Two-Dimensional Exciton Diffusion in an HIJ-
Aggregate of Naphthobisoxadiazole-based

Copolymer Films

AUTHOR NAMES;

Yasuhiro Murata,’ Taiki Takeyama,” Yuji Sakamoto,” Kento Yamaguchi,® Yasunari Tamai, ™"+

and Hideo Ohkita'

AUTHOR ADDRESS;

TDepartment of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Katsura,

Nishikyo, Kyoto 615-8510, Japan

tJapan Science and Technology Agency (JST), PRESTO, 4-1-8 Honcho Kawaguchi, Saitama 332-

0012, Japan



ABSTRACT

Understanding exciton diffusion properties is essential for organic optoelectronics such as organic
solar cells (OSCs) because excitons in semiconducting polymer solids need to migrate as
quasiparticles to a donor/acceptor interface to dissociate into charges in OSCs. Previous studies
mainly focused on the diffusion length of excitons. In addition, the dimensionality of exciton
diffusion is an important property because OSCs usually consist of semi-crystalline conjugated
polymers wherein anisotropic exciton diffusion is expected. Herein we investigate the
dimensionality of exciton diffusion in a naphthobisoxadiazole-based low-bandgap polymer
PNOzAT through transient absorption spectroscopy. We track the time evolution of the excitation
intensity dependent transient signals caused by singlet—singlet exciton annihilation. By analyzing
the time dependence of the annihilation rate coefficient, we find that excitons generated in
PNOZzAT crystalline domains show anisotropic two-dimensional diffusion along the backbone and
n-stacking directions, which can be rationalized by comparable intra- and interchain exciton

couplings.
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Introduction

Over the past three decades, conjugated polymers have attracted considerable attention as core
materials for organic optoelectronics such as organic solar cells (OSCs).'** When we shine a light
on semiconducting conjugated polymers, singlet excitons (i.e., Coulombically bound electron—
hole pairs) are formed instead of free charge carriers due to their low dielectric constants. Hence,
these polymers cannot generate a photocurrent by themselves, which is in sharp contrast to
inorganic semiconductors. Excitons need to diffuse to a donor/acceptor (DA) interface where they
separate into free charge carriers. Therefore, exciton diffusion properties are essential for solar cell

applications.>

Many researchers including us have reported exciton diffusion lengths of conjugated polymers®-
16 and pointed out the importance of film morphology.'®?> For example, we reported that the
exciton diffusion length of poly(3-hexylthiophene) (P3HT) films strongly depend on their
crystallinity.?!?> We observed that the diffusion length of P3HT increased up to four times with
increasing crystallinity (4.8 nm in fully amorphous regiorandom P3HT film to 20 nm in highly
crystalline regioregular P3HT film). In contrast, the dimensionality of exciton diffusion in
crystalline conjugated polymer films has not be extensively studied, whereas it has been well
established for organic small molecules.?3-?6 Although we can safely consider that excitons diffuse
randomly in all directions in fully amorphous isotropic materials, this would not be the case for
semi-crystalline polymer films because the crystalline structure of these polymers is highly
anisotropic, where diffusion coefficients along each direction are supposed to be different. One
example reported by us shows that singlet excitons generated in P3HT crystalline phases
predominantly diffuse along the n-stacking direction, which is rationalized by a strong interchain

exciton coupling in P3HT.%?! There are some other reports that suggest efficient interchain exciton



hopping as well.?’?° On the other hand, the determinant factors and control mechanism of the
dimensionality of exciton diffusion in conjugated polymer solids are not completely elucidated. It
1s important to understand what parameters determine the dimensionality of exciton diffusion in

crystalline polymer films.

Herein, we study the exciton diffusion dynamics in a novel low-bandgap polymer PNOz4T
(chemical structure is shown in Figure 1a). PNOz4T is a D-A copolymer of quaterthiophene (4T)
and naphthobisoxadiazole (NOz) with a deep highest occupied molecular orbital (HOMO) energy
of —5.48 eV,* achieving a high open-circuit voltage (Voc) of ~1 V with efficient photocurrent
generation efficiency in OSCs combined with fullerene derivatives (PCs1BM and PC71BM).?!
PNOzA4T forms n-stacked crystalline structures similar to P3HT as reported previously.*? On the
other hand, unlike P3HT that exhibits typical H-aggregate behavior,3>** PNOz4T displays the HJ-
aggregate behavior as will be shown later. We performed transient absorption (TA) measurements
to track the time evolution of the exciton density. We found clear signals of anisotropic two-

dimensional (2D) exciton diffusion in PNOz4T crystalline domains.

Experimental Methods
Sample Preparation

Thin films were prepared onto quartz substrates by spin-coating from a chlorobenzene (CB)
solution. The film thickness was approximately 70 nm. For TA measurements, the sample films

were encapsulated in a N>-purged glove box.

Measurements



UV-visible absorption and photoluminescence spectra were measured with a UV—visible
spectrophotometer (Hitachi, U-4100) and a fluorescence spectrophotometer (Horiba Jobin Yvon,
NanoLog) equipped with a photomultiplier tube (Hamamatsu, R928P) and a liquid-nitrogen-
cooled InGaAs near-IR array detector (Horiba Jobin Yvon, Symphony II). The excitation
wavelength was set at 700 nm.

TA measurements were performed with a pump and probe transient spectroscopy system. This
system consists of a regenerative amplified Ti:sapphire laser (Spectra-Physics, Hurricane) and a
TA spectrometer (Ultrafast systems, Helios). The amplified Ti:sapphire laser provided 800 nm
fundamental pulses at a repetition rate of 1 kHz with the pulse width of 100 fs (fwhm), which were
split into two optical beams with a beam splitter to generate pump and probe pulses. One
fundamental beam was converted into white light employed as probe pulses in the wavelength
region from 800 to 1600 nm. The other fundamental beam was used as pump pulses at 750 nm
after conversion with an ultrafast optical parametric amplifier (Spectra-Physics, TOPAS). The
pump pulses were modulated mechanically at the repetition rate of 500 Hz. Temporal evolution of
the probe intensity was recorded with an InGaAs linear diode array sensor (Ultrafast Systems,
SPEC-NIR). TA spectra and decays were collected over the time range of —5 ps to 3 ns. Typically,
2500 laser shots were averaged at each delay time to obtain a detectable absorbance change as
small as ~107%. In order to cancel out orientation effects on the dynamics, the polarization direction
of the linearly polarized probe pulse was set at the magic angle of 54.7 ° with respect to that of the

pump pulse.

Temperature dependence measurements were conducted with a liquid-nitrogen-cooled cryostat
(Oxford Instruments, Optistat DN-V) for steady-state absorption and TA measurements and a

Cryofree® cryostat (Oxford Instruments, Optistat Dry BL4) for PL measurements.



Analytical Method

In order to extract the time dependent annihilation rate coefficients y(f), we used a numerical
method based on a genetic algorithm (GA). In this algorithm, a population of time traces y o(¢) 1s
generated randomly. Subsequently, those candidates are iteratively evolved towards better
solutions y’i(¢). During each successive generation, the existing population is bred to form a next
generation using a survival of the fittest approach. The fitness f'is calculated as the inverse of the
sum of the squared residual as /=1 /(n(f) — n’; (£))?, where n(f) is a measured exciton decay kinetics
and n’; (¢) is obtained by Equation 3 in the next section using y’i(¢). For each new solution to be
produced, a pair of “parent” is randomly selected for breeding, and a “child” is produced by

crossover and mutation.

Results and Discussion
HJ-aggregate behavior of PNOz4T

The crystalline structure of PNOz4T, which was previously revealed by grazing incidence wide-
angle X-ray diffraction (GIXD) measurements,*° is similar to that of P3HT.?33¢ The n-x stacking
distance of PNOz4T crystals is 3.5 A, which is slightly smaller than that of P3HT (3.8 A). The
lamellar distance of 22 A in PNOz4T is larger than that of P3HT (16 A) because of comparatively
long side chains. It is well known that P3HT exhibits the H-aggregate behavior due to strong
interchain exciton coupling where the 0-0 emission band decreases monotonically with decreasing
temperature.®’® However, the photophysical properties of PNOz4T are completely different from
that of P3HT. Figures 1b and 1c show the temperature dependence of the photoluminescence (PL)

spectra of a PNOz4T thin film. As shown in the figure, the PL spectra of the PNOz4T film shows
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Figure 1. (a) Chemical structure of PNOz4T. (b) Normalized PL spectra at various
temperatures. PL data at around 900 nm were masked due to an artifact signal from the

equipment (unmasked data are shown in the Supporting Information). (c) Temperature

dependence of the PL intensity ratio /o-o//o-1.

characteristic vibronic bands ranging from 800 to 900 nm. As shown in panel b, the PL spectra
shift toward red with decreasing temperature, suggesting that conformational disorder would be

reduced at lower temperatures. On the other hand, the highest energy band at approximately 800



nm increased relative to the lower-energy sidebands with decreasing temperature until 150 K, and
then decreased with decreasing temperature under 150 K. This complex behavior cannot be
rationalized solely by the reduction of conformational disorder. Instead, the complex temperature
dependence has been theoretically predicted in the HJ-aggregate model proposed by Spano and

his co-workers,3%40

wherein they considered intrachain interaction as J-coupling, while interchain
interaction was described as H-coupling.’*#° In the HJ-aggregate model, the PL intensity ratio /o-
o/lo-1 peaks at a threshold temperature because the temperature dependence of /o-o/lo-1 consists of
an H-like thermally activated term and a J-like thermally deactivated term. Although P3HT pristine
films show the H-aggregate behavior, highly ordered P3HT nanofibers exhibit the HJ-aggregate
properties, as reported previously.’*#! Thus, we conclude that PNOz4T is likely to form HJ-

aggregates owing to the higher backbone planarity compared to P3HT. The ratio between intra-

and interchain exciton couplings (Jintrasinter) Was estimated by Equation 1.
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where Ao is a Huang-Rhys factor and assumed to be equal to that of P3HT (4o> = 1.5)*° because
PNOz4T mainly consists of thiophene units. From the /o-o//o-1 at the peak temperature of 150 K,
the ratio |[Jinta|/Jinter Wwas estimated to be ~2.8, suggesting that the intrachain exciton coupling is

slightly larger than the interchain exciton coupling in PNOz4T as opposed to P3HT.

Analytical model

Various experimental methods, such as surface fluorescence quenching using bilayer films,%!0:16

bulk fluorescence quenching using blend films of polymers and small amounts of quenchers,!!-1%:14



and singlet-singlet exciton annihilation (SSA)!%?442 have been used to measure exciton diffusion
properties. These techniques have different advantages and disadvantages. Previous studies have
revealed that the surface/bulk quenching methods underestimate the diffusion length for semi-
crystalline polymer films compared to that with SSA, whereas all methods give consistent results
for amorphous films.?'** This is because the spatial and temporal distribution of exciton diffusion
dynamics is averaged in the quenching methods, which is likely not the case for semi-crystalline
polymer films as mentioned above. We have shown that SSA with the selective excitation of
relatively low energy sites is essential to reveal exciton diffusion dynamics in semi-crystalline
polymer films.?! As we try to understand the dimensionality of exciton diffusion in an HJ-
aggregate of PNOz4T, the SSA method is the most suitable for this study. Figure 2a shows TA
spectra of the PNOz4T film. The excitation wavelength was set at 750 nm to selectively excite
relatively low energy sites of PNOz4T crystalline phases. A broad photoinduced absorption band
in the near-IR region observed immediately after photoexcitation is attributable to singlet excitons,
as reported previously.3! Other transient species such as polarons and triplet excitons were not
remarkable at least under the experimental condition employed in this study. Figure 2b shows the
excitation intensity dependence of exciton decay kinetics measured at 1400 nm. Singlet excitons
decayed faster with increasing excitation intensity, suggesting the presence of an additional
deactivation pathway through SSA. On the other hand, the exciton decay was independent of the
excitation intensity at a later stage (>150 ps), where excitons decayed monomolecularly with a

time constant of ~230 ps at 294 K.

The rate equation for singlet excitons including SSA is given as

dn(t)
dt

= —kn(t) — fy(On*(6) (2)
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Figure 2. (a) TA spectra of the PNOz4T film excited at a wavelength of 750 nm with a fluence
of 11 pJ em™2. (b) Excitation intensity dependence of singlet exciton decay kinetics monitored

at 1400 nm.

where n(?), k, and y(¢) are the exciton density at time ¢ after photoexcitation, the rate constant of
monomolecular deactivation given by inverse of the exciton lifetime, and the rate coefficient of
SSA, respectively. Here, we assumed time-independent intrinsic decay rate constant k. This
assumption is sometimes not valid for conjugated polymer films, wherein multi-exponential
behavior is observed. However, this assumption does not affect our conclusion showing later
because SSA is dominant rather than intrinsic decay at early times, meaning that a small variation

in k because of disorder does not make substantial contribution to the overall decay kinetics. We

11



also assumed prefactor f'to be 1/2, meaning that only one of the two excitons decays by SSA (S;

+ S1 — Sa + So— S1 + So + phonons). This equation is analytically solved as

nyexp(—kt)

"= M [*y (exp(—k)de

(3)

where no represents the exciton density at time zero (the detailed method to evaluate no is described

in the Supporting Information).

Because SSA is a diffusion-limited process, the rate coefficient y(7) is strongly dependent on the
diffusion properties of excitons. As summarized previously, the rate coefficient y(¢) is a function
of the dimensionality of exciton diffusion.®?! For example, the y(¢) in the isotropic 3D diffusion
system, wherein excitons diffuse in all directions with an isotropic diffusion constant D, is given

by

Visoun(®) = 87DR (1 -+ ———) 4)

R
V2nDt

where R is effective reaction radius of excitons. When ¢ >> R?/(2zD), the yiso3n(#) can be expressed

as the time-independent formula yiso3p = 87DR.

The y(¢) for the 1D system is also simply given as

y1p(t) = 4nDR

R
\2nDt’ 5)

Therefore, the y(¢) shows the £ 2 dependence over the entire time domain in the 1D system.

In contrast, we are not able to obtain a simple formula for the 2D system even when diffusion

constants along the two directions are the same because of symmetry reduction (see the Supporting

12



Information). The situation is more complicated if we consider anisotropic 2D diffusion, wherein
diffusion constants along the two directions are different. Therefore, detailed discussion to express
analytical formula for the 2D system is beyond the scope of this study. However, it is reasonable
to think that the y(¢) shows * (0 < a < 1/2) dependence in the anisotropic system because two
extreme cases (isotropic 3D and 1D systems) show #° and 2 dependences, respectively. In
summary, it shows the 2 dependence over the entire time domain in the 1D system, r * (0 < a <
1/2) dependence in the 2D system, and becomes time-independent in the isotropic 3D system. In
other words, o becomes larger as the anisotropy of the exciton diffusion becomes apparent. This
indicates that the time dependence of y(¢) is a direct measure of the dimensionality of the exciton

diffusion.?!

Many previous studies including ours performed a forward analysis using normal least-squares
methods with rate equations such as Equation 3 with Equation 4 or 5 to obtain diffusion parameters.
On the other hand, we used a genetic algorithm because the least-squares methods do not work
well in this study. This is because rate equations for the 2D system is fairly complicated than those
of the 1D and 3D systems as mentioned above. In that situation, the forward analysis usually fails
to provide a global minimum solution. Rather, inverse analyses are more effective, as will be
shown later. Therefore, we performed an inverse analysis using a genetic algorithm with Equation

3 to extract a time dependence of y(¢).4+

Two-dimensional exciton diffusion

13



The algorithm we used iteratively finds optimized y(¢) that gives the best fitted n(?) (the details of
this algorithm are described in the Experimental Methods section ). The red line in Figure 3a
represents a reproduced n(¢) curve calculated with the best y(¢). The reproduced n(¢) is well-fitted

with the decay kinetics measured (black line). Note that we analyzed only <150 ps time range
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Figure 3. (a) Measured (black) and reproduced (red) decay kinetics using optimized
annihilation rate coefficient y(¢) (panel b, red line) for singlet excitons monitored at 1400 nm.
Broken lines exemplify how a change in the behavior of y(f) would change the fit: (blue)
calculated with the > dependence, and (green) calculated without () (i.e., in the absence of
SSA). (b) Optimized annihilation rate coefficient y(f). The broken line represents the ¢!/

dependence as a guide for the eye. Calculations were conducted only <150 ps time range as

mentioned in the main text.
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because the exciton decay kinetics was independent of the excitation intensity after 150 ps, as
shown in Figure 2b. In other words, intrinsic decay is dominant rather than SSA after 150 ps,
indicating that it is meaningless to discuss the extracted y(¢) after 150 ps because the y(¢) has no
impact on the decay kinetics (i.e., the second term in the denominator of Equation 3 will be fairly
smaller than 1 after 150 ps). Figure 3b shows log-log plots of iteratively optimized y(¢) against
time ¢. The slope is gentler than —1/2, which is different from that of P3HT in which the slope is
—1/2 over the entire time domain (i.e., 1D diffusion).?! This is supported by the blue broken line
in panel a. Broken lines in panel a exemplify how a change in the behavior of y(f) would change
the fit. As clearly shown in the figure, neither the blue line, calculated with the £ > dependence,
nor the green line, calculated without y(7) (i.e., in the absence of SSA), provide better results than
the red line. These results strongly indicate that the dimensionality of the exciton diffusion in the
PNOzAT crystalline phase is different from that of P3HT, i.e., singlet excitons would diffuse 2- or
3-dimensionally in the PNOz4T crystalline phase. Because of the long lamellar distance,'® we
safely rule out exciton diffusions along the lamellar direction. Therefore, we conclude that the
singlet excitons in PNOz4T crystalline phases diffuse two-dimensionally along the backbone and
n-stacking directions. This would be rationalized by comparable intra- and interchain exciton

couplings in PNOz4T crystalline phases as mentioned above.

We also measured the temperature dependence of exciton diffusion dynamics. Figure 4 shows
the temperature dependence of the decay kinetics and extracted annihilation rate coefficient y(¢)
(n(¢) and y(¢) at other temperatures are shown in the Supporting Information). Interestingly, as
shown in column b, the a gradually increases (i.e., the slope —a gradually decreases) with
decreasing temperature, and finally reaches —1/2 under 120 K, indicating that 1D diffusion is

dominant at low temperatures. These findings suggest that although excitons in PNOz4T can

15
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diffuse in both intra- and interchain directions at room temperature (294 K), the activation energies

for those directions should be different. At low temperatures, the exciton diffusion along one
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direction is much slower than that in the other direction; hence, it can be disregarded.

Exciton dynamics in nanoaggregates

To reveal the direction that has the lower activation energy, we performed TA measurements for
PNOZzAT in a chlorobenzene (CB) solution. As shown in Figure 5a, the absorption spectrum of
PNOZzAT in the CB solution is completely different from that in a chloronaphthalene (CN) solution.
Rather, it is consistent with that of the film state. This suggests that PNOz4T does not fully dissolve
in the CB solution because of poor solubility, but forms nanoaggregates in the CB solution, as
reported previously.’® This is supported by TA measurements as shown in panel b. Excitation
intensity independent decay was observed for singlet excitons in the CN solution. In contrast,
excitons in the CB solution decayed faster than that in the CN solution and became faster with
increasing the excitation intensity, which is a sign of SSA in nanoaggregates because SSA hardly
occurs in dilute solutions of isolated polymers like the CN solution. Figure 5¢ shows optimized
y(t) for the CB solution. Interestingly, the time dependence of y(f) was clearly different from that
of the film state even though there was no large difference in the absorption and PL spectra
between them: y(¢) of the CB solution follows the £ dependence, suggesting 1D exciton diffusion.
This result indicates that excitons in the nanoaggregates are able to diffuse in only one of the two
directions due to spatial constraint. Because the relative strength of each vibronic band in the
absorption and PL spectra (see the Supporting Information) of the CB solution is consistent with
that of the film state, the backbone planarity and effective conjugation length of PNOz4T in the
nanoaggregates are supposed to be comparable to that of the film state. In other words, excitons
would be able to diffuse along the backbone direction in the CB solution as is the case with the

film state. Therefore, we consider that excitons in the nanoaggregates diffuse predominantly along

17



the backbone direction and cannot diffuse along the m-stacking direction because of the spatial

confinement. Figure 5d shows the temperature dependence of the exciton decay kinetics of the

PNOzAT nanoaggregates. Interestingly, negligible temperature dependence was observed for the

PNOzAT nanoaggregates as opposed to the film state, suggesting that the activation energy of the

exciton diffusion along the backbone direction is considerably low. This result suggests that, at
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Figure 5. (a) Absorption spectra of PNOz4T in the CB solution (green), and in the CN solution

(blue). The red line represents the absorption spectrum of the PNOz4T film. (b) Exciton decay

kinetics in the CB (green) and CN (blue) solutions. (c) Optimized annihilation rate coefficient
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(d) Temperature dependence of the exciton decay kinetics in the CB solution.
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low temperatures, excitons in PNOz4T films predominantly diffuse along the backbone direction
with considerably small activation energy. Exciton diffusion along the m-stacking direction
becomes important only at high temperatures because of the large activation energy in PNOz4T

films.

Conclusion

We have studied the diffusion dynamics of singlet excitons in a novel low-bandgap donor
polymer PNOz4T in film state. Applying numerical calculations to excitation intensity dependent
exciton decay kinetics, we found that singlet excitons generated in PNOz4T crystalline domains
diffuse along both the backbone and n-stacking directions. This is contrary to the 1D diffusion in
P3HT crystalline domains. What controls the dimensionality of exciton diffusion can be
rationalized by the ratio between intra- and interchain exciton couplings. As PNOz4T shows
comparable intra- and interchain exciton couplings, excitons in PNOz4T are able to diffuse in both
intra- and interchain directions, whereas strong interchain exciton coupling in P3HT lets excitons
predominantly diffuse along the m-stacking direction. To the best of our knowledge, this study
provides for the first time a clear experimental evidence of 2D exciton diffusion along the
backbone and m-stacking directions in semi-crystalline conjugated polymer films. Our findings
suggest that we would be able to control the direction of the exciton motion by modifying backbone

planarity of conjugated chains.
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PL spectra of PNOz4T in CB solution.
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