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Abstract. Exciton generation, migration and dissociation are key fundamental processes that dictate the efficiency of
optoelectronic devices. Here, we investigate exciton diffusion process of conjugated polymer nanoparticles (PNPs) in the
presence of electron and hole scavenger molecules using time-resolved spectroscopy. We found that the exciton diffusion
length of hole transporting PNPs, decreases in the presence of hole scavenger molecule and it increases in the presence
of electron scavenger molecule. Analysis reveals that the diffusivity of excitons can be controlled by changing the nature
of scavenger molecules. Such fundamental study is important for developing devices where lower and higher exciton
diffusivities are required depending on the requirement of application mode.
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1. Introduction
Exciton diffusion plays a major role in designing
optoelectronic devices i.e. organic photovoltaics (OPVs),
organic light-emitting diodes (OLEDs), organic lasers and
sensors [1–4]. Excitons are generated inside conjugated polymer after photoexcitation [5,6]. It is known that the long exciton diffusion length (L D ) is beneficial for organic solar cell
applications, whereas the short diffusion length is required
for OLEDs. Exciton diffusion length (L D ) is the characteristic distance that excitons can diffuse during their lifetime [7].
Thus, the fundamental understanding of exciton generation,
migration and dissociation is important for efficient optoelectronic devices fabrication, which depends on the nature of
polymer [3]. In OPVs, excitons can travel to an interface
between donor and acceptor and the photocurrent can be generated by extraction of electron and hole [8], where a short L D
restricts the dissociation of excitons into free charges [7]. On
the other hand, a short L D enhances the efficiency of OLEDs
because excitons are not diffused to non-radiative quenching sites [1,9]. Hence, the larger exciton diffusion length
(L D ) is required for OPVs and sensors, whereas, the short
L D is desirable for LEDs and lasers. Therefore, the exction
diffusion length dictates the applications of optoelectronic
devices.
Significant attention has been paid in measuring the
L D for different conjugated organic semiconductor and

small molecules [1,2,7,10] which depends on the molecular
structure and morphology. To understand the influence of
such parameters on L D is very important, which eventually
controls the device efficiency. Actually, emphasis has been
given on the exciton diffusion of OPVs and less emphasis has been given on tuning [11,12] the exciton diffusion
length. There are a few reports where exciton diffusion has
been monitored as a function of chemical structure [11–13].
Sajjad et al [13] also explored the effect on exciton diffusion by changing side group in polyfluorenes derivative. Very
recently, Samuel and co-worker [14] also show that thermal
annealing increases both domain size and exciton diffusion
length in poly{(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)alt-[3, 3 -di(2-octyldodecyl)-2, 2 ; 5 , 2 ; 5 , 2 -quaterthio(PffBT4T-2OD)
polymer
(inside
phen-5,5 -diyl]}
PffBT4T-2OD:PC71BM BHJ solar cells), which leads to an
enhancement of the device performance.
Here, we investigate exciton diffusion of conjugated polymer nanoparticles in the presence of electron and hole
scavenger molecules. The exciton diffusion is controlled
by the nature of conjugated polymers and the scavenger
molecules. Using steady state and time resolved spectroscopy,
we measure the exciton diffusion length of the different
conjugated polymers in the presence of electron and hole
scavenger molecules. These results are significant for developing efficient devices depending on lower and higher exciton
diffusivities.

Electronic supplementary material: The online version of this article (https:// doi.org/ 10.1007/ s12034-019-2035-6) contains supplementary
material, which is available to authorized users.
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2. Experimental
2.1 Materials
Poly(9-vinylcarbazole) (PVK), 2-(4-tert-butylphenyl)-5-(4biphenylyl)-1,3,4-oxadiazole (PBD), poly(methyl methacrylate) (PMMA), benzoquinone (BQ), phenothiazine (PTZ),
distilled tetrahydrofuran (THF) (Merck) and HPLC water
(Merck) were used as received for our experimental purpose.
2.2 Sample preparation
2.2a Synthesis of BQ or PTZ encapsulated PVK and PBD
polymer nanoparticle: Polymer nanoparticles (PNPs) were
prepared using the simple re-precipitation technique according to the reported procedure [15,16]. Briefly, 250 μl of
0.5 mg ml−1 PVK in THF and 250 μl of THF were mixed
and the mixed solution was ultrasonicated to get a clear and
homogeneous solution. Then, this mixed solution was rapidly
injected into 10 ml of HPLC water under vigorously stirring
condition for 5 min. After a while, this solution was ultrasonicated for 30 min and thereafter, THF was evaporated by partial
vacuum evaporation at 70◦ C for 2 h. As a result, aqueous dispersed PVK PNPs were formed and the prepared PNPs were
quite stable for more than 3 months. We have used PMMA as
matrix for PBD nanoparticles formation because PBD itself
is able to form spherical particle. PMMA matrix will help to
form the nanoparticles with encapsulated PBD in a spherical
environment. Thus, 250 μl of 1 mg ml−1 PMMA in THF was
mixed with 100 μl of 10 mM PBD in THF and total volume
was made up to 500 μl by THF. Then, the re-precipitation
method was employed similarly as described above to obtain
PBD-encapsulated PMMA nanoparticles.
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made up to 750 and 500 μl for BQ-encapsulated PNP and PTZ
encapsulated PNP, respectively. In each case, re-precipitation
was done using 10 ml of HPLC water. Different stock solution
amounts used for preparation of BQ- and PTZ-encapsulated
PBD PNP inside PMMA matrix is listed in supplementary
table S2.
2.2d Characterization: Room temperature optical absorption spectra were taken by UV–Vis spectrophotometer (Shimadzu). Room temperature photoluminescence (PL) studies
were carried out by a Fluoromax-P (Horiba JOBIN YVON)
PL spectrophotometer. For the time-correlated single photon
counting (TCSPC) measurements, the samples were excited
at 340 nm using picosecond NANO-LED IBH 375L equipment. The typical full width at half-maximum (FWHM) of
the system response using a liquid scatter was about 1 ns. The
repetition rate was 1 MHz. The fluorescence decays were analysed using IBH DAS6 software. The following equation was
used to analyse the experimental time-resolved fluorescence
decays, P(t) [17]:


n

t
.
(1)
αi exp −
P(t) = b +
τi
i
Here n is the number of discrete emissive species, b a baseline
correction (‘dc’ offset), and αi and τi are the pre-exponential
factors and excited-state fluorescence lifetimes associated
with the ith component, respectively. For multi-exponential
decays, the average lifetime, τ  was calculated from the following equation:
τ  =

n


βi τi ,

(2)

i=1

2.2b Preparation of BQ and PTZ-encapsulated PVK PNP:
For BQ-encapsulated PVK PNP preparation, a very similar
approach was used. We have added 25, 50, 100 and 200 μl
of 5 mM BQ, respectively, to obtain the desired sets A1, A2,
A3 and A4 for photo-physical study. For set A5, we have
used 400 μl of 10 mM BQ in THF with 250 μl of PVK. Very
similarly, we used 10 μl of 0.75, 1 and 2 mM PTZ for B1, B2,
B3 set of PTZ-encapsulated PVK PNP preparation. For sets
B4, B5, B6, we have used 20, 60 and 80 μl of 2.0 mM PTZ in
THF stock solution as scavenger molecules. In each case, reprecipitation was done using 10 μl of HPLC water. Different
stock solution amounts used for preparation of BQ- and PTZencapsulated PVK PNP is listed in supplementary table S1.
2.2c Preparation of BQ and PTZ-encapsulated PBD PNP:
We have used PMMA matrix for BQ- and PTZ-encapsulated
PBD PNP preparation. Two hundred and fifty microlitres of
1 mg ml−1 PMMA in THF was mixed with 100 μl of 10 mM
PBD in THF for all cases. For BQ encapsulation, 50, 100,
200 and 400 μl of 10 mM BQ in THF was added and 5, 10,
20, 40 and 60 μl of 2 mM PTZ in THF was added in case of
PTZ encapsulation. Before re-precipitation, total volume was


where βi = αi / αi is the contribution of the decay
component. αi and τi are the pre-exponential factors and
excited-state fluorescence lifetimes associated with the ith
component, respectively.

3. Results and discussion
Figure 1 shows the molecular structures of the polymers
under investigation. PVK-conjugated polymer consists of 9vinylcarbazole monomer units, which is mainly used as hole
transport material for semiconductor applications [18]. PBD
consists of oxadiazole, butylphenyl, biphenyl unit, which is
well known as a electron transporting polymer [19]. PMMA
polymer is used as a matrix, because it has no absorption
band in the visible region. BQ is a cyclic conjugated diketone, which is a good electron acceptor material [20] and PTZ
belongs to thiazine-class of heterocyclic compounds, which
is well known as a hole accepting material [20].
At the time of PNP formation, BQ or PTZ are mixed
with the polymer in THF stock solution. Then, this mixed
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Figure 1. The molecular structures of the used PVK, PBD, PMMA, BQ (electron acceptor) and PTZ (hole acceptor).

solution is rapidly re-precipitated into a polar aqueous
solvent. The pristine extended polymer chains in THF
solution are coiled into a spherical collapsed form in the
presence of water and form PNPs [5,21,22]. BQ or PTZ
molecules prefer to reside inside the PNPs due to the
hydrophobic nature. Recently, the formation of nanostructures of π-conjugated (poly(2-methoxy-5-(2-ethylhexyloxy)1,4-phenylenevinylene)) (MEH–PPV) polymer with varying
water/THF binary mixture composition is reported, where the
collapsed state of a polymer is a thermodynamically stable
state in water [21].
3.1 Steady state spectroscopy
The absorption spectra of BQ-encapsulated PVK polymer
nanoparticles (inset of figure 2A) and PTZ-encapsulated PVK
PNPs (inset of figure 2B) are shown. The absorption peak
of PVK is at 345 nm, which is consistent with the band gap
of PVK [16,22,23]. The peak position is not shifted after
encapsulation of BQ or PTZ, indicating there is no change in
conformation or structural change in the PVK. The PL spectra
of BQ-encapsulated PVK polymer nanoparticles with different concentrations of BQ (figure 2A) and the PL spectra of
PTZ-encapsulated PVK nanoparticles are shown in figure 2B.
A broad peak centred at 405 nm appears due to the formation of an intra-chain excimer of PVK, where two carbazole
groups form a full overlapping and a sandwich configuration [16,22,23]. Intensity of this peak decreases gradually
with increasing amount of BQ or PTZ molecules. A negligible
PL quenching is observed after adding BQ or PTZ with PVK

polymer in THF solution (supplementary figure S1) compared
to the same amount loaded PNP (figure 2). Hence, both BQ
and PTZ molecules are responsible for PL quenching of PVK
nanoparticle due to intermolecular interactions.
The absorption spectra of PBD-encapsulated PMMA PNPs
with different amounts of BQ or PTZ are shown in inset of
figure 2C and D. The absorption peak of PBD is at 318 nm,
which is consistent with the band gap of PBD [24]. Here,
we did not observe any change in the absorption peak after
encapsulation of BQ or PTZ molecules, indicating there is
no influence on conformational change or structural changes
due to encapsulation. Figure 2C and D shows the PL spectra
of PBD-encapsulated PMMA PNPs with different amounts
of BQ and PTZ encapsulation, respectively. A broad peak
centred at 380 nm appears [24] and its intensity decreases
gradually with increasing amount of BQ and PTZ encapsulations. This PL quenching may be attributed to either energy
transfer or charge transfer as there is no evidence of chemical reaction or complex formation from absorption spectra.
However, there is a little overlap between absorption profile
of BQ and PTZ and the emission of PVK and PBD PNP,
which minimizes the possibility of energy transfer. Thus, the
charge transfer may be the reason for the quenching. Here,
BQ acts as electron quencher and PTZ acts as hole quencher
for photo-generated excitons inside PNP.
3.2 Decay dynamics of PNPs
To investigate the influence of electron and hole scavenger molecules on exciton diffusion length, we measured
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Figure 2. PL spectra with gradual increment of scavenger molecules concentration for (A) BQ@PVK, (B) PTZ@PVK,
(C) BQ@PBD and (D) PTZ@PBD PNPs after using 340 nm excitation. Inset shows the UV–Vis absorption spectra of
pure PNP (green line) and with the highest amount of scavenger molecules loaded PNP (red line).

time-resolved fluorescence decays of the nanoparticles
encapsulated with varying BQ or PTZ concentration. The
resulting fluorescence decays are plotted in figure 3 as a
function of scavenger molecules concentration. We noticed
that the fluorescence decays became faster with increasing
quencher molecule concentration. For all the samples, the
decay curves are fitted multi-exponentially and provided in
the supplementary table S2. For pure PVK PNP, the decay
components are 1.13 (66%), 6.6 (24%) and 22 ns (10%). The
average decay time of PVK NP is 4.53 ns. The average lifetime of PVK NP changes from 4.53 to 0.287 and 1.77 ns in
the presence of BQ (electron scavenger) and PTZ (hole scavenger), respectively. For PBD PNP, the decay components are
0.15 (32%), 0.8 (64%) and 1.4 ns (4%) and the average decay
time of PBD PNP is 0.616 ns. The average lifetime of PBD
NP change from 0.616 ns to <150 ps in the presence of both
BQ and PTZ molecules, respectively. With increase in the
amount of electron and hole acceptor molecules, the decay
times became faster for BQ- and PTZ-encapsulated PBD
PNP, which cannot be completely resolved in the nanoscale
timescale.

The change in fluorescence decays suggest that the diffusion
length of excitons of PNP varies with changing nature of
scavenger molecules. To get quantitative information about
exciton diffusion length of photo-generated excitons, we have
analysed the time resolved data. It is well reported that
different chromophoric subunits emerge during PNP formation [25,26]. After photo-excitation, the generated excitons
migrate along these chromophoric units through interchain
energy transfer [5,21,27]. In our previous work, we have
demonstrated that inside MEH–PPV polymer nanoparticles
interchain energy transfer occurs along the collapsed confirmation on a timescale of 150 ps with the help of ultrafast time
resolved anisotropy experiment [21]. Recent global and target analyses of ultrafast transient spectroscopic data suggests
that this energy funnelling occurs through a delocalized collective state in PNPs, which are the lowest energy sites of the
collapsed form [28,29]. From ultrafast spectroscopic study, it
has also been reported that slower intrachain energy transfer
process occurs in extended form of pristine polymer and the
faster interchain energy transfer occurs in collapsed form of
PNPs [5,30]. As BQ and PTZ are well known electron and
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Figure 3. The TCSPC decay traces with gradual increment of scavenger molecules concentration for (A) BQ@PVK,
(B) PTZ@PVK, (C) BQ@PBD and (D) PTZ@PBD PNPs at respective emission maxima, after exciting at 340 nm.

hole acceptor molecules, respectively, they will capture the
migrating exciton via quenching of electron and hole, respectively. The photogenerated excitons are closer to the acceptor
molecules or within a quenching radius. As the size of the
PNPs is small, thus the encapsulated BQ and PTZ inside the
polymer nanoparticles will easily capture the photogenerated
excitons within the quenching radius. Therefore, the rate of
quenching can be approximately described by the following
equations [31]:

1/2
π X 06 t
4
,
ln(Fl count ratio) = − πC
3
τ

(3)

where
Fl count ratio =

Fl counts of Flencapsulated PNP
.
Fl counts of Flpure PNP

of the pure PNPs and C the concentration of added scavenger
molecules. We have plotted logarithm of ratio of fluorescence
decay counts with respect to square root of the time (figure 4).
The time-resolved fluorescence decay data corresponding to
the highest concentration of scavenger molecules was fitted
with equation (3). The value of exciton quenching radius was
extracted from figure 4, and the values of exciton quenching
radius are 3.5, 15, 13 and 26.7 nm for BQ@PVK, PTZ@PVK,
BQ@PBD and PTZ@PBD, respectively.
At lower concentration of scavenger molecules, the quenching of photo-generated exciton is mainly controlled by exciton
diffusion to the acceptor when an exciton is within a certain
radius of the quencher. Thus, we have extracted the exciton
diffusion coefficient at lower concentration regime. The rate
of quenching is calculated by taking derivative of logarithm
of Fl count ratio:

(4)

Fl counts indicate the intensity of time-resolved decay traces.
X 0 is the exciton quenching radius; τ the fluorescence lifetime

kq (t) = −

d ln(Fl count ratio)
.
dt

(5)
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Figure 4. Logarithm of ratio of fluorescence decay counts (equation 4) with respect to square root of the time at highest
loading of concentration for (A) BQ@PVK, (B) PTZ@PVK, (C) BQ@PBD and (D) PTZ@PBD PNPs. The solid lines
are fit to the experimental data using equation (3).

The diffusion coefficient is derived from the following
equation [32]:

1/2
π X 06 t
4
,
ln(Fl count ratio) = −4π DrF Ct − πC
3
τ
(6)
where formal interaction radius rF is defined as [33]


X 06
rF = 0.676
Dτ

1/4
.

(6a)

When t → ∞, equation (6) becomes
ln(Fl count ratio) = −4π DrF Ct.

(7)

By combining equations (5) and (7), the rate of quenching
becomes


X 06
kq = −2.704π D
Dτ

1/4
C.

(8)

It is clear from equation (7) that the rate of quenching
becomes time-independent at lower concentration of scavenger molecules and at longer times. The rate of quenching
is determined experimentally by taking the gradient of ln(Fl
count ratio) vs. time plot when ln(Fl count ratio) becomes
linear (figure 5).
The obtained rate quenching values are plotted as a function of scavenger molecules concentration (supplementary
figure S2). The extracted values of diffusion coefficient and
the diffusion length in each system are given in table 1.
Peng et al [34] reported that the exciton diffusion length
of pure PVK polymer is 9.1 nm. There are several studies
on different pristine polymer molecules based on different
analytical methods; where the diffusion length of pristine
polymer molecules varies from ∼10–20 nm [1,2,10]. In case
of PVK PNP, the diffusion coefficient decreases in the presence of hole scavenger (PTZ) compared to electron scavenger
molecule, BQ which is explained by the nature of electron
affinity of host and scavenger molecules. As PVK polymer is
hole transporting polymer, thus the hole scavenger molecule
reduces the exciton diffusion length (from 6.8 to 1.7 nm),
whereas electron acceptor molecules increases the diffusion
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Figure 5. Logarithm of ratio of fluorescence decay counts (equation 4) with respect to time with gradual increment of
concentration for (A) BQ@PVK, (B) PTZ@PVK, (C) BQ@PBD and (D) PTZ@PBD PNPs. The solid lines are linear
fit to the experimental data and rate of quenching can be determined using equation (7).

Table 1. Extracted values of diffusion coefficient and diffusion
length in each system.
System
BQ@PVK
PTZ@PVK
BQ@PBD
PTZ@PBD

Diffusion
length (nm)

Diffusion coefficient (cm2 s−1 )

6.8
1.7
2.4
14.5

5.15 × 10−5
0.31 × 10−5
4.76 × 10−5
171.4 × 10−5

length (from 1.7 to 6.8 nm). In a p-type polymer (PVK), holes
are the majority carriers. Thus, the diffusion length of PVK
nanoparticles decreases in the presence of a hole scavenger
molecules as the exciton dissociates rapidly. In contrast, the
exciton diffusion of PBD NP decreases in the presence of
electron scavenger molecule, BQ compared to hole scavenger
(PTZ) molecule. As PBD is electron transporting material,
thus the exciton diffusion length (14.5–2.4 nm) reduces in the
presence of electron scavenger molecule. In n-type polymer
(PBD), the electrons play major role and the exciton dissociates more rapidly in the presence of electron scavenger. Thus,
the diffusivity of excitons can be controlled by tuning the

Scheme 1. Schematic change of exciton diffusion length with
changing the nature of scavenger molecules inside PNPs.

nature of scavenger molecules (scheme 1). Such knowledge
is beneficial for designing desirable OLED and optoelectronic
devices.

4. Conclusions
In conclusion, we have measured exciton diffusion of different conjugated PNPs in the presence of electron and hole
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scavenger molecules. The exciton diffusion length of hole
transporting PNPs is found to decrease from 6.8 to 1.67 nm
in the presence of hole scavenger molecule and the diffusion
length of electron transporting PNPs increases in the presence
of hole scavenger molecule (from 2.42 to 14.53 nm). Hence,
we show that the diffusivity of exactions can be controlled
by tuning the nature of PNPs and scavenger molecules. This
fundamental work will be beneficial for designing efficient
optoelectronic devices by controlling exciton diffusivity.
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