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Donor-acceptor molecules with thiophene fragments as the w-bridge represent a promising class of
materials for organic photovoltaics especially in single-component (SC) organic solar cells (OSCs) and
other related applications. However, the effect of the oligothiophene m-bridge length on physicochemical
properties, photophysics, charge transport, and photovoltaic performance of these materials has not been
thoroughly addressed. Here, we report on the synthesis and comprehensive investigation of the series of
star-shaped donor-acceptor molecules (0T—4T) with triphenylamine as a donor core linked through an
oligothiophene m-bridge of variable length to the terminal hexyl-dicyanovinyl electron-withdrawing
groups. We found that variation of the 7t-bridge length from 0 to 4 thiophene units strongly impacts their
properties such as the solubility, highest occupied molecular orbital energy, optical absorption and
photophysics, film morphology, phase behavior, and molecular packing as well as the charge carrier
mobility. The performance of the SC and bulk heterojunction OSCs and photodetectors is comprehen-
sively studied and compared. The results obtained provide insight into how to fine-tune and predict
properties and photovoltaic performance of small molecules for organic solar cells and photodetectors.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic solar cells (OSCs) have been showing significant increase
in efficiency in recent years achieving power conversion efficiency
(PCE) of more than 18% in non-fullerene bulk heterojunction (BHJ)
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devices [1—3]. Single-component (SC) OSCs have attracted a lot of
attention from the organic photovoltaics community owing to
several crucial benefits, including simple resulting device structure
and the lack of active layer morphology segregation [4—9]. Recently,
it has been shown that utilization in SC OSCs, a photoactive layer
based on molecules with a rather sophisticated so-called ‘double
cable’ molecular architecture in which small-molecule acceptor
fragments are linked covalently but without m-conjugation to the
donor polymer backbone, allows achieving remarkable PCE more
than 8% [10]. Although the PCE of SC OSC based on simple conju-
gated small molecules lags behind, it has also reached remarkable
2.9% [11].
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Donor-acceptor (D-A) conjugated small molecules are one of the
most promising organic architectures for use in both BHJ and SC
0SCs [12—16]. Small molecules have several advantages compared
with polymers: a clearly defined chemical structure, easy purifi-
cation, and as a result, the high reproducibility in the output pa-
rameters of optoelectronic devices based on them. Optimization
and fine-tuning of properties of D-A molecules are one of the most
important tasks to be solved to improve the characteristics and
stability of optoelectronic devices based on them. Variation of the
electron donor and electron-withdrawing groups as well as the
type and length of the conjugated w-bridge between them allows
adjusting the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
bandgap (Eg), absorption and luminescence spectra, phase
behavior, photophysics, and charge separation [13,17—21]. Oligo-
thiophene fragments are one of the most frequently used m-con-
jugated bridges in the design of D-1t-A systems [22—30]. Methods
for controlling the electronic and optical properties of linear D-rt-A
systems by increasing the length of w-bridge have been described
in the literature [31—35]. Importantly, it is natural to expect that the
m-bridge length in D-w-A systems controls the extent of intra-
molecular photoinduced electron-hole separation, which results in
a charge-transfer state — a precursor for photoinduced-free
charges in OSCs.

The star-shaped architecture in design of D-A small molecules
brings a number of advantages over the linear architecture

NC
NC._CN ¢ N
\/\/\l@\ XxCN 4 $
=
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[18,36—38]. Star-shaped D-A organic molecules based on the tri-
phenylamine (TPA) core possess promising properties such as high
stability and hole mobility, good solubility in organic solvents
[13,19,39,40]. Roncali et al. [41,42] published pioneering works on
synthesis and OSC application of star-shaped D-A small molecules
based on the TPA donor core linked through monothiophene and
bithiophene bridges to terminal dicyanovinyl electron-
withdrawing groups. To the best of our knowledge, only a few in-
vestigations of the oligothiophene 7-bridge length effect on the
properties and photovoltaic performance of D-A star-shaped mol-
ecules were reported, specifically on the limited series of molecules
usually by comparing the two or three nearest homologs [43,44].
Moreover, the performance of SC OSCs and the very possibility of SC
0OSC-based photodetectors have not yet been addressed.

In this work, we report on the synthesis of the series of TPA-based
star-shaped molecules end-capped with hexyl-dicyanovinyl elec-
tron-withdrawing groups and having different lengths of the =-
conjugated oligothiophene bridge, from 0 to 4 thiophenes (Fig. 1). All
the molecules demonstrated small voltage losses in the SC OSCs
resulting in high open-circuit voltage of 1.03—1.14 V. The PCE jumped
from 0.06% for 1T to the remarkable 1.09% for 4T with m-bridge
elongation, which is in a good agreement with their charge trans-
port, generation, and recombination properties, as supported by the
ultrafast photoluminescence (PL) spectroscopy, Onsager model cal-
culations, and space-charge-limited current measurements. We also
studied SC OSCs as photodetectors. The photovoltaic performance in

Fig. 1. Chemical structures of the star-shaped D-m-A molecules OT, 1T, 2T, 3T 4T.
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Fig. 2. Synthetic scheme of OT, 1T, 4T.

BHJ OSCs with PC7;BM as the acceptor increased significantly with
elongation of the m-bridge length from OT to 2T mainly because of
the improved sunlight absorption and film morphology. However,
the further absorption redshift and increase in performance of BH]
0SCs with elongation of the oligothiophene length were hampered
by the decrease in the intramolecular charge transfer efficiency and
the exciton diffusion length.

2. Results and discussion
2.1. Synthesis

The synthesis of 2T and 3T molecules has been reported previ-
ously [44,45], whereas the preparation of novel OT, 1T, and 4T
molecules is depicted in Fig. 2. The synthesis of model compound
OT was carried out in two steps. First 1,1’,1”-[nitrilotris(4,1-
phenylene)]triheptan-1-one (2) was prepared in 70% yield by
Friedel-Crafts acylation of TPA (1) with heptanoyl chloride in the
presence of aluminum chloride (Fig. 2a). Then OT was prepared by
Knoevenagel condensation of the ketone (2) with malononitrile in
the pyridine solution under microwave heating (Fig. 2d).

The key step for the synthesis of 1T and 4T molecules was Suzuki
cross-coupling reaction between the corresponding brominated TPA
core (3 or 4) and ketal (5 or 6) (Fig. 2 b). Thus, tris{4-[5-(2-hexyl-5,5-
dimethyl-1,3-dioxan-2-yl)-2-thienylJphenyl}amine (7) was pre-
pared in 65% yield by cross-coupling reaction between tris(4-
bromophenyl)amine (3) and 2-hexyl-5,5-dimethyl-2-[5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-2-thienyl]-1,3-dioxane (5)

dioxan-2-yl)-2,2".5',2":5" 2" -quatrothien-5-ylJphenyl}Jamine ~ (8)
was synthesized similarly by the reaction between bithiophene-
containing tris[4-(5'-bromo-2,2’-bitien-5-yl)phenyl]amine (4) and
2-hexyl-5,5-dimethyl-2-[5'-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-2,2’-bithien-5-yl]-1,3-dioxane (6) in 70% yield.

On the next step, the protective 5,5-dimethyl-1,3-dioxane groups
were removed by reflux of ketals 7 and 8 in tetrahydrofuran (THF)
with 1 M HCI to give trifunctional ketones 1,1’,1"-[nitrilotris (4,1-
phenylenethiene-5,2-diyl)]triheptan-1-one (9) and tris{4-[5"-(2-
hexyl-5,5-dimethyl-1,3-dioxan-2-yl)-2,2":5',2":5" 2" -quaterthien-5-
yl]phenyl}amine (10) in 71% and 70% yield, respectively (Fig. 2c).

The target tris[4-(1,1-dicyanooct-1-en-2-yl)phenyl]amine (OT),
tris{4-[5-(1,1-dicyanooct-1-en-2-yl)-2-thienyl]phenyl}amine (1T),
and tris{4-[5"-(1,1-dicyanooct-1-en-2-yl)-2,2':5',2":5" 2" -quater-
thien-5-yl]phenyl}amine (4T) were obtained in 55%, 70%, and 21%
yields by Knoevenagel condensation between corresponding ke-
tones (2, 9, 10) with malononitrile in the pyridine solution under a
microwave heating (Fig. 2d). The low yield of 4T is caused by losses
during column chromatography purification because of its low
solubility in chloroform which was used as the eluent. The chemical
structure and high purity of the target products were confirmed by
the complex of methods (see Experimental Part in Electronic
Supplementary Information (ESI), Fig. S2.1-S2.10).

2.2. Solubility and thermal properties

OT, 1T, 2T, 3T exhibited good solubility in low-polarity solvents
such as THF, methylene chloride, chloroform, and o-dichloroben-

under Suzuki conditions. Tris{4-[5""-(2-hexyl-5,5-dimethyl-1,3- zene (ODCB). In contrast, 4T was poorly soluble in those organic
Table 1
Solubility and thermal properties of 0T—4T.
Compound Solubility?, gL~! Ty, °C AG,, JgT'K! Tpm, °C AHp, Jg ! T4 (air/Ny), °C
oT 220 14 035 100 47 305/342
1T 88 54 023 - - 355/393
2T 20 64 025 - - 371/403
3T 12 72 0.29 - - 388/388
ar 1 94 0.28 141 14 395/386

Notes: %in ODCB, Ty is the glass transition temperature of the second heating DSC, AC;, is the jump of heat capacity at Tg, Ty, is the melting temperature, AH, is the melting
enthalpy, and T4 is the decomposition temperatures corresponding to 5% of the weight loss.
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Fig. 3. The first (a) and second (b) DSC heating scans of 0T—4T; (b) dependence of the solubility and T; values on the oligothiophene 7-bridge length.

solvents. The measured solubility values for the studied star-
shaped D-A molecules in ODCB at room temperature showed a
typical dependence for oligothiophenes: a decrease in solubility
with increase of the oligothiophene m-bridge length (Table 1). The
increase of the m-bridge length from 3 to 4 thiophene units led to a
sharp drop in the solubility from 12 to 1 gL™.

Analysis of thermal and thermooxidative stability by the
method of thermogravimetric analysis showed that all the 0T—4T
materials have high thermal stability both in air and under inert
atmosphere with the decomposition temperature exceeding 300 °C
(see curves and discussion in ESI, Fig. S3.1 and Table 1).

Fig. 3 shows differential scanning calorimetry (DSC) scans for
0T—4T molecules. OT and 4T were found to be crystalline with
melting temperatures (7y,) of 100 °C and 141 °C and the melting
enthalpies (AHy,) of 47 Jg™! and 14 g™, respectively (Fig. 3, Table 1).
At the same time, only bending of the baseline on the DSC curves
corresponding to the glass transition process is observed for 1T, 2T,
and 3T molecules. The presence of the endothermic peak at 63 °C
on the first DSC heating scan of 1T (Fig. 3a) is owing to a molecular
relaxation phenomenon [46], because the glass transition occurs at
the same temperature region as revealed by the second DSC heat-
ing scan (Fig. 3b). It should be noted that the endothermic effects
were not observed on the DSC scan of the second heating for all
materials. It is interesting to note that with the oligothiophene -
bridge elongation the glass transition temperature (Tg) increases
opposite to the decrease of solubility (Fig. 3c). As anticipated, the
higher the molecular weight of the molecules and the stronger
intermolecular interactions, the higher T, of the material and the
lower solubility. DSC data agree well with the X-ray structural data
(see ESI Section 3 and discussion therein).

2.3. Optical and electrochemical properties
Fig. 4 summarizes optical absorption data for 0T-4T. As follows

from the ultraviolet—visible (UV-vis) absorption spectra of 0T—4T
in diluted THF solutions (Fig. S4.1 and Table S4.1), elongation of the

Wavelength, nm
00

m-conjugated bridge leads to an increase in the molar extinction
coefficient from 42,000 (OT) to 149,000 (4T) M~ 'cm~! in the ab-
sorption maximum. The absorption spectra of 0T—4T in solutions
have similar shapes (Fig. 4a). Two types of absorption bands are
observed: the bands in the region of 4.5—3.0 eV are attributed to
the m—=t" transition in the conjugated phenylene-oligothiophene
fragment; and the intense bands in the long-wavelength region
(3.1-2.07 eV) are attributed to intramolecular charge transfer (ICT)
between the electron-donating TPA and electron-withdrawing
dicyanovinyl blocks [47,48] or to a mixed character [19]. The red
shift of the absorption maxima in solutions is pronounced with
increase of the oligothiophene length from OT to 2T and much less
pronounced from 2T to 3T. And finally, a slight (a few nanometers)
blue shift of the absorption maxima is observed with increase of nT
from 3 to 4. This feature can be explained by the following. On the
one hand, the 4T fragment the longest within this series of mole-
cules — may lead to a rather intense and red-shifted w—m* tran-
sition band [49] overlapping partly with the ICT band. On the other
hand, with elongation of the nT, the following two factors operate:
(i) the number of torsion angles between thiophenes increases
making non-planar and hence less conjugated conformations of nT
more probable [50—52]; (ii) the distance between the central donor
and terminal acceptor blocks increases. As a result, these (i-ii)
factors can decrease the ICT efficiency and lead to a blue shift of the
corresponding ICT band [53,54].

As follows from Fig. 4a and b, the absorption spectra in films are
broadened, and their maxima are red-shifted by 0.09—0.24 eV in
comparison with the spectra in solutions. Note a pronounced
redshift of 0.24 eV for the 4T absorption spectrum. It can be
explained by the stronger ability of 4T molecules to aggregate in the
solid phase, which is in a good agreement with the solubility, phase
behavior, and X-ray data (see above).

Fig. 5 presents PL spectra and PL quantum yield (PLQY) of nT
molecules in diluted polymer (Paraloid B72) solutions. The redshift
of the PL spectra from OT to 4T is in a good agreement with their
optical bandgap. The PLQY increases from 9% to 37% with the
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Fig. 4. UV—vis absorption spectra of 0T—4T in THF solution (a) and film cast from THF solution (b) frontier orbital energies (as estimated from the CV data) of 0T—4T (c).
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Fig. 5. Photoluminescence spectra of 0T—4T in the polymer matrix (Paraloid B72) (a). PLQY and the radiative rate for 0T-4T. (b). The radiative rates were calculated as k; = PLQY/,

where 7 is the excited-state lifetime from Table 4.

elongation of the w-bridge length from OT to 2T but then decreased
down to 13% for 4T (Fig. 5b). This bell-shaped dependence of PLQY
closely follows the radiative rate for 1T—3T extracted from the
transient PL data presented in Section 2.4.3. However, PLQY drops
essentially stronger than the corresponding radiation rate for 4T.
We assign this drop to more prominent non-radiative relaxation
because to higher torsional floppiness of the long nT bridge. In
addition, we cannot exclude aggregation of 4T molecules during
preparation and drying of their solid solutions as this molecule has
much lower solubility (Table 1). This aggregation may also enhance
non-radiative relaxation decreasing PLQY (Fig. 5b).

Note that the radiative rates calculated from the molar extinc-
tion and PL data (Fig. 5a and S4.1, Table S4.1) with the use of the
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Strickler-Berg relation [55,56] (Table S4.2) considerably over-
estimate the measured ones. As this relation is valid only for an
isolated electronic transition, the obtained overestimation in-
dicates that the lowest energy absorption band in the star-shaped
oligomers corresponds not only to the single transition between
the HOMO and LUMO but also to a set of transitions involving the
almost degenerated orbitals located as well below the HOMO
(HOMO—-1, HOMO-2, and so on) and above the LUMO (LUMO+1,
LUMO+2, and so on). In fact, this quasidegeneracy follows from the
density functional theory (DFT) calculations reported for the star-
shaped oligomers [57].

The electrochemical properties of the molecules were investi-
gated by cyclic voltammetry (CV). The HOMO and LUMO energies
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Fig. 6. J-V curves under AM1.5G illumination (100 mW/cm?) (a) EQE spectra, (b) normalized EQE spectra, and (c) responsivity spectra (d) for SC 0SCs.
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Table 2

Hole (un) and electron (u.) mobilities in 0T—4T films.
Material ih, cm?V 1571 e, cM2V 157! thn/te
oT (1.09 + 0.28)-10°6 -2 -a
1T (29 +0.7)-107° (1.91 + 0.29)-10°> 15
2T (1.5 +04)-107* (115 £ 0.12)-10°° 13
3T (5.7 +1.9)-107° (1.9 + 0.4)-10° 3
4T (4.6 + 1.5)-107° (3.0 £ 0.6)-107° 15

Note: * We could not detect electron transport in the OT film by the SCLC method.

were calculated by using the first standard formal oxidation and
reduction potentials (Fig. 4c and Table S4.1). We found that the
introduction of the oligothiophene w-bridge and its following
elongation leads to the significant increase of the HOMO energies
from —5.63 to —5.25 eV. The LUMO energies were found to be
significantly lowered from —3.25 to —3.40 eV with inclusion of the
first thiophene unit, whereas no significant impact of further m-
bridge elongation was observed. The latter can be explained by the
fact that the electrochemical reduction proceeds mainly on the
terminal alkyl-dicyanovinyl fragment [39,44], the local environ-
ment of which does not change significantly with the oligothio-
phene m-bridge elongation. Thus, the electrochemical bandgap
within 0T—4T series of molecules decreases from 2.38 eV to 1.85 eV,
which is in a good agreement with the optical absorption data
(Table S4.1).

2.4. Photovoltaic, charge transport, and photophysical properties

2.4.1. SC 0SCs and photodetectors

Our recent investigation has revealed that D-A star-shaped
molecules demonstrate promising performance in SC OSCs
[20,57]. In this section, we address the effect of the oligothiophene
m-bridge length in the series of 0T—4T molecules on charge trans-
port and photovoltaic properties in SC OSCs and photodetectors.

Because the device’s active layer consists of only one material,
its hole and electron mobilities should be comparable to ensure
balanced charge transport of the photogenerated charges to the
device electrodes after exciton dissociation in the bulk of the active
layer. The hole and electron mobilities in films were measured by
space-charge-limited current technique (for details see Section 1.4,
ESI) presented in Table 2 (J-V characteristics of the hole and electron
only devices are presented in Figs. S5.1—S5.9).

The close values of the hole and electron mobilities should be
beneficial for SC OSCs to avoid space charge effects. Low or un-
balanced charge mobility values can result in reduced device per-
formance. The most balanced transport of holes and electrons was
demonstrated by 1T, 3T, and 4T. The 2T showed the best hole
transport, and the 4T showed the best electron transport. The
absence of electron transport in the OT indicates that this material
is inappropriate for efficient SC OSCs.

To understand whether the differences in the charge mobility
values are caused by different morphologies of the corresponding
films, we performed the atomic force microscopy (AFM) study for
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Table 4
Excited-state lifetimes, efficiencies of formation of intermolecular CT excitons, and
exciton diffusion lengths.

1T 2T 3T 4T
Matrix 7, ps 1600 1600 1600 800
Neatfilm 71 (a;), ps 200 (0.6)  40(0.65)  15(0.72) 10 (0.87)

72 (ap), ps 1600 (04) 830(0.35) 280(0.28) 250 (0.13)
Tag, DS 1400 770 250 200

Qcre, % 13 50 85 75

Lp, nm 10 5 3 2

the films (Fig. S5.14). The AFM data demonstrated smooth surfaces
with indistinguishable morphologies and the root-mean-squared
roughness of 0.32—0.34 nm.

The main photovoltaic properties of SC OSCs are presented in
Fig. 6 and summarized in Table 3 (averaged photovoltaic parame-
ters are presented in ESI, Table S5.1). Thermal and solvent vapor
annealing methods for optimizing the active layer morphology
were applied for the solar cells fabricated from 1T, 3T, and 4T
molecules as they are able to form ordered structures as per the X-
ray data (ESI, Fig.S3.2b). However, both methods did not result in an
increased PCE. Possibly, the low thickness of the films, which is
optimal for the OSC operation, complicates their ordering observed
in the thicker films [45].

As expected, the 0T-based SC OSCs did not work, which we
assign to the absence of observable electron transport. Other SC
OSCs differ mainly in Jsc and V¢, whereas the FF values are almost
the same (~25%). The low fill factor (FF) could be explained by a
strong dependence of the charge photogeneration efficiency on
the electric field because the current density does not saturate at
the negative voltages (Fig. 6a). The 1T, 2T, 3T, and 4T-based SC
0OSCs showed very high V¢ values, which are among the highest
ones for SC OSCs [6]. The 1T-based SC OSCs showed lower Vg,
which does not correspond to the largest band gap (Fig. 4c). This
lower Vpc can be associated with the increased charge recombi-
nation losses owing to the less efficient charge transport. The Jsc
values increase monotonically with increasing the oligothiophene
m-bridge length from 1 to 4. The Jsc values calculated from the
external quantum effeciency (EQE) spectra are in good agreement
with the Js¢ value obtained from the J-V curves (Table 3). In gen-
eral, the EQE spectra follow the absorption spectra. The 3T and 4T-
based devices showed the most red-shifted EQE spectra, and the
latter had the highest EQE values resulting in the highest Jsc. In
contrast, 1T-based devices demonstrated the most blue-shifted
EQE spectrum and lowest EQE values and hence the lowest Jsc
value. Thus, the trend of increasing the efficiency of SC OSCs based
on the considered series of molecules with increasing the -
bridge length was revealed, which is in accordance with the
conclusions of work [20]. In fact, as per the field-assisted charge
generation mechanism [58], the farther the donor and acceptor
units are spatially separated, the easier the excitons are separated
under the applied electric field.

Table 3

The best photovoltaic parameters of SC 0SCs under AM1.5G illumination (100 mW/cm?), maximum EQEs, responsivities (R), and rise times of the photodetectors.
Active layer Jsc Jsc eQe® Voo, V FF, % PCE, % EQE, % R, AIW Rise time, ps
material mA/cm? mA/cm?
oT b - - - - - - -
1T 0.25 0.20 1.08 22.1 0.06 1.9 0.008 =€
2T 1.70 1.55 1.13 243 0.47 11.8 0.052 0.74 + 0.05
3T 3.21 2.85 1.14 26.0 0.95 19.5 0.088 0.85 + 0.06
4T 3.64 3.16 1.03 29.0 1.09 22.6 0.097 1.09 + 0.10

Note: ? Jsc gqg is the short-circuit current integrated from the EQE spectrum. b These devices did not show any photocurrent. © Owing to a weak signal, the rise rime was not

measured.
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Fig. 7. Dependences of the photocurrent on the electric field (black squares) and Onsager model fit (red lines) (Eq. [S5.3]) for 1T (a), 2T (b), 3T (c), and 4T (d). Note a non-zero charge
yield at zero electric field in full accordance with the Onsager model. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 8. PL transients (a) and PL-quenching efficiencies (b) for 1T-4T compounds. (a) Experimental PL transient data in the matrices and neat films are depicted by open and close
circles, respectively, whereas the solid lines show the respective fitting convoluted with a Gaussian apparatus function of ~ 3—10 ps. The blue color corresponds to 1T, green is 2T,
red is 3T, and black is 4T. For clarity, the PL transients of 1T, 2T, and 3T are offset by multiplying by a factor of 30 with respect to the previous transient. (b) PL-quenching efficiency
versus average separation between quenchers for 1T (blue square), 2T (green circle), 3T (red triangle), and 4T (black star). The PL-quenching efficiency and average separation
between quenchers were determined as described in ESI, Section 6.4. The solid lines are the Monte-Carlo modeled results (ESI, Section 6.5). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

Because the photocurrent generation in the SC OSC studied is
more efficient at negative bias, they could be used as photodetec-
tors. Fig. 6d presents responsivity spectra of the photodetectors.
The responsivity quantifies the ability of a photodetector to convert
optical power to the electric current. The responsivity values of SC
2T-4T-based photodetectors are comparable to those having more
complicated structures, for example, BH] organic and perovskite/
organic hybrid photodetectors [59,60]. Moreover, the responsivity
of our SC photodetectors in the blue spectral range is comparable
with commercial silicon photodetectors.

We also studied time-resolved response of the photodetectors
to a rectangular optical pulse (the measurement details are
described in Section 1.5 of ESI). The rise times of the photodetector
response are summarized in Table 3 (the transients presented in
ESI, Section 5.7): they are about 1 us or shorter and systematically
increase with nT (n = 2—4). Among a plethora of factors affecting
the rise time, the main ones are the charge mobility values, exciton
dynamics, charge generation rate, applied voltage, and RC time
constant [60]. The exciton lifetime drops with the increase of nT
(Table 4) well below 1 ns; therefore, the delayed charge generation
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Fig. 9. J-V curves under AM1.5G illumination (100 mW/cm?) (a) and EQE spectra (b) for BHJ solar cells.

Table 5

The best photovoltaic parameters of BHJ solar cells under AM1.5G illumination (100 mW/cm?), maximum EQE values, hole mobilities in blends.
Active layer material Jsc, mA/cm? Jsc gqe®, mA/cm? Voo, V FF, % PCE, % EQE, % pn-107% cm?/(Vs)
0T:PC7;BM (1:10) 0.37 0.18 0.89 31.1 0.10 35 43 +04
1T:PC7:BM (1:4) 4.14 3.87 1.04 31.8 1.37 313 49 +1.7
2T:PC7:BM (1:2) 8.03 7.68 0.99 45.1 3.59 54.7 9.8 + 1.1
3T:PC7:BM (1:3) 7.30 7.06 0.90 50.5 3.31 48.0 9.7 +2.7

Note: ? Jsc gqe is the short-circuit current integrated from the EQE spectrum.

at a submicrosecond time scale hardly can be a reason for the in-
crease in the photodetector rise time with nT. We assign the in-
crease in the rise time to variation of the hole mobility value with
nT. Indeed, more excitons and hence electron-hole pairs are
generated near the transparent electrode, which collects the elec-
trons in the inverted device architecture used (for details see ESI,
Section 1.5.1). Therefore, the hole mobility value plays a key role
in the photodetector transient response as the holes must pass
through the thickness of the active layer. The time (t) of flight of a
hole through the thickness (d) of the active layer is estimated as
t = d/unxF, where F is the internal electric field (see 2.4.2). As a
result, the time of flight increases from 0.15 to 0.4 ps with nT.
Accordingly, the hole mobility decreases with increasing of the m-
bridge length (Table 2) is the most likely reason for the longer rise
times of the corresponding photodetectors (Table 3).

Although the measured photodetector rise times are not record-
breaking, they along with the high responsivity values are sufficient
for the use, for example, as photosensitive materials the in artificial
human retina with tunable position of the absorption maximum to
mimic human eye cones and rods as recently was demonstrated for
similar small D-A molecules [61].

2.4.2. Charge generation yield

For SC OSCs based on 1T—4T, the current density does not
saturate at the negative voltages indicating a strong dependence of
the charge photogeneration efficiency on the electric field. Fig. 7
demonstrates the photocurrent obtained from J-V characteristics
(Fig. 6a) and replotted as a function of the internal electric field (F).
The photocurrent was calculated as the difference between the
current density under light and in the dark. The internal field was
calculated as F=(Vg—V)/d, where d is the active layer thickness, Vg;
is the built-in voltage that was taken as a voltage at which the
photocurrent is equal to zero.

As was demonstrated earlier, the field dependence of the
photocurrent of SC OSCs based on N(Ph-2T-DCV-Et)s (it differs from
2T only by alkyl terminal groups) was well-described by the

linearized Onsager model [20], which explained the strong field
dependence of charge photogeneration. However, the effect of the 7-
bridge length between donor and acceptor units on the charge pair
separation was not studied. After the Onsager model, from fitting the
experimental data in Fig. 7, we calculated the initial intrapair sepa-
ration of photogenerated charges, ro (the calculation details are
presented in the ESI, see Section 5.5). Note that charge dissociation
occurs both from intramolecular and intermolecular CT excitons (see
the next section). As a result, we found that an increase in the
number of thiophenes between the donor and acceptor blocks in a
series 1T — 2T — 3T — 4T results in an increase in ro: 2.9 nm —
4.4 nm — 5.5 nm — 5.8 nm. Therefore, rg is well-correlated with the
length of the thiophene bridge. This is quite reasonable as a longer
bridge results in less CT exciton binding energy facilitating genera-
tion of separated charges. The charge pair dissociation efficiency
depends on the ratio of ry to the Coulombic capture radius r. = g/
4mepekT = 19 nm, where q is the elementary charge, ¢ is the
dielectric constant, ¢ = 3 is the dielectric permittivity, k is the
Boltzmann constant, and T = 295 K is the temperature. As rg is 3—6
times shorter than r., one needs additional energy to split the CT
exciton into a pair of free charges. This energy can be gained from the
applied electric field, and this explains the strong field dependence
of charge photogeneration. Note that the fit of the experimental data
in Fig. 7 was also performed as per the Onsager-Braun model (for
details see the ESI, Section 5.5)), which is well-accepted for D-A
systems. But this model greatly underestimated the photocurrent in
1T—4T at low electric fields. The most probable reason for this is that,
in contrast to D-A heterojunction devices, where the lowest CT state
— an intermediate in the exciton-to-free-charge pathway — lies
much below the exciton state, in our SC OSCs, the intramolecular and
intermolecular excitons are CT ones, and they are expected to be
close in energy. This is supported by the X-ray data (Fig. S3.2): the
distances between donor and acceptor units of one molecule and
between donor and acceptor units of neighboring molecules are
close. Thus, we conclude that the Onsager model adequately de-
scribes the photogeneration of free charges in our SC OSCs.
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2.4.3. Time-resolved PL

More insights into the processes of charge generation and the
correlations demonstrated in the previous section were obtained by
time-resolved PL studies of the 1T—4T films. Fig. 8a shows PL tran-
sients in matrices and neat films obtained by integrating the PL maps
(ESI, Section 6.1) in the 550—820 nm (2.25—1.50 eV) spectral range.
The molecules dispersed in the poly(methyl methacrylate) (PMMA)
matrix at low concentration were used as a reference solid-state
environment without intermolecular interactions (ESI, Section 6.2)
[62—66]. All the matrices exhibit monoexponential decays with a
lifetime of 1600 ps for 1T, 2T, 3T, and 800 ps for 4T (see Table 4 for
fitting parameters). The shorter lifetime of the 4T matrix as
compared with other molecules could be owing to more efficient
intramolecular CT excitation recombination caused by torsions of the
long thiophene bridge [66].

In sharp contrast to the matrix measurements, all the molecules
demonstrate biexponential PL transients in the neat films. There is
a clear decrease in exciton lifetime with the elongation of the oli-
gothiophene bridge (nT, n=1-4). The shortest component de-
creases from 200 ps to 10 ps from 1T to 4T, and its share increases
(Table 4). By using time-resolved photoinduced absorption and
time-resolved PL spectroscopies, Kozlov et al. [63,66] demonstrated
that in neat films of densely packed star-shaped small molecules
efficient exciton-to-polaron conversion occurs within the first
100 ps, which leads to generation of intermolecular CT excitons.
Similarly, we assign the shortest (within the first 100 ps) compo-
nents of PL transient decay in the nT star-shaped molecules to the
formation of intermolecular CT excitons, which facilitates the
generation of quasi-free charges [63—66]. This is in line with the
increasing values of the maximum EQE spectra (Fig. 6b), the
respective Js. values (Table 3), and an increase in the radius of the
initial charge separation (Section 2.4.2) observed from 1T to 4T.

The slower component in the PL transients is attributed to
delayed formation of the intermolecular CT excitons during exciton
diffusion. The share of this component gradually decreases from
~0.4 in 1T to ~0.1 in 4T (Table 4) making the almost immediate
formation of the intermolecular CT excitons the dominant channel.
This corroborates the conclusion from the previous section that
when the energies of intramolecular and intermolecular CT states
are close as well as the intramolecular and intermolecular distances
between the donor and acceptor units (Fig. S3.2) the formation of
intermolecular excitons dominates for the following reason. Each
donor unit is surrounded by more than three acceptor units
belonging to other molecules, making intermolecular charge sep-
aration (the hole at the original donor unit and the electron at an
acceptor unit of a different molecule) more probable. Note that both
increase in the lifetimes and disappearance of the fast-decaying PL
component in the matrix signify no formation of the intermolecular
CT excitons owing to the lack of intermolecular interactions.

The lifetimes were derived from exponential (biexponential for
films) fits of the PL transients. The values in parenthesis show shares
of the exponents. The average exciton lifetime was determined as

2
Tag = % Note that 10 ps delay is at the verge of the apparatus

resolution. We define the efficiency Qcrr of formation of the inter-
molecular CT excitons as Qcrg =1 — T"T”g,where Tayg is the average PL
lifetime in the neat films, and 7 is the PL lifetime in the PMMA ma-
trix. Hence, in the neat films Qg = 13%, 50%, 85%, and 75% for 1T, 2T,
3T, and 4T, respectively. This implies that for 3T and 4T there are only
15% and 25% excitons available for subsequent diffusion, whereas for
1T and 2T, this number increases to 87% and 50%, respectively. The
obtained results demonstrate the efficiency of exciton dissociation in
the solution-processed neat films of the star-shaped molecules,
especially for 3T and 4T, rendering them highly suitable for SC OSCs.
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2.4.4. Exciton diffusion

The next issue to address is the distance over which the excitons
can diffuse. The knowledge of exciton diffusion length (Lp) is an
essential aspect to be considered for morphology optimization of
BH]J solar cells [67—72] but least important for SC OSCs if fast for-
mation of the charge-separated state is facilitated. To investigate
the exciton diffusion in solution-processed BH]J films, time-resolved
volume-quenching experiments (ESI, Section 6.4) were performed
[73]. The fullerene derivative PCgoBM was used as a quencher
molecule and dispersed at different concentrations in the films of
the molecules under investigation. Fig. 8b summarizes the PL-
quenching efficiency as a function of average separation between
the quenchers (see ESI, Section 6.4 for calculations details). For all
the molecules, the PL-quenching efficiency is minimal at large
separation between quenchers (i.e. at low PCggBM concentrations).
Considerable quenching is achieved when the average separation
between quenchers is short.

To obtain quantitative information about the effect of the oli-
gothiophene bridge length (nT, n = 1—4) on exciton dynamics, we
performed Monte-Carlo simulations to extract the values of exciton
diffusion lengths (for more details, see ESI, Section 6.5). The exciton
diffusion lengths amount to ~10 nm, ~5 nm, ~3 nm, and ~2 nm for
1T, 2T, 3T, and 4T (Table 4), respectively, which are mostly deter-
mined by the short exciton lifetimes. Note that owing to fast initial
decay of PL transients in 3T and 4T (Fig. 8a) approaching or even
exceeding the apparatus resolution, the uncertainty in exciton
displacement might be quite substantial. The short exciton diffu-
sion length is not detrimental for high-performance SC OSCs as
charge photogeneration occurs in the bulk. This is in contrast with
heterojunction OSCs, where the exciton has to diffuse to the
interface of the donor and acceptor phases for its dissociation (see
the next section).

The obtained results demonstrate a clear correlation of the
exciton diffusion length with the length of the oligothiophene
bridge, nT. Similarly, to the exciton lifetime, the exciton diffusion
length decreases with increase of nT. Therefore, we presume that
these two are interconnected, that is, the intramolecular CT state is
transferred to the intermolecular CT exciton almost immediately
(within the experimental time resolution of ~10 ps) if the energetic
conditions are favorable, otherwise the formation of intermolecular
CT exciton is delayed, so that the intramolecular exciton can
contribute to the exciton diffusion process (ESI, Section 6.5). The
exciton diffusion lengths are anticorrelated with the initial charge
separation distances (Section 2.4.2), which can be explained as
follows: when the charges are considerable apart (i.e. in the inter-
molecular state), they mostly undergo nonradiative recombination.

2.4.5. BHJ solar cells

Fig. 9 compares J-V curves and EQE spectra of PC71BM-based
solar cells, and their photovoltaic properties are summarized in
Table 5 (averaged photovoltaic parameters are presented in ESI,
Table S5.2). Owing to the poor solubility of the 4T, we were not
able to fabricate working devices based on 4T:PC7;BM. We
compared BH]J solar cells with the optimal D-A mass ratios because
the OT—3T has significantly different molecular weights (the opti-
mization data are presented in ESI, Section 5.6). We did not apply
annealing to BH] devices as it was useless for SC and similar BH]
0OSCs as reported in our previous works [44,45].

PCEs of BH] solar cells followed a different trend in contrast to
the SC OSCs, the m-bridge length of two thiophenes was optimal
for the highest performance of BHJ solar cells based on blends
with PC71BM. Solar cells based on 2T had the highest Jsc in
accordance with the highest EQE. The various Vpc values corre-
spond to the different HOMO energies of molecules with the
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different w-bridge lengths (Fig. 4c). The low Vpc value for the
OT:PC7:BM blend could be assigned to the too low donor mass
fraction in the blend.

The different performance of the OT—3T BH] solar cells
(namely, the different Jsc, EQE, and FF values) could be explained
by the corresponding differences in the exciton diffusion lengths
and charge mobilities as detailed below. Indeed, the better per-
formance of the 2T-based BH]J solar cells as compared with that of
3T-based ones may be explained by the longer exciton diffusion
length in the former as shown in the previous section. Note that
the AFM data (Fig. S5.15) for 0T—3T-blended films demonstrated
smooth surfaces with indistinguishable morphologies, and this is
a sign of inessential differences in the bulk morphology. The
measured hole mobilities in the blended films (Fig. S5.10 — S5.13,
Table 5) shows that the 2T and 3T-based blends had the highest
hole mobilities in agreement with the hole transport data in the
pristine films (Table 2) and the highest Jsc and FF values of the
respective BHJ solar cells. Noteworthy, the blended films demon-
strated higher hole mobilities than those in the pristine films.
Similar enhancement of the hole transport in blends was observed
earlier in the polymer-fullerene blends, which was tentatively
assigned to more favorable polymer packing in the donor phase
[74]. Note that, in all the blends studied, the electron mobilities
are assumed to be similar as they are determined mainly by
PC71BM.

3. Conclusions

In summary, the series of triphenylamine-based star-shaped D-
m-A small molecules differing by the number of thiophenes in the
arms from O to 4 were synthesized and comprehensively studied.
The variation of the oligothiophene w-bridge length from 0 to 4
units leads to a significant decrease in solubility from 220 to 1 gL™!
and increase in glass transition temperature from 14 to 94 °C. The
elongation of the -bridge leads also to a bathochromic shift of the
absorption spectra, increasing of the HOMO energies, and nar-
rowing of the bandgap. 1T—4T films show relatively balanced
ambipolar charge transport and work in SC OSCs with high V¢ (up
to 1.14 eV). The Jsc values and PCE increase with elongation of the
m-bridge from 0.06% (1T) to the remarkable 1.1% (4T), which is
among the highest values for the SC OSCs based on simple D-A
molecules. These conclusions are supported by the Onsager theory
calculations as well as the time-resolved PL spectroscopy experi-
ments, which revealed that the more spatially separated the donor
and acceptor units, that is, the longer the m-bridge, the more
efficiently the dissociation of intramolecular and intermolecular
excitons occurs, and hence more free charges are generated. In
general, the trend of the PCE increases with the m-bridge length
preserves also for BHJ OSCs with PC7:BM as the acceptor. Besides
SC 0SCs and BHJ 0OSCs, such molecules can operate in a single-
component organic photodetector. From the results obtained, we
conclude that the length of the conjugated m-bridge in D-A star-
shaped small molecules strongly impacts the physicochemical,
photophysical, and charge transport properties of the films and
the performance of photovoltaic devices. We expect that the
conclusions outlined therein will contribute to the further devel-
opment of D-A small molecules for highly efficient organic
photovoltaic devices.
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