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in triphenylamine/dicyanovinyl
push—pull small molecule

for organic optoelectronics
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Triphenylamine-based small push—pull molecules have recently attracted substantial research
attention due to their unique optoelectronic properties. Here, we investigate the excited state
de-excitation dynamics and exciton diffusion in TPA-T-DCV-Ph-F small molecule, having simple
chemical structure with asymmetrical architecture and end-capped with electron-withdrawing
p-fluorodicyanovinyl group. The excited state lifetime in diluted solutions (0.04 ns in toluene and

0.4 ns in chloroform) are found to be surprisingly shorter compared to the solid state (3 nsin PMMA
matrix). Time-dependent density functional theory indicates that this behavior originates from non-
radiative relaxation of the excited state through a conical intersection between the ground and singlet
excited state potential energy surfaces. Exciton diffusion length of ~16 nm in solution processed films
was retrieved by employing time-resolved photoluminescence volume quenching measurements with
Monte Carlo simulations. As means of investigating the device performance of TPA-T-DCV-Ph-F, we
manufactured solution and vacuum processed bulk heterojunction solar cells that yielded efficiencies
of ~1.5% and ~ 3.7%, respectively. Our findings demonstrate that the short lifetime in solutions does
not hinder per se long exciton diffusion length in films thereby granting applications of TPA-T-DCV-
Ph-F and similar push—pull molecules in vacuum and solution processable devices.

Conjugated small molecules, by virtue of their well-defined molecular structure and high reproducibility are
deemed attractive for organic optoelectronics applications. Triphenylamine (TPA) based small molecules with
the push—pull character have attracted a lot of attention for showing great potential as donor materials in organic
solar cells (OSCs)"? and hole transporting layers in perovskite solar cells’. Among them, asymmetrical TPA/
dicyanovinyl (DCV) based nt-conjugated push—pull small molecules can be considered as one of the simplest
class of donor materials for OSCs*".

TPA/DCV based compounds offer many attractive advantages over polymers counterparts, such as vacuum
and solution processability, facile synthesis and purification which allows for flexibility in molecular design, and
better batch-to-batch reproducibility®-®. Kozlov et al. have demonstrated that such materials provide the possibil-
ity of long exciton diffusion length’, while their push-pull character facilitates efficient intra- and intermolecular
charge separation!® which potentially might lead to high values of open-circuit voltage’. The aforementioned
properties make TPA/DCV based materials promising candidates for commercial scale applications.
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Figure 1. Synthetic route to TPA-T-DCV-Ph-E

Despite the extensive research on TPA/DCV small molecules, there are just few experimental and theoreti-
cal works which investigate their excited state photophysical behavior®'°-'>. Specifically, studies geared towards
understanding the ultrafast photo-induced processes in solution and the corresponding correlation to the solid-
state have not been thoroughly addressed. Therefore, a detailed knowledge about the underlying mechanism
governing the excited state dynamics in such materials is of utmost research importance to further improve the
molecular design and push the frontier of device performance to the next level'*-'%,

In this paper, we report on the excited state relaxation pathways and exciton diffusion dynamics in a TPA/
DCYV based small molecule (TPA-T-DCV-Ph-F). We show that the excited state lifetime in solutions amounts
to~0.04 ns in toluene and ~ 0.4 ns in chloroform, which is substantially shorter than ~ 3 ns in the PMMA matrix.
This unusual behavior is assigned to excited state non-radiative depopulation via conical intersection between
the ground and excited state potential energy surfaces. By combining time-resolved photoluminescence (PL)
volume quenching experiments with Monte-Carlo simulations, the exciton diffusion length in solution processed
films of TPA-T-DCV-Ph-F is obtained as~ 16 nm and found to be limited by the energetic disorder. To study
the potential of TPA-T-DCV-Ph-F as a donor material in OSCs, vacuum and solution processed solar cells were
manufactured with 3.7% and 1.5% power conversion efficiencies (PCE), respectively. The obtained results sug-
gest that the TPA-T-DCV-Ph-F molecule offers promising properties for organic optoelectronics provided that
the energetic disorder is reduced.

Results and discussion

Synthesis, solubility, thermal stability, and electrochemical properties. Fluorination of chemi-
cal blocks in conjugated systems is regarded as a promising tool to control intramolecular and intermolecular
interactions'®-?*. The phase behavior, glass transition temperature and crystallinity of conjugated molecules can
be precisely tuned by adjusting the number and positions of fluorine atoms. Furthermore, incorporating fluorine
atoms into the chemical structure can effectively modulate the optical and optoelectronic properties, and there-
fore affect the device performance.

The synthetic route to TPA-T-DCV-Ph-F (Fig. 1) consists of two steps and is similar to its non-fluorinated
analog TPA-T-DCV-Ph’. In the first step, {5-[4-(diphenylamino)phenyl]-2-thienyl}(4-fluorophenyl)metha-
none (2) was prepared in a reaction between lithium derivative of diphenyl[4-(2-thienyl)phenyl]amine® (1) and
4-fluorobenzoyl chloride in 50% yield. In the final second step, TPA-T-DCV-Ph-F was obtained in 80% yield by
Knévenagel condensation between ketone (2) and malononitrile in pyridine using a microwave heating.

TPA-T-DCV-Ph-F has good solubility in chloroform (56 g/L) and in commonly used organic solvents, such
as toluene, tetrahydrofuran and chlorobenzene; making the compound highly attractive for solution processed
organic optoelectronics.

TPA-T-DCV-Ph-F exhibits excellent thermal stability both in air and under nitrogen with high decomposition
temperatures at 389 °C and 397 °C (ESI, Sect. 1.2) respectively, which is similar to that of its analog TPA-T-DCV-
Ph’. The differential scanning calorimetry (DSC) studies of TPA-T-DCV-Ph-F revealed that the introduction
of fluorine into the structure of the molecule influences the phase behavior. The first heating DSC scan (ESI,
Sect. 1.2) shows high values of melting temperature (T,,) but significantly lower value of melting enthalpy (AH,,)
compared to its non-fluorinated analog TPA-T-DCV-Ph’. This indicates that the fluorinated phenyl weakens
intermolecular interactions that affect the molecular packing as it was previously reported for other fluorinated
conjugated materials?*~2°. However, after having melted TPA-T-DCV-Ph-F becomes amorphous as is evidenced
by the subsequent second heating DSC scan, showing only a glass transition temperature (T,) of about 70 °C.

Excited state dynamics in solution. The absorption and PL spectra of TPA-T-DCV-Ph-F in diluted
solutions (toluene and chloroform) and in poly(methyl methacrylate) (PMMA) matrix are depicted in Fig. 2a.
The dispersed TPA-T-DCV-Ph-F molecules in the PMMA matrix is used as a proxy to mimic the solutions
with restriction of any potential photo-induced molecular motions, while still preventing intermolecular
interactions'®!®. The absorption spectra consist of two bands (at~300 nm and~500 nm) that are typical for
push-pull molecules'"*. These bands have been previously assigned as having the mixed character due to the
n-m* transition in the conjugated triphenyl-thiophene fragment and intramolecular charge transfer between the
electron donating and the electron withdrawing groups!.

The PL spectra were obtained upon excitation near the absorption maximum (at~520 nm) for optimal
light absorption; the Stokes shift values amount to ~ 0.34 eV in toluene and ~ 0.48 eV in chloroform. The larger
Stokes shift in chloroform as compared to toluene is ascribed to the higher polarity of the former that leads to
increased energy relaxation to longer wavelengths?”-%. The absorption and PL spectra maxima peak positions of
the molecules dispersed in PMMA matrix are slightly shifted compared to the diluted solutions, which is also
attributed to the difference in medium polarizability'®">.
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Figure 2. (a) Absorption (thick solid lines) and PL spectra (thin solid lines) of TPA-T-DCV-Ph-F in toluene
(red) solution, chloroform solution (green), and in PMMA matrix (blue). (b) Experimental TPA-T-DCV-Ph-F
PL transients (thin solid lines) in toluene (red) solution, chloroform (green) solution and in PMMA matrix
(blue), obtained by integrating the PL maps (ESI, Sect. 2) in the 620-700 nm spectral range. The thick solid lines
represent the result of mono-exponential fitting. The decay times and respective PL QY’s are shown next to the
transients.

Figure 2b shows the PL transients of TPA-T-DCV-Ph-F in solutions and in PMMA matrix with the respective
independently measured PL quantum yield (QY) values. The PL transients are fitted with mono-exponential
function convoluted with a Gaussian apparatus function. The exponential fitting of the PL transients in solu-
tion yielded lifetime values of ~ 0.04 ns in toluene and ~ 0.4 ns in chloroform which is in line with increased PL
QY from 0.01 to 0.04 in toluene and chloroform, respectively. Both short lifetimes and low PL QYs suggest the
prevalence of non-radiative relaxation channels.

TPA-T-DCV-Ph-F undergoes strong change in dipole moment upon photoexcitation, with the electron den-
sity in the LUMO mainly delocalized on the acceptor unit DCV-Ph-F and in part on the thiophene linker (ESI,
Sect. 3). This causes substantial reorientation of the polar solvent (such as chloroform with the dipole moment of
1.1 D¥) around TPA-T-DCV-Ph-F molecules®; in the less polar toluene (dipole moment of 0.3 D) the effect is
much weaker. Therefore, the excited-state lifetimes and the PL QYs appear to be correlated with the solvent polar-
ity. These results are in agreement with earlier studies performed on other dissolved molecules in solvents with
descending polarities, in which it was also found that the PL lifetime becomes shorter in less polar solvents***.
It was suggested*®* that the higher dipole moment of the solvent tends to stabilize the conformational changes
at the excited state due to stronger solvent-fluorophore dipole-dipole interaction, causing by this manner the
reduction in non-radiative decay and the subsequent increase in lifetime.

To demonstrate the applicability of this scenario, we dispersed TPA-T-DCV-Ph-F molecules in a PMMA
matrix to restrain the possible molecular conformations'®**. This resulted in much longer excited state lifetime
of ~ 3 ns with the corresponding increase in PL QY (Fig. 2b). Similar behavior (known as solid state luminescence
enhancement) has been previously reported®*? and assigned to a conical intersection (CI) between excited and
ground states of the molecule in the liquid phase. To support such scenario for the TPA-T-DCV-Ph-F molecule,
we performed time-dependent density functional theory (TDDFT).

TDDFT calculations. Electronic structure calculations were performed using the ORCA 4.0.1%. We used
the w97X-D3* exchange correlation functional including dispersion in combination with the TZV?* basis set.
First, the geometry was optimized on the ground state potential energy surface. Then TDDFT*® was used to
calculate the excited states. The lowest excitation was found at 27,172 cm™ and identified to be the strongest
transition. It was verified that the ground state geometry and the lowest excitation energy were not significantly
different (<1% for the excitation energy) than that obtained with the larger and computationally demanding
TZVP* basis set. The vibrational frequencies were obtained on both the ground state and the lowest excited
state. On the excited state potential, two unbound degrees of freedom were identified. One involves rotation of
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Figure 3. Structures and motion of TPA-T-DCV-Ph-F in the excited states. Two unbound degrees of freedom
identified at the excited state at the Frank-Condon point with imaginary frequency of 27i (a) and 88i cm™ (b).
The arrows indicate atomic movements towards the CI. (¢) The structure of the lowest energy configuration. (d)
The structure identified near the conical intersection. (e) The local minimum configuration on the ground state
potential energy surface identified from the energy minimization on the ground state potential energy surface
starting from the conical intersection point. The arrows in (c) indicate the atomic movement towards the conical
intersection structure shown in (d), while the arrows in (d) indicate the atomic movement towards the local
minimum in (e). In all panels, the light green atoms are carbon, white is hydrogen, blue is nitrogen, yellow is
sulfur and cyan is fluorine. The figure was created using VPython 7 (https://vpython.org).
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Figure 4. Illustration of the energies along potential energy surfaces. The red, blue and black lines represent
the energies of the singlet excited state, the excited triplet, and the ground state, respectively. FC are the Franck-
Condon points, CI is the conical intersection position, and ISC represents the singlet—triplet states intersystem
crossing positions. The effective reaction coordinate indicates the consecutives excited state configurations.

the thiophene (Fig. 3a), while the other one involves motion of the nitrogen atoms in the DCV moiety as well as
rearrangements around the TPA donating group in the other end of the molecule (Fig. 3b). The unbound degrees
of freedom on the Franck-Condon point of the excited state surface demonstrate that in the excited state this
geometry is not a local minimum, and the molecule can be expected to move when excited”. Further analysis is
needed to identify the excited state potential minimum.

A geometry optimization on the excited state potential energy surface starting in the ground state minimum
configuration (Fig. 3¢) deforms the molecule and leads to a geometry where the TDDFT calculations would not
converge (Fig. 3d). This is because in this geometry the ground state and lowest excited state are near-degenerate,
which leads the TDDFT procedure to fail. We therefore propose that this geometry is close to a CI. From the
CI geometry, a further geometry optimization on the ground state potential surface leads to a new ground state
geometry (Fig. 3e) with a slightly higher energy than the original geometry. This demonstrates that the molecule
has at least one CI and at least two stable configurations on the ground state potential energy surface. The atomic
movements (indicated by the arrows) have a large resemblance to the 27i cm™ mode (Fig. 3b) suggesting that
this mode indeed plays a crucial role in the photo-isomerization.

The illustration of the potential energy surfaces of the lowest electronic states and the ground state as obtained
by interpolation between energies obtained for the initial CI, and final geometries is presented in Fig. 4. The
energy crossing point is observed between the singlet excited state and the ground state, indicating a non-
radiative de-excitation transition at the estimated CI position. The exact energy of the crossing point may be
higher as the CI geometry was assigned at the excited state geometry optimization when the TDDFT calculation
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Figure 5. (a) PL transient of neat film, was obtained by stitching the fast (<2 ns) and slow (< 14 ns) transients
after the respective integrations of the spectral kinetics in the 550-840 nm range (see ESI, Sect. 4). The solid
pink line represents the experimental data, while the solid gray line is the result of bi-exponential fitting. The
fitting parameter and PL QY are given next to the transient. (b) Experimental (solid pink line) and MC modeled
(solid gray line) dynamical shift of PL mean energy. The experimental data was obtained by stitching the fast
(<2 ns) and slower dynamics (< 14 ns). As the density of states in the simulations is centered at 0 eV, we blue-
shifted the MC simulations value by 1.95 eV to match the experimental conditions. For clarity, the data is shown
up to 8 ns as there are no changes afterwards.

stopped converging. While excited state relaxations involving CI often happen on sub-picosecond timescales,
for the TPA-T-DCV-Ph-F molecule dissolved in toluene, the timescale is ~ 40 ps. In a rigid environment, where
the relatively large molecular deformation needed to reach the Cl is efficiently suppressed, the relaxation process
should be significantly slower, as observed in the experiments above.

Figure 4 also illustrate energy crossing points between the singlet excited state and the lowest triplet state,
thereby potentially allowing the intersystem crossing (ISC). We did not explicitly calculate the rates for ISC and
CI; however, ISC requires relativistic effects to change the spin while the TPA-T-DCV-Ph-F molecule does not
contain heavy atoms. Therefore, the rate for this process is expected to be very low (typically sub-0.1 ns™*)** so
that the transition through the CI is likely much faster.

Excited state lifetime and energetic disorder in film.  After having established that the excited state
lifetime of the isolated TPA-T-DCV-Ph-F molecule varies from 40 ps in toluene solution to 3 ns in a PMMA
matrix, we shift to TPA-T-DCV-Ph-F films where conformational movements of the molecule are restricted but
intermolecular interactions becomes important. Figure 5a shows the PL transient of TPA-T-DCV-Ph-F solution
processed neat film. The bi-modal behavior of the PL transient indicates that several photophysical processes
contribute to the excited state dynamics. The fast decay is attributed to intermolecular energy transfer®, with
contribution of non-radiative decay induced by excitonic traps* .

The PL transient was fitted with a bi-exponential function convoluted with a Gaussian apparatus function
of ~ 10 ps. The average excited state lifetime was determined as:

> ”itiz
> aiti

where a; represent the pre-exponential factor and ¢; is the time constant. The weighted average exciton lifetime
was determined to be ~ 3.7 ns while the measured PL QY was ~ 0.17. Both values are similar to those obtained
in the PMMA matrix, which further substantiates our previous findings that the photo-induced molecular
conformations are mostly restricted in the solid state.

Exciton diffusion in disordered medium is primarily characterized by downhill migration towards lower
energy sites, which results on the dynamical red shift of PL*. The total shift of PL mean energy stabilizes at
AEpy = Epr(t = 0) — Epp(t = 00) = 77, where o stands for standard deviation of the Gaussian density of states
(i.e., the energetic disorder). Here the quasi-equilibrium is reached and the thermally activated hopping mainly
contributes to the diffusion process*. Figure 5b depicts the experimentally tracked dynamical PL mean energy
for each time step. The total PL mean energy shift is AEp;, ~ 155meV, so thato ~ 65meV (at room temperature,
kT ~ 26meV).

(1)

Tay =

Exciton diffusion length and coefficient. As means of acquiring quantitative information about the
temporal and spatial evolution of the excited state population in solution processed films of TPA-T-DCV-Ph-F,
we performed time-resolved PL volume quenching experiments combined with MC simulations, out of which
the exciton diffusion length and exciton diffusion coefficient were determined*>.
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Figure 6. (a) Experimental PL transients of neat film and films with different PCoBM content. Their respective
modeled PL transients with MC simulations are depicted in solid gray lines. See ESI, Sect. 6 for all the input
parameters. (b) Relative quenching efficiency versus PCgoBM content. The black circles are the experimental
results and the gray line represent the modeled results. The average separation between PCgoBM molecules was
determined as described in ESI, Sect. 5.

The commonly used acceptor in OSCs [6,6]-Phenyl-Cs-butyric acid methyl ester (PC4,BM) was selected
as a quenching molecule. The neat film and films mixed with various content of PC¢BM molecules (0.11%,
0.27% and 0.55% molar ratios) were prepared by spin coating. The respective PL transients are shown in Fig. 6a.
As expected, concentration increase of the quencher causes acceleration on the PL transients decay due to the
diffusion-limited exciton quenching®.

To quantify the quenching process, we plotted the PL quenching efficiency vs. PC¢oBM content (Fig. 6b). The
PL quenching efficiency was determined as*”:

J PLquencheddt

Q=1-
f PLneatdt

2)
where Q is the PL quenching efficiency, PLquenched is the PL transient for the samples with different PCs,BM
content, PLyeqat is the PL transient for the neat film. Quenching efficiency close to zero is an indication of mini-
mal exciton quenching, which occurs when the average separation of the quenchers is much longer than the
exciton diffusion length. Significant quenching sets in when the average separation of the quenchers is shorter
than the exciton diffusion length. Therefore, in the one-dimension case excitons diffuse for ~ 10 nm before being
quenched, but in three-dimension (3D) there are additional pathways so that the average exciton diffusion length
should be longer.

The experimental measured PL transients were modeled using MC simulations of a 3D exciton random
walk in a cubic grid (for more details, see ESI, Sect. 6). As the energetic disorder has been obtained earlier, the
modeled PL transients (Fig. 6a) were used to extract the exciton hopping time (t~0.1 ps), which was the only
fit parameter. Then the PL quenching efficiencies (Fig. 6b) were calculated using the modeled PL transients. The
simulated and experimental results are in good agreement; some discrepancies observed might be attributed
to the non-homogenous distribution of PCsoBM quencher molecules in the films or even possibly due to the
formation of small PCsoBM clusters as reported by Mikhnenko et al.*’. This discrepancy only affects a small
population of the excited state (~ 10%); therefore, it has little effect on the obtained results. The dynamical PL
mean energy shift (Fig. 5b) is also satisfactorily described with some inconsistency at early times most probably
caused by the limited resolution of the streak-camera.

The MC simulation data were further used to extract the values of exciton diffusion length and exciton dif-
fusion coefficient. The exciton diffusion length of ~ 16 nm was derived from the exciton displacement statistics
as the mean value of displacement (Fig. 7a). In disordered organic semiconductors, exciton diffusion lengths
typically range from 5 to 20 nm'>***; hence, the 16 nm exciton diffusion length in TPA-T-DCV-Ph-F falls into
the long range. This is attributed to the long exciton average lifetime of ~ 3.7 ns and the relatively low energetic
disorder of ~65 meV.

The differential form of the Einstein-Smoluchowski relation (ESI, Sect. 6) was used to obtain the dependence
of the exciton diffusion coefficient on time (Fig. 7b). The early times (< 0.1 ns) are dominated by fast exciton
cooling followed by slower diffusion where the thermal quasi-equilibrium is reached at the value of diffusion coef-
ficient of D ~ 4.2 x 10~*cm?s™ L. For comparison, diffusion coefficient of D ~ 3.5 x 10~>cm?s~! was obtained
in the highly ordered (energetic disorder of <5 meV) vacuum-deposited C,,*°. According to MC simulations,
had the energetic disorder been reduced from 65 to 5 meV in solution-processed films of TPA-T-DCV-Ph-F, the
exciton diffusion length would have amounted to 50 nm. Therefore, the energetic disorder of ~65 meV limits the
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Figure 8. (a) Solution processed OSC J-V characteristics and the photovoltaic parameters. (b) Vacuum
processed OSC J-V characteristics and the photovoltaic parameters.

exciton diffusion coefficient (and the exciton diffusion length) in TPA-T-DCV-Ph-F solution processed films. In
order to circumvent this limitation, the energetic disorder should be reduced; this can potentially be achieved
by molecular encapsulation®-*%

Device performance. To study the potential application of TPA-T-DCV-Ph-F as a donor material in
organic solar cells, we fabricated solution processed devices with the conventional structure of indium tin oxide
(ITO)/poly(3,4-ethylene dioxythiophene)poly(styrene sulfonate) (PEDOT:PSS)/active layer/perylene diimide
functionalized with amino N-oxide (PDINO)/AI’?, where [6,6]-Phenyl-C71-butyric acid methyl ester (PC,BM)
was chosen as the electron acceptor material. In order to obtain the best device performances, we carefully opti-
mized the fabrication parameters, including the donor:acceptor weight ratios and doctor-blading speeds (ESI,
Sect. 7 for statistics and an AFM surface image). Figure 8a shows the current-density-voltage (J-V) curve of the
optimized device and the corresponding photovoltaic parameters.

It has been demonstrated that in solution processed bulk heterojunction solar cells with non-optimal mor-
phology, a gradual increase in exciton diffusion length was followed by increase in short-circuit current when
the films crystallinity and roughness were improved by meticulous post-deposition treatments®**. Hence, we
speculate that the shorter exciton diffusion length of ~ 16 nm in solution processed films of TPA-T-DCV-Ph-F
(compared to a longer exciton diffusion length of ~25 nm in vacuum evaporated films of its non-fluorinated
analog TPA-T-DCV-Ph?), limits the device short-circuit current density (J,.) to ~4.87 mA cm™. In order to
support this supposition, we fabricated vacuum processed bulk heterojunction devices (using the structure
ITO/MoO;/1:1 TPA-T-DCV-Ph-F: C,/bathocuproine/Al) (ESI, Sect. 7 for statistics) and obtained higher J,.

Scientific Reports |

(2020) 10:21198 |

https://doi.org/10.1038/s41598-020-78197-2 nature research



www.nature.com/scientificreports/

of ~8.06 mA cm™ (Fig. 8b), which probably indicates improvements in film morphology. Furthermore, the
surface morphology of evaporated pristine TPA-T-DCV-Ph-F thin films, showed an initial bare crystallinity of
the material that can be deduced by the observed decrease of the RMS roughness of the surface, from 0.55 nm
to 0.32 nm after thermal annealing at 100 °C for 10 min (ESI, Sect. 7 for AFM images). The initial roughness is
already extremely low which indicates sharp control of thickness and flatness on evaporated TPA-T-DCV-Ph-F
pristine films.

The obtained results demonstrate the potential application of simple TPA-T-DCV-Ph-F molecules for both
vacuum and solution processed organic optoelectronics devices.

Conclusions

In this paper, we have investigated the excited-state and exciton dynamics of a small push-pull molecule TPA-
T-DCV-Ph-E The experimental results revealed that the excited state lifetime in solutions (0.04 ns in toluene
and 0.4 ns in chloroform) are shorter than in solid state (3 ns in PMMA matrix). With the support of TDDFT
calculations, we concluded that this phenomenon is attributed to excited state non-radiative depopulation in
solution from conical intersection between the ground and singlet excited state potential energy surfaces. Fur-
thermore, by combining time-resolved PL and MC simulations we extracted exciton diffusion length of ~ 16 nm
in solution-processed layer of TPA-T-DCV-Ph-E To investigate the potential of TPA-T-DCV-Ph-F as donor
material in OSCs, we manufactured vacuum and solution processed solar cells that yielded efficiencies of ~3.7%
and 1.5%, respectively. Our findings shed light on the photophysics of TPA-T-DCV-Ph-F and pave the way for
vacuum and solution processable TPA/DCV based materials with long exciton diffusion length for organic
optoelectronic applications.

Methods

Sample preparation. The solutions for the neat and mixed thin films were initially separately prepared
using chloroform at different concentrations of 10 g/L for TPA-T-DCV-Ph-F and 0.02-0.04 g/L for PCsoBM,
then it was let stir for 2 h at room temperature. The solutions were then mixed to achieve the desired PCqoBM /
TPA-T-DCV-Ph-F molar ratios (0.11%, 0.27% and 0.55%) and stirred for another 2 h. The films were prepared
by spin coating the solution in a plain glass substrate (1 cm x 1 cm). For the matrix, PMMA (sigma Aldrich,
Mw = 120,000 g/mol) was dissolved in chloroform at a concentration of 150 g/L and stirred at room temperature
for 8 h. Solution of TPA-T-DCV-Ph-F and PMMA were mixed to achieve the volume ratio TPA-T-DCV-Ph-F/
PMMA of 0.2 and stirred for 2 h. The matrix was prepared by spin coating the solution in a plain glass substrate.
For the highly diluted toluene and chloroform solutions, the concentrated solutions (10 g/L) were further diluted
to obtain optical densities in range of 0.06 to 0.12 at absorption maximum in a 2 mm quartz cuvette.

Time resolved photoluminescence, absorption and photoluminescence quantumyield. Time-
resolved photoluminescence measurements were performed using a streak camera (Hamamatsu, C5680) and a
spectrograph. To measure the early time dynamics (<2 ns), the mode-locked output from the Ti:sapphire oscil-
lator (Mira 900, 76 MHz repetition rate) was focused on the Newport SGC-800 hollow fiber producing a super-
continuum. The excitation wavelength of 520 nm was obtained by selecting a portion of the supercontinuum
with a bandpass filter of 520 nm central wavelength and FWHM of 10 nm. For the slower dynamics (< 14 ns),
a pulse picker was used to lower the repetition rate of the Ti: sapphire oscillator from 76 to 2 MHz. A long pass
filter (OG550) was placed before the spectrograph to filter the excitation stray light. The excitation power was set
between 0.5-4 pW to avoid the possibility of exciton-exciton annihilation and photobleaching.

The absorption spectra were obtained with a PerkinElmer Lambda 900 UV/VIS/NIR spectrometer.

The photoluminescence quantum yield of toluene and chloroform solutions were determined by comparing
with the known quantum yield of the standard solution of 1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP) in
cyclohexane (PL QY ~ 1), using the fluorescence measurement method for optically diluted solutions®®. Measure-
ments of the photoluminescence quantum yield in PMMA matrix and polycrystalline thin films were carried
out using integrating sphere.

Received: 11 September 2020; Accepted: 17 November 2020
Published online: 03 December 2020

References

1. Roquet, S. et al. Triphenylamine-thienylenevinylene hybrid systems with internal charge transfer as donor materials for hetero-
junction solar cells. . Am. Chem. Soc. 128, 3459-3466 (2006).

2. Cravino, A,, Leriche, P, Alévéque, O., Roquet, S. & Roncali, J. Light-emitting organic solar cells based on a 3D conjugated system
with internal charge transfer. Adv. Mater. 18, 3033-3037 (2006).

3. Paek, S. et al. Dopant-free hole-transporting materials for stable and efficient perovskite solar cells. Adv. Mater. 29(1606555), 1-7
(2017).

4. Ripaud, E., Rousseau, T., Leriche, P. & Roncali, ]. Unsymmetrical triphenylamine-oligothiophene hybrid conjugated systems as
donor materials for high-voltage solution-processed organic solar cells. Adv. Energy Mater. 1, 540-545 (2011).

5. Cabanetos, C., Blanchard, P. & Roncali, J. Arylamine based photoactive push-pull molecular systems: a brief overview of the
chemistry “made in angers”. Chem. Rec. 19, 1123-1130 (2019).

6. Sissa, C. et al. The effectiveness of essential-state models in the description of optical properties of branched push-pull chromo-
phores. Phys. Chem. Chem. Phys. 12, 11715-11727 (2010).

7. Leliége, A., Le Régent, C. H., Allain, M., Blanchard, P. & Roncali, J. Structural modulation of internal charge transfer in small
molecular donors for organic solar cells. Chem. Commun. 48, 8907-8909 (2012).

Scientific Reports |

(2020) 10:21198 | https://doi.org/10.1038/s41598-020-78197-2 nature research



www.nature.com/scientificreports/

8. Zhang, J. et al. Solution-processable star-shaped molecules with triphenylamine core and dicyanovinyl endgroups for organic solar
cells. Chem. Mater. 23, 817-822 (2011).
9. Kozlov, O. V. et al. Simple donor-acceptor molecule with long exciton diffusion length for organic photovoltaics. Org. Electron. 53,

185-190 (2018).

10. Kozlov, O. V. et al. Triphenylamine-based push-pull molecule for photovoltaic applications: From synthesis to ultrafast device
photophysics. J. Phys. Chem. C 121, 6424-6435 (2017).

11. Kozlov, O. V. et al. Ultrafast charge generation pathways in photovoltaic blends based on novel star-shaped conjugated molecules.
Adv. Energy Mater. 5, 1401657 (2015).

12. Li, Y., Ren, T. & Dong, W. J. Tuning photophysical properties of triphenylamine and aromatic cyano conjugate-based wavelength-
shifting compounds by manipulating intramolecular charge transfer strength. J. Photochem. Photobiol. A Chem. 251, 1-9 (2013).

13. Londi, G. et al. Comprehensive modelling study of singlet exciton diffusion in donor-acceptor dyads: When small changes in
chemical structure matter. Phys. Chem. Chem. Phys. 21, 25023-25034 (2019).

14. Zheng, Z. H. et al. A biocompatible colorimetric triphenylamine-dicyanovinyl conjugated fluorescent probe for selective and
sensitive detection of cyanide ion in aqueous media and living cells. Sensors 17, 2 (2017).

15. Salamatova, E. et al. Visualization of molecular excitons diffusion. Phys. Chem. Interfaces Nanomater. XV 9923, 99230K (2016).

16. Brédas, J. L., Norton, J. E., Cornil, J. & Coropceanu, V. Molecular understanding of organic solar cells: The challenges. Acc. Chem.
Res. 42, 1691-1699 (2009).

17. Kohler, A. & Bissler, H. Electronic Processes in Organic Semiconductors (Wiley-VCH, New York, 2015).

18. Bauer, G. Lecture Notes in Physics 901 Photovoltaic Solar Energy Conversion. (2015). doi:https://doi.org/10.1007/978-3-662-46684
-1

19. Babics, M. et al. Negligible energy loss during charge generation in small-molecule/fullerene bulk-heterojunction solar cells leads
to open-circuit voltage over 1.10 v. ACS Appl. Energy Mater. 2,2717-2722 (2019).

20. Fei, Z. et al. Influence of backbone fluorination in regioregular poly(3-alkyl-4-fluoro)thiophenes. . Am. Chem. Soc. 137, 6866-6879
(2015).

21. Nielsen, C. B., White, A. J. P. & McCulloch, I. Effect of fluorination of 2,1,3-benzothiadiazole. J. Org. Chem. 80, 5045-5048 (2015).

22. Li, Z. et al. Dramatic performance enhancement for large bandgap thick-film polymer solar cells introduced by a difluorinated
donor unit. Nano Energy 15, 607-615 (2015).

23. Balakirev, D. O. et al. p-Flurophenyldicyanovinyl as electron-withdrawing group for highly soluble and thermally stable donor-
acceptor small molecules. J. Photon. Energy 8,1 (2018).

24. Reichenbicher, K., Siiss, H. I. & Hulliger, J. Fluorine in crystal engineering—The little atom that could. Chem. Soc. Rev. 34, 22-30
(2005).

25. Jiang, T, Polizzi, N. F, Rawson, J. & Therien, M. J. Engineering high-potential photo-oxidants with panchromatic absorption. J.
Am. Chem. Soc. 139, 8412-8415 (2017).

26. Ripaud, E., Olivier, Y., Leriche, P.,, Cornil, . & Roncali, J. Polarizability and internal charge transfer in thiophene-triphenylamine
hybrid n-conjugated systems. J. Phys. Chem. B 115, 9379-9386 (2011).

27. Yeh, S. C. A, Patterson, M. S., Hayward, J. E. & Fang, Q. Time-resolved fluorescence in photodynamic therapy. Photonics 1, 530-564
(2014).

28. Lakowicz, J. R. Principles of fluorescence spectroscopy. Princ. Fluorescence Spectrosc. https://doi.org/10.1007/978-0-387-46312-4
(2006).

29. Nelson Jr., R. D. Electric Dipole the Gas Phase. Natl. Stand. Ref. Data Ser. (1970).

30. Nad, S. & Pal, H. Unusual photophysical properties of coumarin-151. J. Phys. Chem. A 105, 1097-1106 (2001).

31. Shi, J. et al. Solid state luminescence enhancement in m-conjugated materials: Unraveling the mechanism beyond the framework
of AIE/AIEE. J. Phys. Chem. C 121, 23166-23183 (2017).

32. Marqués, P. S. et al. Triphenylamine/tetracyanobutadiene-based n-conjugated push-pull molecules end-capped with arene plat-
forms: Synthesis, photophysics, and photovoltaic response. Chem. A Eur. ]. https://doi.org/10.1002/chem.202002810 (2020).

33. Neese, F. The ORCA program system. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2, 73-78 (2012).

34. Lin, Y. S, Li, G. D., Mao, S. P. & Chai, J. Long-range corrected hybrid density functionals with improved dispersion corrections.
J. Chem. Theory Comput. 9, 263-272 (2013).

35. Schifer, A., Horn, H. & Ahlrichs, R. Fully optimized contracted Gaussian basis sets for atoms Li to Kr. . Chem. Phys. 97, 2571-2577
(1992).

36. Li, T. C. & Tong, P. Q. Time-dependent density-functional theory for multicomponent systems. Phys. Rev. A 34, 529-532 (1986).

37. Theisen, R. F, Huang, L., Fleetham, T., Adams, J. B. & Li, J. Ground and excited states of zinc phthalocyanine, zinc tetrabenzopor-
phyrin, and azaporphyrin analogs using DFT and TDDFT with Franck-Condon analysis. J. Chem. Phys. 142, 2 (2015).

38. Koppel, H. Ultrafast non-radiative decay via conical intersections of molecular potential-energy surfaces: C2H4+. Chem. Phys.
77, 359-375 (1983).

39. Kovag, J. D. Physical chemistry: A molecular approach (McQuarrie, Donald A.; Simon, John D.). J. Chem. Educ. 75, 545 (1998).

40. Hildner, R., Lemmer, U., Scherf, U. & Kohler, J. Picosecond excitation energy relaxation processes in a ladder-type m-conjugated
polymer. Chem. Phys. Lett. 429, 103-108 (2006).

41. Mikhnenko, O. V. et al. Trap-limited exciton diffusion in organic semiconductors. Adv. Mater. 26, 1912-1917 (2014).

42. Lin, J. D. A, Mikhnenko, O. V., Van Der Poll, T. S., Bazan, G. C. & Nguyen, T. Q. Temperature dependence of exciton diffusion in
a small-molecule organic semiconductor processed with and without additive. Adv. Mater. 27, 2528-2532 (2015).

43. Rorich, I., Mikhnenko, O. V., Gehrig, D., Blom, P. W. M. & Créciun, N. I. Influence of energetic disorder on exciton lifetime and
photoluminescence efficiency in conjugated polymers. J. Phys. Chem. B 121, 1405-1412 (2017).

44. Bissler, H. Charge transport in disordered organic photoconductors a monte carlo simulation study. Phys. Status Solidi 175, 15-56
(1993).

45. Mikhnenko, O. V., Blom, P. W. M. & Nguyen, T. Q. Exciton diffusion in organic semiconductors. Energy Environ. Sci. 8, 1867-1888
(2015).

46. Lin, J. D. A. et al. Systematic study of exciton diffusion length in organic semiconductors by six experimental methods. Mater.
Horizons 1, 280-285 (2014).

47. Mikhnenko, O. V. et al. Exciton diffusion length in narrow bandgap polymers. Energy Environ. Sci. 5, 6960-6965 (2012).

48. Athanasopoulos, S., Hennebicg, E., Beljonne, D. & Walker, A. B. Trap limited exciton transport in conjugated polymers. J. Phys.
Chem. C112,11532-11538 (2008).

49. Athanasopoulos, S., Emelianova, E. V., Walker, A. B. & Beljonne, D. Exciton diffusion in energetically disordered organic materials.
Phys. Rev. B - Condens. Matter Mater. Phys 80, 1-7 (2009).

50. Kozlov, O. V. et al. Real-time tracking of singlet exciton diffusion in organic semiconductors. Phys. Rev. Lett. 116, 1-5 (2016).

51. Royakkers, J. et al. Doubly encapsulated perylene diimides: Effect of molecular encapsulation on photophysical properties. J. Org.
Chem. 85,207-214 (2020).

52. Leventis, A. et al. Highly luminescent encapsulated narrow bandgap polymers based on diketopyrrolopyrrole. J. Am. Chem. Soc.
140, 1622-1626 (2018).

53. Wang, W,, Sun, R., Guo, J., Guo, J. & Min, J. An oligothiophene-fullerene molecule with a balanced donor-acceptor backbone for
high-performance single-component organic solar cells. Angew. Chemie - Int. Ed. 58, 14556-14561 (2019).

Scientific Reports|  (2020) 10:21198 | https://doi.org/10.1038/s41598-020-78197-2 nature research


https://doi.org/10.1007/978-3-662-46684-1
https://doi.org/10.1007/978-3-662-46684-1
https://doi.org/10.1007/978-0-387-46312-4
https://doi.org/10.1002/chem.202002810

www.nature.com/scientificreports/

54. Wei, G. et al. Efficient, ordered bulk heterojunction nanocrystalline solar cells by annealing of ultrathin squaraine thin films. Nano
Lett. 10, 3555-3559 (2010).

55. Zhang, Y. et al. Large crystalline domains and an enhanced exciton diffusion length enable efficient organic solar cells. Chem.
Mater. 31, 6548-6557 (2019).

56. Berlman, I. B. Introduction. Handb. Fluoresc. Spectra Aromat. Mol. https://doi.org/10.1016/b978-0-12-092656-5.50006-x (1971).

Acknowledgements

B.A.L.R. and M.S.P. thank F. de Haan for writing the code for Monte-Carlo simulations and general laboratory
assistance, and the SEPOMO network participants for general discussions. A. Bakulin and P.S. Tuladhar are grate-
fully acknowledged for independent verification of efficiency of the solution-processed devices. We are indebted
to O. Kozlov for careful reading and criticizing the manuscript. B.A.L.R. and M.S.P. acknowledge funding from
the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie
grant agreement Ne 722651 (SEPOMO). Y.N.L. acknowledges funding from the Russian Foundation for Basic
Research (project Ne 18-29-17073) within which the synthesis and characterization of the molecule were carried
out. Analysis of the purity of all the materials used in this work was performed on the equipment of the Col-
laborative Access Center “Center for Polymer Research” of ISPM RAS under financial support from Ministry of
Science and Higher Education of the Russian Federation (Contract 0071-2019-0006).

Author contributions

M.S.P, Y.N.L. and S.A.P. conceptualized the project. B.A.L.R. performed time-resolved PL measurements, Monte-
Carlo simulations and interpreted the data under supervision of M.S.P; Y.N.L. synthesized and characterized
the molecule; W.Y. fabricated the solution-processed solar cells under supervision of J.M; N.M.S. performed
quantum yield measurements under supervision of S.A.P; O.D. fabricated the vacuum-processed solar cells;
T.L.C.J. performed and interpreted the DFT calculations; B.A.L.R. and M.S.P. wrote the manuscript with con-
tributions from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-78197-2.

Correspondence and requests for materials should be addressed to M.S.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21198 | https://doi.org/10.1038/s41598-020-78197-2 nature research


https://doi.org/10.1016/b978-0-12-092656-5.50006-x
https://doi.org/10.1038/s41598-020-78197-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Excited state dynamics and exciton diffusion in triphenylaminedicyanovinyl push–pull small molecule for organic optoelectronics
	Results and discussion
	Synthesis, solubility, thermal stability, and electrochemical properties. 
	Excited state dynamics in solution. 
	TDDFT calculations. 
	Excited state lifetime and energetic disorder in film. 
	Exciton diffusion length and coefficient. 
	Device performance. 

	Conclusions
	Methods
	Sample preparation. 
	Time resolved photoluminescence, absorption and photoluminescence quantum yield. 

	References
	Acknowledgements


