates 75 fs
pump pulses. Pump and probe polarizations are set to the magic angle
relative to one another and are spatially and temporally overlapped at
the sample. The pump spot size was set to 1.08 mm with per-pulse
2
energies of 10−20 nJ (1.1−2.2 μJ/cm ). Once passed through the
sample, the probe beam is dispersed using a custom designed concave
grating spectrometer that utilizes a 430 groove/mm concave
holographic reflectance grating with an image focal distance of 85.4
mm. The dispersed probe pulses are detected using a commercial 100
kHz CMOS line scan camera (AViiVA EM4 from E2 V). The pump
beam is chopped at 50 kHz prior to the sample. NP suspensions were
prepared fresh prior to fsTA experiments and were excited at 525 nm
in a 2 mm path length cuvette. To achieve high enough optical
densities for fsTA measurements, the as-synthesized NPs were
concentrated using Amicon Ultra-4 centrifugal filters with Ultracel-10
membranes (Millipore), with no change in the steady-state absorption
spectra or the measured hydrodynamic diameter for centrifuged vs assynthesized NPs (Figure S1).

■

RESULTS AND DISCUSSION

Nanoparticle Size. Particle size can be controlled by
varying the concentration of the injection solution, i.e., from
50 to 500 mM, achieving mean hydrodynamic diameters of 63,
75, 90, and 193 nm. We will refer to each NP sample by their
average particle diameter. Average NP diameters and the
number of PhTDPP molecules per NP, n, for each injection
concentration are summarized in Table 1, as measured by
Figure 1. Normalized steady-state optical absorption spectra for
PhTDPP (right): solution monomer (black), annealed film (red),
and 63 nm diameter NPs in water (blue).
40,46

in which a solution of PhTDPP in
reprecipitation method
THF (200 μL) at a specified concentration (50, 100, 250, and 500
mM) is injected rapidly into deionized water (10 mL) while
rapidly stirring. Upon injection, NP nucleation leads to bright blue
solutions, with negligible variation in the absorption spectrum as a
function of NP size.
Steady-State Characterization. UV−vis absorption spectra
were acquired on a Shimadzu UV-1800 spectrophotometer.
Particle size and size distribution were measured on a Malvern
NanoSight LM10-HS or NS300 instrument, using NP tracking
analysis (NTA). The NTA-based microscopic method visualizes
the light scattered by the NPs when illuminated by a laser source.
Brownian motion of each NP is tracked in real-time
simultaneously but separately by the image analysis program to
determine the distribution in hydrodynamic diameters based on
the rate of NP movement, temperature, and viscosity of the liquid.
Small Angle X-ray Scattering (SAXS) Measurements. SAXS
data were acquired at beamline 12ID-B at the Advanced Photon
Source (APS), Argonne National Laboratory using a Pilatus 2 M
detector with 14 keV incident radiation. Samples were loaded into 2
mm quartz capillaries with a wall thickness of 0.2 mm, and 30−60
sequential data frames with exposure times of 1 s were recorded,
reduced, and averaged for each measurement. Sample solutions were
oscillated using a syringe pump during data collection to prevent
radiation damage. Scattering intensity is reported as a function of the

Table 1. Measured Hydrodynamic Diameters for PhTDPP NPs
as a Function of Injection, Full Width at Half Maximum
(fwhm), Calculated Number of PhTDPP Molecules per NP, n,
and Surface Area-to-Volume Ratio SA:V
concn
50 mM
100 mM
250 mM
500 mM

peak (nm)
63
75
90
193

fwhm (nm)
46
52
70
207

n (× 105)
1.5
2.6
4.6
36

SA:V
0.012
0.010
0.008
0.004

Nanoparticle Tracking Analysis (NTA).47 Estimations of n
assume spherical NPs having the same density as the
PhTDPP crystal structure (1 molecule/0.866 nm3). As
surface disorder and decreased density due to solvent
penetration are both likely in NPs,40 this represents an
upper bound. The steady-state absorption spectra for
PhTDPP NPs of diﬀ erent sizes are shown in Figure 2.
Steady-State Optical Characterization. NP absorption
spectra are compared to that of monomeric PhTDPP in
solution and to a vapor-deposited PhTDPP film in Figure 1.
PhTDPP has two peaks at 595 and 557 nm in solution because
the DPP absorption shifts to redder wavelengths with
increasing conjugation.48 This characteristic visible transition
has been assigned to π−π* intramolecular charge transfer
(ICT) to the lactam core in similar DPP molecules.49

Figure 2. (a) NP size distribution as a function of initial injection
concentration. (b) Absorption spectra of PhTDPP NPs with
63−193 nm diameters.

Intermolecular interactions in the solid thin film29,33 ,49,50
lead to broadening of the absorption accompanied by the
enhancement of a lower energy band, with peaks at 636,
588, and 545 nm. NP absorption spectra are similar to the
film spectra, with peaks at 630, 575, and 539 nm. However,
the overall absorption is narrower than in the film, with
sharper peaks. In addition, the π−π* band at ∼400 nm is
more intense in the film than in the NPs. As the NP size
increases, only small changes in the absorption spectra are
evident, with the absorption peak at 636 nm increasing in
intensity relative to the declining feature at 557 nm. This
trend indicates a negligible increase in intermolecular
coupling since the overall absorption spectra change very
little with NP size.29,49,50 A small redshift of the overall
absorption also occurs (∼5 nm from 63 to 193 nm NPs).
Monomeric PhTDPP is highly fluorescent in solution with a
fluorescence quantum yield ΦF = 0.59 in CH2Cl2.29 In
contrast to the solution phase, PhTDPP NPs have ΦF ≤ 0.3%
(Table S1), indicating that the singlet excited state is
substantially quenched by a kinetically competitive,
intermolecular process. This is consistent with the behavior of
PhTDPP thin films which have ΦF ≤ 0.3% due to SF.29 The
steady-state fluorescence spectra for 193 nm diameter NPs are
broadened and red-shifted, lacking the strong vibronic
progression of monomeric PhTDPP fluorescence (Figure S2).
Nanoparticle Stability and Structural Characteriza-tion.
Although previous studies of tetracene and pentacene-based
NPs have shown that their spectra change fairly rapidly
following preparation,40,41,43 the steady-state absorption
spectra of the PhTDPP NP solutions change very little over
months after their preparation. Similarly, centrifugal
concentration of the NPs prior to fsTA measurements has little
eﬀ ect on either the steady-state absorption spectra or the
transient absorption spectra and kinetics (Figure S1).
Small-angle X-ray scattering measurements (SAXS) were
44
conducted to study chromophore order within the NPs. The
scattering intensity (I) vs the modulus of the scattering vector (q)
shown in Figure 3 displays a slope of −4 in the Porod region,
suggesting that the NPs are spherical, and this result supports the
shape assumption used in calculating the average number of
molecules per NP and the surface area-to-volume ratio. More
importantly, distinct NP diﬀ raction is observed at q

∼ 0.4 Å−1 for the 90 and 193 nm diameter NP solutions, while
the diﬀ raction is too weak to be measured for the smaller NPs.
The SAXS peak at q ∼ 0.4 Å−1 can be attributed to the
diﬀ raction from the (001) facets based on the X-ray singlecrystal structure of PhTDPP.29 By performing Scherrer
analysis,51 we find that the correlation lengths along the [001]
crystal axis are 13 and 8 nm for 193 and 90 nm NPs,

Figure 3. SAXS/WAXS data for 193 nm diameter (blue) and 90
nm diameter (green) NPs in solution.

respectively. If we assume the same molecular density as in
the crystal structure, these domains correspond to 34 and 22
PhTDPP molecules for the 193 and 90 nm NPs, respectively.
On the previously characterized thin films of PhTDPP,29 we
estimate 20 nm domains by applying the same analysis, which
corresponds to 51 DPPs. Thus, we find that the NPs have
domain sizes smaller than in the thin film, with domain size
decreasing with NP diameter, as expected. Note that greater
disorder in the NPs is likely, in comparison to a polycrystalline
film, and therefore the calculated domain size may
overestimate the number of DPPs per domain.
Femtosecond Transient Absorption Spectroscopy
(fsTA). Representative selected fsTA traces for 63 nm NPs are
shown in Figure 4a. The overall spectra are similar for all

Figure 4. Selected fsTA spectra for 63 nm NPs (a) and (b) single
wavelength kinetic traces at 646 nm (blue) and 700 nm (red) with
associated fits τrise = 4.2 ± 0.6 ps and τdecay = 330 ± 5 ps at 646
nm and τdecay1 = 2.4 ± 0.3 ps, τrise = 10 ± 2 ps, τdecay2 = 77 ± 9
ps, and τdecay3 = 420 ± 20 ps at 700 nm.

NP sizes. Following excitation at 525 nm with energies of
20 nJ/pulse (2.2 μJ/cm2), sharp negative peaks appear at
533, 587, and 640 nm, representing the ground state bleach
(GSB). A broad photoinduced excited state absorption
(ESA) spans 676−800 nm, which slightly increases in
intensity for several ps then decays as the GSB decreases.
By 1 ns the triplet spectrum of PhTDPP remains, with
negative peaks at 542, 591, and 644 nm and positive peaks
at 564 and 616 nm. The 1 ns spectra for all NP sizes, which
overlap heavily with the GSB, match the triplet spectrum of
PhTDPP, as determined in thin films from SF and triplet
sensitization.29 The similarity of the NP triplet spectrum to
the thin film triplet spectrum is shown in Figure S3.
To characterize the kinetic behavior following photoexcitation of the PhTDPP NPs, the single wavelength kinetic
traces at 700 nm (S1 ESA) and 645 nm (GSB and T1 → Tn)
were analyzed. The resulting traces and fits for 63 nm NPs are

shown in Figure 4b. At 700 nm, a rise component of 4.2 ± 0.6
ps is followed by a 330 ± 5 ps decay. In contrast, more
complicated kinetics are evident at 645 nm. Following a 2.4 ±
0.3 ps fall in amplitude, a growth in GSB intensity occurs in 10
± 2 ps. An increase in the GSB suggests that more molecules in
excited states are being created than are accountable by
photoexcitation alone. SF is one pathway by which a

populations for 193 nm NPs are given in Figure 5. The
associated kinetic lifetimes are shown in Table 2 and plotted vs

chromophore can interact with a photoexcited neighbor, such
that its ground state is depopulated. In this scenario, the
intensity at 645 nm can be fit to a biexponential decay of 77 ± 9
ps (40%) and 420 ± 20 ps (60%). Although the PhTDPP
triplet spectrum is evident by 1 ns, it decays more rapidly than
does the triplet spectrum of the film, where the SF triplet
persists beyond the 8 ns time scale of the experiment.
To extract the spectral components corresponding to the
multiple rise and decay components seen in the single
wavelength traces, a global analysis
was performed on the
two-dimensional data sets by fitting selected multiple wavelengths to a specified kinetic model in a custom MATLAB
program.52 The specified rate matrix assumes unity quantum
yield for each step because without adequate reference
compounds to provide intrinsic competing decay processes,
incorporation of loss pathway fit parameters would lead to an
underdetermined matrix. Therefore, the output represents
eﬀ ective rate constants.
A variety of kinetic models were considered, such as a
simpler three state model and parallel competing pathways of
excimer formation vs SF. However, to capture the full dynamics
of the NPs and in particular the 2−4 ps rise time component in
Figure 4b, four sequential components were required, in order
to achieve successful fit convergence and spectra that reflected
the relevant states known from our previous DPP studies.29,53
We note that the time constants obtained by global analysis
assume homogeneous populations of molecules that experience
the same environment. This assumption is useful for making
comparisons between the NPs as a function of size but is not
completely justified; for example, surface molecules vs
molecules at the NP core will experience dramatically diﬀ erent
dielectric constants, and surface disorder or solvent penetration
may induce further heterogeneity.29,41,43
Nonetheless, we find this model fits the kinetic data well and
is useful to extract information about how the system evolves
ﬀ
fi
t was achieved
di erently across the NP sizes. Thus, the best
with the kinetic model of eq 1

*

d[S ]
1

dt
d[S1]
dt
1

d[ (TT)]

*

= −1/ τ1[(S1 S 0 )]

Figure 5. Species-associated spectra (a), global multiple wavelength fit
(b), and kinetic model populations (c) for 193 nm diameter PhTDPP
nanoparticles.

NP diameter in Figure S4 for all NP sizes. Kinetic fits and
model populations for the 63, 75, and 90 nm NPs are shown in
Figure S5.
Table 2. Time Components from Global Kinetic Analysis for
1

the Decay of (S1*S0) (τ1), (S1S0) (τ2), (TT) (τ3), and T1 (τ4)

for Diﬀ erent NP Samples
NP size
63 nm
75 nm
90 nm
193 nm

τ1 (ps)
1.2 ± 0.2
2.4 ± 0.2
1.6 ± 0.2
2.9 ± 0.2

τ2 (ps)
16 ± 1
25 ± 2
38 ± 2
59 ± 3

τ4 (ps)
843 ± 60
775 ± 40
1370 ± 180
2960 ± 300

As expected for a relaxation process, τ1 is essentially
independent of NP size and shows no power dependence at
the pulse energies studied (0.9−9 μJ/cm2) (Figure S6). The
redshift of the initial stimulated emission feature at 735 to 745
nm and short time scale of τ1 suggest that it may derive from

some vibrational relaxation,

but DPPs can also undergo

54−56

geometric relaxation via planarization of the thiophene rings,
enhancing the intramolecular
state.

49,57,54−56

CT character

in the S1

The stimulated emission at 745 nm is weaker

than that at 735 nm and disappears entirely as the nonemissive
correlated triplet pair 1(TT) is formed (τ3). The 650−800 nm
spectral region of Figure 5 is expanded and normalized to the
GSB in Figure S7 to highlight the changes in the stimulated
emission features of S*S 0
and S S . The 1(TT) state in the NPs
1

*
= 1/ τ1[(S1 S 0 )] − 1/ τ2[(S1S 0 )]

τ3 (ps)
200 ± 5
190 ± 7
310 ± 9
323 ± 8

1

0

has a flat, broad ESA similar to 1(TT) in TDPP thin films.29 In

addition, the bleach intensity decreases at 535 nm relative to
the other bleach peaks, as the triplet feature overlaps with the

1

= 1/ τ2[(S1S 0 )] − 1/ τ3[ (TT)]

in which the initially hot excited state (S1*S0) relaxes (τ1) to
(S1S0), as the NPs are excited above the 0−0 band; from this
state, the correlated triplet pair 1(TT) is formed
in τ2; and

ground state absorption.
The final species-associated spectrum corresponds to the T 1
← T transition measured in a film of PhTDPP (Figure S3).
We term this fi
nal state T1, but the triplets generated are likely
still in close proximity to one another given the quick decay of
this state, presumably through annihilation. Further information on how quickly the triplet pair decoheres or dissociates
must be studied using spin resonance techniques, as has been

τ3 followed by decay to the ground state with lifetime τ4. The
resulting species-associated spectra (SAS) are very similar for
each NP size. Representative spectra, kinetics, and model

triplets which live into the ns regime.58−60
We find that τ2, i.e. the formation of 1(TT), slows as the NPs
become larger. We have observed excimerlike intermediates

dt
d[T]
1
dt = 1/ τ3[ (TT)] − 1/ τ4[T]1

n

1

(1)

finally the triplet pair undergoes fission to form triplet (T1) in

recently applied to several acene systems, which requires

previously in TDPP thin films with strong CR
interactions.29 In NPs with smaller diameters, the CT
character of the 1(TT) state can be enhanced by the larger
surface area-to-volume ratios, where the DPP molecules at
the surface of these NPs should experience the asymmetric
high dielectric aqueous environment to a greater extent.
We focus next on the triplet formation time τ3, which is
identified as τSF, the SF time constant. Compared to previous
studies on PhTDPP SF in thin films (τSF = 220 ± 20 ps), triplet
exciton formation in the NPs occurs slightly faster in the 63
nm (τSF = 190 ± 7 ps) and 75 nm (τSF = 200 ± 8 ps) diameter
NPs, respectively, and slower in the 90 nm (τSF = 310 ± 9 ps)
and 193 nm (τSF = 323 ± 8 ps) diameter NPs, respectively. If
CT states are involved in PhTDPP SF, an increase in the
dielectric constant should aﬀ ect the SF rate as follows: if the
CT state is directly populated prior to triplet formation, SF
should slow as the CT state falls in energy and becomes a trap.
If the higher-lying virtual CT state participates in a superexchange SF mechanism, the SF rate should increase.40 In this
case, to understand the divergent trend in the observed
PhTDPP NP SF rates, it is necessary to consider that the
eﬀ ects of coupling vs energetics are not easily separated.
Indeed, in addition to intermolecular coupling,11, 14,16,22,29,47
the interplay between crystallinity,61 NP diameter, and
dielectric environ-ment will determine how favorable the SF
process is.
Although the larger NPs have the greatest long-range order here
compared to the small NPs, domain sizes in all NPs appear to be
significantly smaller than in the film, and therefore the eﬀ ect of
crystallinity appears to be overshadowed by exposure to the
aqueous environment as expressed by the surface-to-volume ratio,
as dictated by the NP diameter. Assuming spherical NPs with
diameters corresponding to the peak in their size distributions, the
6
3
NP sizes are 1.0, 1.8, 3.0, and 30 × 10 nm for 63, 75, 90, and
193 nm diameter NPs (Table 1). Therefore, the surface area-to1
volume ratios for the 63 and 75 nm NPs are ∼0.01 nm− and
1
−
0.012 nm , respectively. In contrast, the 90 and 193 nm NPs
1
1
have lower ratios of ∼0.008 nm− and 0.004 nm− , respectively.
This result argues that NPs with a larger proportion of PhTDPP
molecules at the surface exhibit faster SF rates, while SF is slower
in the larger NPs, where a smaller proportion of molecules
experience the high dielectric environment which lowers the
energy of the virtual CT state and promotes SF in DPP.
Triplet Exciton Decay. As NP size and crystalline domain length
increase, the triplet exciton lifetime τ4 gets longer. Because SF relies
on triplet diﬀ usion to separate the triplets before they undergo
triplet−triplet annihilation or recombine
1,62−64

via fusion,
domains

it follows that larger crystalline

facilitate longer-lived triplets, with the largest exciton
diﬀ usion lengths observed in single crystals.63 Both62,65,66
geminate and
nongeminate triplet−triplet interactions are possible,
and the triplet exciton lifetimes observed here for even the largest
NPs are quite short. Since the domain sizes in the NPs are much
smaller than in PhTDPP thin films, triplet−triplet annihilation in
the NPs appears to play a significant role. Bimolecular
fluorescence was previously observed in DPT NPs,

demonstrating that triplet−triplet annihilation can be significant in SF NPs.40
Polycrystalline thin films typically have shorter triplet
lifetimes than single crystals. 67−69 However, triplet−triplet
annihilation was recently found to be faster in more crystalline
domains, with a preferential diﬀ usion of triplet excitons to
amorphous domains in TIPS-pentacene films.64 In the present

work the fastest triplet exciton decay is in the smallest NPs which
likely have smaller domains according to the SAXS results. The
shorter triplet lifetimes of smaller NPs can then be understood if it
is assumed that a majority of the NPs are polycrystalline but with
decreasing domain size as the NP diameter decreases. This is
perhaps similar to the eﬀ ect of NP size on magnetic domains in
NPs such as Fe3O4, where NP diameters >20 nm lead to
multidomain magnetic NPs, while diameters <20 nm achieve
70,71
Since results from TA microscopy
single-domain NPs.
indicate that domain boundaries may be bridged by
72
nanocrystalline and amorphous areas, an increase in domain
interfaces could also lead to greater disorder.
Laser power-dependence studies reveal that within the pulse
energies used for the fsTA experiments, triplet exciton decay is
independent of excitation density (Figure 6). However, when

Figure 6. Normalized kinetic traces at 628 nm for 90 nm NPs,
representing ground state bleach recovery as a function of
excitation density.

the fluence is >9 μJ/cm2, the decay rate measured at 628 nm
increases, requiring bimolecular kinetics to fit the data at the
highest fluence (130 μJ/cm2).73 However, the triplet exciton
decay of the data acquired at low fluences is adequately
modeled using eq 1, which reflects that nongeminate triplet−
triplet interactions do not significantly contribute in that
regime. Largely geminate triplet exciton decay is consistent
with the small domain sizes in the NPs. If the crystallites
within the NPs are more poorly aligned with one another than
in an annealed thin film, or if solvent penetration creates a
higher barrier to triplet transport across grain boundaries, the
triplet pair would be more likely to recombine instead of fully
separating. Several studies have explored the nature and eﬀ ect
of grain boundaries on SF triplet diﬀ usion in thin films,64,72
although it is unclear how NPs may diﬀ er from thin films. As
nucleation of the molecular precursor proceeds toward
agglomerated NPs, crystallite alignment may be more random
than in an annealed film or result in amorphous interstitial sites
that solvent may penetrate and thereby aﬀ ect triplet diﬀ usion.
Finally, we estimated the triplet yield across PhTDPP NP sizes
at 1 ns where the spectra contain little contribution from any
singlet-like features, using the extinction coeﬃcients determined
29
Details are
by triplet sensitization in our previous work.
provided in the Supporting Information (Figure S8). Decay of
1
(TT) during its evolution to the more dissociated triplet pair
results in loss of most of the generated triplets by 1 ns, with
calculated triplet yields of 29 ± 4% for 63 nm NPs, 34

± 17% for 75 nm NPs, 61 ± 35% for 90 nm NPs, and 76 ±
23% for 193 nm NPs. The triplet yield tracks closely with
the triplet lifetime, τ4.

■

CONCLUSIONS

PhTDPP NP solutions in water are highly stable, with no
precipitation and virtually no change in their absorption
spectra over the course of many months. We find that SF
dynamics in PhTDPP NPs show a surface area-to-volume ratio
dependence reflecting the degree of chromophore exposure to
the high dielectric aqueous environment. Compared to the
larger diameter NPs, SF is more rapid in the smaller NPs since
a larger proportion of the molecules experiences the high
dielectric environment. This leads to SF that is slightly faster
than that for PhTDPP thin films. We attribute this behavior to
dielectric stabilization of a high-lying virtual CT state, which
engages in an increased superexchange interaction with the
1
(S1S0) and 1(T1T1) states. Interestingly, in contrast to
PhTDPP thin films, the triplet excitons in NPs do not persist
for ns to μs. As the crystalline domain size increases, the
triplet excitons can diﬀ use away from one another more
easily, with the longest lifetimes observed in the largest NPs.
The ability of PhTDPP NPs to generate triplet excitons in
water not only provides a useful system for studying SF in
polar media but also, in addition, opens up the possibility that
the triplet excitons can be used to sensitize photochemical
reactions in biomaterials.

■
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