University of Groningen

Triphenylamine/Tetracyanobutadiene-Based π-Conjugated Push–Pull Molecules End-Capped
with Arene Platforms
Simon Marques, Pablo; Castan, Jose Maria Andres; Raul, Benedito A. L.; Londi, Giacomo;
Ramirez, Ivan; Pshenichnikov, Maxim S.; Beljonne, David; Walzer, Karsten; Blais, Martin;
Allain, Magali
Published in:
Chemistry
DOI:
10.1002/chem.202002810
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Simon Marques, P., Castan, J. M. A., Raul, B. A. L., Londi, G., Ramirez, I., Pshenichnikov, M. S., Beljonne,
D., Walzer, K., Blais, M., Allain, M., Cabanetos, C., & Blanchard, P. (2020).
Triphenylamine/Tetracyanobutadiene-Based π-Conjugated Push–Pull Molecules End-Capped with Arene
Platforms: Synthesis, Photophysics, and Photovoltaic Response. Chemistry, 26(69), 16422-16433.
https://doi.org/10.1002/chem.202002810

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Chemistry—A European Journal

Full Paper
doi.org/10.1002/chem.202002810

& Donor–Acceptor Systems | Hot Paper |

Triphenylamine/Tetracyanobutadiene-Based p-Conjugated
Push–Pull Molecules End-Capped with Arene Platforms: Synthesis,
Photophysics, and Photovoltaic Response
Pablo Simjn Marqu8s+,[a] Jos8 Mar&a Andr8s Cast#n,[a] Benedito A. L. Raul+,[b]
Giacomo Londi+,[c] Ivan Ramirez,[d] Maxim S. Pshenichnikov,*[b] David Beljonne,*[c]
Karsten Walzer,[d] Martin Blais,[a] Magali Allain,[a] Cl8ment Cabanetos,[a] and
Philippe Blanchard*[a]
Abstract: p-Conjugated push–pull molecules based on triphenylamine and 1,1,4,4-tetracyanobuta-1,3-diene (TCBD)
have been functionalized with different terminal arene units.
In solution, these highly TCBD-twisted systems showed a
strong internal charge transfer band in the visible spectrum
and no detectable photoluminescence (PL). Photophysical
and theoretical investigations revealed very short singlet excited state deactivation time of & 10 ps resulting from significant conformational changes of the TCBD-arene moiety
upon photoexcitation, opening a pathway for non-radiative

Introduction
Small donor–acceptor conjugated push–pull molecules (D-p-A)
represent an outstanding class of materials due to their inherent low-energy intramolecular charge-transfer (ICT) band in the
visible to the near infrared (NIR) region, with in some cases, aggregation induced emission (AIE) or thermally-activated delay
fluorescence (TADF) properties. As a result, they have found
various electronic and optoelectronic applications in nonlinear
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decay. The PL was recovered in vacuum-processed films or
when the molecules were dispersed in a PMMA matrix leading to a significant increase of the excited state deactivation
time. As shown by cyclic voltammetry, these molecules can
act as electron donors compared to C60. Hence, vacuum-processed planar heterojunction organic solar cells were fabricated leading to a maximum power conversion efficiency of
ca. 1.9 % which decreases with the increase of the arene
size.

imaging,[4] dye-sensitized solar cells (DSSCs)[5, 6] and organic
solar cells (OSCs).[6] In particular, related dipolar systems based
on arylamines as electron-donating D building block which
provide good hole-transporting properties,[7] have been extensively investigated for the preparation of efficient donor materials for organic photovoltaics (OPV).[6, 8] Depending on their
structure, this type of relatively simple molecules can combine
good solubility in common solvents and evaporability allowing
the fabrication of highly performing single-junction organic
solar cells (OSCs) either by solution-processing[9] or vacuum
deposition.[10] Recently, multi-junction OSCs based on arylamine-based D-p-A push–pull molecules with power conversion efficiency (PCE) exceeding 10 % have been reported, highlighting the potential of this class of molecular donors.[11]
Following the pioneer article of J. Roncali on the use of a
push–pull molecule for OPV,[12] namely the star-shaped triphenylamine (TPA) compound TPA(T-DCV)3, some of us have recently shown that the linear, simpler and more easily accessible triphenylamine-thiophene-dicyanovinyl molecule, namely
TPA-T-DCV, exhibits comparable and even superior photovoltaic (PV) properties when combined with C60 or its soluble analogue [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as acceptors (Scheme 1).[13] Starting from TPA-T-DCV, minimal structural changes of: i) the TPA unit aiming at improving the hole
transport properties,[14] ii) the p-spacer toward extended electronic delocalization[13d] and iii) the strength of the electronwithdrawing group A,[13b] led to enhanced PV performance. Recently, the substitution of the hydrogen atom of the DCV
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Scheme 1. Previously described DCV-based push–pull molecules as donors
for OPV.

group by a phenyl ring gave rise to the new thermally stable
derivative TPA-T-DCV-Ph that showed an unusual long exciton
diffusion length (> 25 nm) and was used in vacuum-processed
bulk heterojunction (BHJ) OSCs with C70 leading to a PCE
higher than 5 %.[15]
In this context, the “click”-type [2+
+2] cycloaddition-retroelectrocyclization (CA-RE) reaction between an electron-rich alkyne
and electron-deficient olefin, such as tetracyanoethylene
(TCNE) leading to 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) derivatives,[16] has attracted our interest. This efficient reaction
performed in the absence of catalyst under mild conditions
allows for the introduction of TCBD, a strong electron-accepting block (A), which is particularly convenient for the synthesis
of thermally stable D-p-A push–pull conjugated molecules endowed with interesting optical properties. As initially reported
for NLO applications,[17] the presence of TCBD in D-p-A push–
pull chromophores induces a non-planar conformation improving the solubility and leading to an intense and low-energy ICT
band in the visible spectrum.[18] These results triggered the
synthesis and photophysical investigations of various electroand photoactive D-A multicomponent systems[19] while some
devices for all-optical switching have been fabricated.[20] On
the other hand, as expected for strongly-coupled donor-acceptor systems, the photoluminescence (PL) of TCBD-based
push–pull chromophores is in general extremely weak, and in
some cases even not measurable in solution due to ultrafast
( & 1 ps) radiationless deactivation of the first singlet excited
state.[21] This process can compete with charge separation,
which is expected at the interface between the donor and acceptor materials in OSCs, hence limiting the interest of TCBD
derivatives for OPV. However, while the self-assembly of a bisTCBD derivative into vesicles or nanotubes led to aggregationinduced emission properties as early reported in 2008,[22] a
very recent work on pyrene- and perylene-functionalized TCBD
derivatives shows that whereas PL is not observed in solution,
it is indeed detectable in the solid state, with emission reaching the NIR region up to 1350 nm, which opens interesting
perspectives for bio-imaging.[23]
Earlier, we described the synthesis and electronic properties
of symmetrical and unsymmetrical D-p-A-p-D molecules using
TCBD as the accepting central core and oligothienyl-TPA
chains as donor blocks, and reported for the first time the use
of a TCBD derivative, namely TPA-T-1, as donor material for
OPV leading to a PCE of ca. 1.1 % (Scheme 2).[24] Since then,
other TCBD-derived push–pull molecular donors and extended
dicyanoquinodimethane (DCNQ) analogues have been deChem. Eur. J. 2020, 26, 16422 – 16433
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Scheme 2. Chemical structure of TPA-T-1, and the new phenyl (Ph-1), naphthyl (Napht-1), pyrenyl (Pyr-1)-functionalized TCBD-based push–pull molecules.

scribed in the literature for the fabrication of solution-processed BHJ OSCs with PC61BM or PC71BM leading to PCEs between ca. 3 % and 6 %.[25] In addition, due to the strong electron-withdrawing character of TCBD and DCNQ, different
push–pull molecules have also been successfully used as nonfullerene acceptors (NFAs) and combined with donor polymers
in BHJ OSCs giving rise to promising PCEs up to 7 %.[26] It must
be noted that different molecules combining TPA and TCBD
have been also investigated for their third-order nonlinear optical properties.[27]
In this work, new unsymmetrical TPA-derived D-p-A push–
pull molecules based on TCBD have been functionalized with a
terminal phenyl (Ph-1), a 2-naphthyl (Napht-1) or a 1-pyrenyl
(Pyr-1) unit (Scheme 2). The larger arene blocks are expected
to provide additional optical properties and develop p–p intermolecular interactions in the solid state as already observed in
pyrene-functionalized TCBD derivatives[28] and small molecules
for efficient BHJ OSCs.[29] X-ray diffraction on single crystals has
given us insights into the structure and intermolecular interactions in the solid state of the titled compounds. Their electrochemical and optical properties have been characterized by
cyclic voltammetry, steady state absorption, (time-resolved) PL
measurements, and ultrafast pump-probe experiments in various environments. The latter results have been rationalized on
the basis of theoretical calculations and finally discussed with
the PV performance of these new molecular donors.

Results and Discussion
Synthesis
The synthesis of the TCBD-based push–pull molecules is based
on the free alkyne compound 2, which can be engaged in a
Sonogashira coupling with various monohalogenated arene
derivatives affording aryl-end capped alkynes 7 for subsequent
CA-RE reaction with TCNE (Scheme 4). As described in
Scheme 3, compound 2 was prepared following two different
routes. First, a Suzuki coupling between the commercial (4-(diphenylamino)phenyl)boronic acid and 2-bromothiophene gave
derivative 3 in good yields. As previously reported,[24] the selective monobromination of 3 in the presence of NBS led to 4
which was subjected to a Sonogashira coupling with trimethyl-
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Scheme 4. Synthesis of target compounds Ph-1, Napht-1 and Pyr-1.

Scheme 3. Optimization of the synthesis of 2.

silylacetylene. The silyl group of the intermediate compound 5
was deprotected affording 2 in 93 % yield. Thus, compound 2
was obtained in four steps in a 21 % overall yield starting from
the triphenylamine-derived boronic acid.
A significantly optimized route to 2 was developed in two
steps in a 72 % overall yield. After a Suzuki coupling between
(4-(diphenylamino)phenyl)boronic acid and 5-bromothiophene2-carbaldehyde,[30] the resulting aldehyde 6 was subjected to a
Seyferth–Gilbert homologation using the Ohira–Bestmann reagent affording the desired free alkyne 2. In addition, this twostep reaction sequence could be carried out on a gram scale.
The first attempts of coupling 2 and iodobenzene under
classical Sonogashira conditions in the presence of CuI failed
affording essentially the dialkyne product resulting from a
Glaser homocoupling of 2. In order to prevent this undesired
reaction, a copper-free Sonogashira reaction was used.[31] After
optimization, the AsPh3/Pd2(dba)3 catalyst system in the presence of diisopropylamine (DIPA) resulted in the highest yields.
Thus, compound 2 reacted with the commercially available iodobenzene, 2-bromonaphthalene or 1-iodopyrene leading to
unsymmetrical alkyne derivatives Ph-7, Napht-7 or Pyr-7, respectively, in moderate to good yields (Scheme 4). Subsequent
reaction with TCNE in refluxing dichloromethane gave the
target compounds Ph-1, Napht-1 and Pyr-1 in quantitative
yields.
Crystalline structure of Napht-1
Unlike Ph-1 and Pyr-1, single crystals were successfully grown
by slow evaporation of a solution of Napht-1 in a mixture of
Chem. Eur. J. 2020, 26, 16422 – 16433
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chloroform and petroleum ether and analyzed by X-ray diffraction. Napht-1 crystallizes in the cubic Fd3̄c space group with
one independent molecule. The phenyl-thiophene-dicyanovinyl
(Ph-T-DCV) backbone adopts a quasi-planar conformation with
a slight curvature and a DCV unit exhibiting a s-cis conformation relative to the neighboring thiophene ring as usually observed (Figure 1).[13b, 32] The two outermost phenyl rings of the
TPA unit are out of the aforementioned plane, one of them
showing two disordered positions with a 65/35 occupancy
rate.
More importantly, the TCBD moiety is highly twisted with a
significant dihedral angle of 778 between the two dicyanovinyl
groups (Figure 1, bottom), as already reported for other TCBD
derivatives,[16a] while the two planes defined by the naphthalene unit and the phenyl-thiophene segment, respectively, are
nearly perpendicular (888) (Figure S29).

Figure 1. Two different views showing the molecular structure of Napht-1
obtained from X-ray diffraction of a single crystal. Note that one of the external phenyl ring of TPA adopts two disordered positions with a 65/35 occupancy rate.
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The examination of intermolecular interactions between one
selected molecule and their neighbors does not evidence p–p
interactions between two slipped planar naphthalene units.
However, short intermolecular distances can be found despite
the sterically hindered structure of Napht-1 resulting from the
presence of the twisted TCBD. For example, Figure 2 (left)
shows that the naphthyl plane of the molecule represented in
red, adopts a quasi-parallel (with a deviation angle of only 168)
face-to-face arrangement with the thiophene ring of a neighboring molecule, the intermolecular distance between the
sulfur atom and the naphthyl plan being of 3.52 a. In addition,
as shown in Figure 2 (right), the planes defined by the Ph-TDCV backbone of the two closest neighboring molecules are
quasi parallel with a 58 deviation only and separated by a
short average distance of 3.27 a, while the main axes of these
two Ph-T-DCV backbones roughly adopt a relative perpendicular orientation. Interestingly, the intermolecular S···S distance of
3.51 a between the sulfur atoms of each thiophene ring of
these two plans is smaller than the sum of the van der Waals
radium of two sulfur atoms (3.60 a) in agreement with the existence of S···S intermolecular interactions.
It is worth noting also that the unit cell of Napht-1 contains
192 molecules within a volume of 172515 a3 (Figure S31),
which is a rare example of giant organic cubic cells.[33]

Table 1. Cyclic voltammetry data of Ph-1, Napht-1, Pyr-1 and reference
TPA-T-1 (Conditions: 1 mm in 0.10 m Bu4NPF6/CH2Cl2, scan rate
100 mV s@1, Pt working electrode, potentials are expressed vs. Fc/Fc + )

Compound

Epa
[V]

Epc1
[V]

Epc2
[V]

EHOMO[a]
[eV]

ELUMO[b]
[eV]

DEelec
[eV]

TPA-T-1[23]
Ph-1
Napht-1
Pyr-1

0.65
0.66
0.66
0.66

@0.95
@0.87
@0.87
@0.77

@1.11
@1.15
@1.15
@1.15

@5.35
@5.41
@5.41
@5.41

@3.95
@3.98
@3.98
@4.07

1.40
1.43
1.43
1.33

[a] EHOMO (eV) = @(Eox(onset) vs. Fc/Fc + + 4.8). [b] ELUMO (eV) = @(Ered(onset) vs.
Fc/Fc + + 4.8).[34]

Figure 2. Views showing the same selected molecule of Napht-1 in red and
one different neighboring molecule highlighting possible intermolecular interactions between a naphthyl unit and thiophene ring (left) and two quasi
parallel planes defined by Ph-T-DCV segments perpendicularly oriented with
a short S···S intermolecular distance (3.51 a) (right).

Electrochemical properties
The electrochemical properties of Ph-1, Napht-1 and Pyr-1
were investigated by cyclic voltammetry in CH2Cl2 in the presence of 0.1 m of Bu4NPF6 as supporting electrolyte (Table 1).
The cyclic voltammogram (CV) of each compounds was recorded between @1.20 V and + 0.70 V vs. Fc/Fc + (Figure 3). Both
molecules showed one reversible oxidation peak at Epa =
+ 0.66 V which could be assigned to the formation of a radical
cation localized on the TPA-thiophene branch as previously observed in the TPA-T-1 reference compound (Epa = + 0.65 V).[24]
When scanning toward negative potentials, the CVs of Ph-1
and Napht-1 showed two successive one-electron reversible
reduction waves peaking at @0.87 V (Epc1) and @1.15 V (Epc2) associated to the reduction of the acceptor TCBD moiety. The
first reduction wave of Pyr-1 was subjected to a positive shift
of Epc1 (@0.77 V) suggesting a stronger electron-accepting charChem. Eur. J. 2020, 26, 16422 – 16433
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Figure 3. Top: CVs of Ph-1, Napht-1 and Pyr-1, 1 mm in 0.10 m Bu4NPF6/
CH2Cl2, scan rate 100 mV s@1, Pt working electrode. Bottom: Energy diagram
showing the HOMO and LUMO energy values estimated from CV.

acter of the pyrene unit. Thus, the replacement of one strong
electron-donating TPA-T segment in TPA-T-1 (Epc1 of @0.95 V)
by benzene or extended polycyclic aromatic hydrocarbons induces a positive shift of the first reduction potential peak in
agreement with the increased electron-withdrawing character
of the later.
The HOMO and LUMO energy levels were estimated from
the onsets of the first oxidation and reduction waves giving an
electrochemical gap DEelec of ca. 1.3–1.4 eV. The HOMO energy
level was not affected by the arene substitution for all target
molecules (@5.41 eV) suggesting that the HOMO orbital is
mainly located on the TPA-thiophene branch of the molecules.
In addition, although remaining compatible with a photoin-
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duced electron transfer to C60 (ELUMO = @4.10 eV)[35] for photovoltaic applications, the LUMO energy level of Pyr-1 is deeper
(@4.07 eV) than those of Ph-1 and Napht-1 at @3.98 eV
(Figure 3, bottom).
Optical properties
The optical properties of Ph-1, Napht-1 and Pyr-1 have been
analyzed by UV-vis spectroscopy in diluted CH2Cl2 solution (ca.
1 V 10@5 m) and as thin-film on glass (Figure 4, Table 2). Their
UV-vis spectra show three main absorption bands, with

Figure 4. UV-vis spectra of Ph-1, Napht-1 and Pyr-1 ca. 10@5 m in CH2Cl2
(top) and evolution of the UV-vis spectrum of Napht-1 ca. 10@5 m in chlorobenzene with temperature (bottom).

Table 2. UV-vis data of Ph-1, Napht-1, Pyr-1 and reference TPA-T-1 in
CH2Cl2 (ca. 10@5 m) and as thin films.

Compound

lmax [nm] CH2Cl2

e [m@1 cm@1]

lmax [nm] Film

Egopt [eV]

TPA-T-1[23]

569
384
303
571
391
305
571
391
336
580
401
307

4.7 V 104
1.3 V 104
2.6 V 104
1.7 V 104
5.0 V 103
1.5 V 104
3.3 V 104
1.5 V 104
2.7 V 104
3.3 V 104
2.2 V 104
3.7 V 104

592
391
306
595
403
310
598
400
343
606
411
312

1.70

Ph-1

Napht-1

Pyr-1

Chem. Eur. J. 2020, 26, 16422 – 16433
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1.70

1.71

1.65

maxima between 305 and 330 nm and between 350 and
450 nm, the last broad and intense one being centered at
571 nm for Ph-1 and Napht-1 and redshifted to 580 nm for
Pyr-1. This latter low-energy broad and intense band can be
assigned to an internal charge transfer (ICT) from the electrondonating TPA moiety to the electron-withdrawing TCBD group
as observed in TPA-T-1, although in this case the corresponding molecular extinction e is higher due to the presence of
two push–pull systems. Theoretical calculations confirmed that
the broad low-energy band resulting from the combination of
a HOMO ! LUMO and a HOMO ! LUMO + 1 transitions was
associated with a strong ICT character (see theoretical calculations section).
In the case of Pyr-1, the presence of a shoulder at ca.
480 nm was attributed to an ICT from pyrene to the TCBD
moiety in agreement with theoretical calculations and as previously reported for a TCBD-substituted pyrene exhibiting a similar charge transfer band at 483 nm (Figure 4, top).[28a]
The UV-vis spectra of Ph-1, Napht-1 and Pyr-1 spun cast on
glass-sheets from a chloroform solution are slightly broaden
and ca. 25 nm redshifted in agreement with the existence of
electronic intermolecular interactions in the solid state (Table 2,
Figure S32). Optical band gaps (Egopt) of 1.70, 1.71 and 1.65 eV
were estimated from the absorption edges at low energy
reaching the NIR region, respectively, values which are close to
that of TPA-T-1 (1.70 eV)[24] (Figure S33) and of interest for photovoltaic conversion.
Additionally, temperature-dependent UV-vis measurements
between 10 and 70 8C were performed in chlorobenzene (ca.
1 V 10@5 m) for Napht-1 (Figure 4, bottom) and Pyr-1 (Figure S34). For both, the absence of new additional bands at low
temperature suggests no aggregation in solution, which may
be prevented by the non-planar twisted TCBD central unit, in
agreement with X-ray data. Nonetheless, the absorption maximum simply shifted gradually to higher energy when raising
the temperature. This could be attributed to the gradual increase of the molecular twisting of the TCBD unit already existing in the crystalline structure. This thermally-induced conformational disorder decreases the effective conjugation and
moves the absorption maximum to higher energies.

Photophysics
Steady state PL measurements showed the absence of photoemission for Ph-1, Napht-1 and Pyr-1 (ca. 10@6 m) in dichloromethane, chloroform, toluene and hexane. Ultrafast time-resolved photoluminescence (TRPL) measurements were also
performed with the excitation wavelength set at & 580 :
10 nm to ensure optimal light absorption and the photoexcitation of the lowest excited state. However, no PL was detected.
In agreement with previous photophysical investigations on
other TCBD derivatives,[21, 23] all these results strongly suggest
very short-lived singlet excited states in solution, which are associated with an ultrafast non-radiative deactivation for all the
molecules.
16426
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Transient absorption

Photoluminescence dynamics of neat thin films or isolated
molecules in PMMA matrices

To uncover the lack of PL of the compounds in solution, transient absorption (TA) measurements using the pump-probe
technique were carried out (see Supporting Information for experimental details). The steady state and transient absorption
spectra in chloroform are shown in Figure 5. Ph-1, Napht-1
and Pyr-1 exhibit similar UV-vis spectra to the ones previously
recorded in dichloromethane, albeit with a slightly bathochromic shift of the absorption maximum of the lowest-energy
bands up to & 580 nm (Figure 5 a, Table 3). The excitation
pump and probe wavelengths were chosen in accordance with
the region of interest, that is, a central wavelength of 590 nm
with a full width at half maximum (FWHM) bandwidth of
27 nm. Figures 5 b–d depict the pump-probe transients consisting of an ingrowing and a decaying components. The ingrowing exponent of & 0.7 ps is assigned to vibrational relaxation at
the excited state. The subsequent mono-exponential decay is
attributed to depopulation of the excited state in & 10 ps. This
short decay explains why it was not possible to detect any
signal with the TRPL setup with a time resolution of 10 ps.

Figure 5. (a) Steady-state absorption spectra of chloroform solutions of Ph-1
(red), Napht-1 (blue) and Pyr-1 (green). Transient absorption of Ph-1 (b),
Napht-1 (c) and Pyr-1 (d), the circles show the experimental data, while the
solid lines depict the exponential fittings with respective ingrowing and decaying components. The pump and probe wavelengths for all the experiments was set at 590 nm with FWHM of 27 nm.

Table 3. Steady state absorption and PL data for titled molecules in solution, in PMMA matrix and as neat film.

Compound

Absorption lmax [nm]
CHCl3 PMMA Evap. Film

Emission lmax [nm]
CHCl3 PMMA Evap. Film

Ph-1
Napht-1
Pyr-1

577
579
587

no
no
no

562
566
569

598
599
614

Chem. Eur. J. 2020, 26, 16422 – 16433

653
660
665
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784
757
780

As a next step, photophysical experiments were also performed in the solid state to assess the singlet excited state lifetime, which is of interest for photovoltaic conversion. Neat thin
films of Ph-1, Napht-1 and Pyr-1 of 30 nm on quartz were prepared by evaporation process under high vacuum (ca.
10@6 mbar), while films of molecules dispersed in poly(methyl
methacrylate) (PMMA, Mw = 120 000 g mol@1) were deposited
on glass by solution process (see Supporting Information for
more details). PMMA matrix provides an environment that restrains molecular conformational disorder (as in the neat films)
but keeps the molecules well apart (as in highly diluted solutions). In this prospect, PMMA matrix is used as benchmark to
interrelate solution and neat film environments.[36] Interestingly,
whereas PL was not detected in solution as previously mentioned, photoexcitation into the lowest energy absorption
band of Ph-1, Napht-1 and Pyr-1 either dispersed in PMMA
matrices or as evaporated neat thin-films, led to photoemission. Figure 6 (top panel) shows the absorption spectra of molecules in chloroform (ca. 10@5 m), in PMMA matrices, in neat
thin films and their respective steady state PL spectra (see also
Table 3). The PL spectra were obtained by time integrating the
PL maps (Figure S35) over (0–0.8) ns spectral range for the
neat films and (0–1.8) ns for the PMMA matrices.
Compared to the diluted solutions in chloroform for which
the target molecules can be considered as isolated, the neat
films exhibit a 20–30 nm redshift of the absorption spectra due
to intermolecular interactions. Molecules dispersed in the polymer matrices show a blueshifted absorption and PL spectra
compared to those of the neat films suggesting the absence
of intermolecular interactions.[36a] The latter is confirmed by the
lack of dynamical PL mean energy shift compared to a larger
shift in the neat film (see Figure S36). Compared to chloroform
solutions, the absorption spectra of molecules dispersed in
PMMA are even more blue-shifted (by 13–18 nm) probably
due to a difference of medium polarity hence affecting the position of the ICT band.
The appearance of PL in the PMMA matrix with emission
maxima between 653 and 665 nm for Ph-1, Napht-1 and Pyr-1
may be explained by a motion restriction of the molecules
within the PMMA upon photoexcitation. This is also the case
for neat thin-films; however due to p–p intermolecular interactions, the PL spectra are significantly shifted to lower energy,
giving rise to emission with maxima at ca. 760–780 nm.
Figure 6 (bottom panel) depicts the spectra-integrated PL
transients of the three molecules in PMMA matrices and neat
films. The neat films PL transients have a bi-exponential behavior. The early times dynamics (< 0.1 ns) can be ascribed to a
spectral relaxation or excitonic traps as evidenced from the red
shift of the mean PL frequency (see Supporting Information for
details), while the slowest decaying exponents should be the
actual singlet exciton lifetime (see Table S3 for fitting parameters).[15, 37] The singlet exciton average lifetimes in the neat films
amount to 77 ps, 106 ps and 23 ps for Ph-1, Napht-1 and Pyr1, respectively, which are higher than the ones measured in so-
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Figure 6. Top panel: absorption and PL spectra of (a) Ph-1, (b) Napht-1 and (c) Pyr-1. Steady state absorption spectra of molecules isolated in PMMA matrix
(gray), in chloroform (violet) and as neat thin film (pink) represented by solid lines and the corresponding time-integrated PL spectra for PMMA matrix (gray)
and neat thin film (violet) represented by circles. The excitation wavelength for the PL spectra was set at & 580 : 10 nm. Bottom panel: Spectra-integrated (in
600–900 nm range) PL transients of (a) Ph-1, (b) Napht-1 and (c) Pyr-1 in PMMA matrices (gray circles) and neat films (pink circles) with their respective fitting
(solid lines). The dash black lines represent the mean lifetime as a 1/e fraction of the maximum. The corresponding times are shown next to the transients.

lution, 7 ps, 9 ps and 12 ps, respectively (Figure 5). In addition,
Figure 6 (bottom panel) shows that the singlet exciton mean
lifetimes of molecules in the PMMA matrices are significantly
increased up to 870 ps, 660 ps and 810 ps for Ph-1, Napht-1
and Pyr-1, respectively. Accordingly, the occurrence of PL of
Ph-1, Napht-1 and Pyr-1 in neat films and in the PMMA matrices is related to a progressive increase of singlet exciton lifetime which is extremely short in chloroform, showing also that
restrained molecules in the solid state can recover their PL. A
similar solid-state PL enhancement has been previously observed in other conjugated materials.[23, 38]
To summarize, the combination of TRPL spectroscopy and
pump-probe measurements has allowed us to gain insights
into the excited state dynamics of novel TCBD-based push–
pull molecules. The TA measurements revealed extremely short
singlet excited state deactivation of & 10 ps in solution. Using
TRPL spectroscopy, we measured much longer excited state
deactivation in the neat films (up to ~ 100 ps) and even longer
times in the PMMA matrices (up to 870 ps). These altogether
reveal that the confinement of the molecules in the solid state
significantly limits the non-radiative losses in contrast to what
is observed in solution due to molecular rearrangement upon
light absorption, as discussed below.

including also a polarizable continuum model (PCM)[40] to introduce dielectric screening effects of the polarizable environment. The typical dielectric constant of chloroform e = 4.7 was
used to reproduce the surrounding medium. Excited-state
transition energies and oscillator strengths were obtained with
TDDFT calculations based on the Tamm–Dancoff approximation
(TDA).[41] In particular, we computed the reorganization energy
of Napht-1 going from the optimized ground state to the fully
relaxed (adiabatic) first excited state, as described in Figure 7.
Values of 0.48 eV and 0.50 eV were found for lS0 and lS1 respectively, giving a total reorganization energy of 0.98 eV. Al-

Theoretical calculations
In order to shed some light on the absence of photoemission
properties of push–pull molecules Ph-1, Napht-1 and Pyr-1 in
solution, we performed a series of density functional theory
(DFT) and time-dependent (TD) DFT calculations at the rangeseparated hybrid (RSH) wB97X-D/6-31G(d,p) level of theory,[39]
Chem. Eur. J. 2020, 26, 16422 – 16433
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Figure 7. Energetic diagram and expression of the reorganization energies
lS1 and lS0 where E(Sm j Qn) stands for the energy of the state Sm at the geometry for the state Qn. Right: geometry of optimized the ground state of
Napht-1 (in blue) and the fully relaxed excited state (in red), generated without any constraint on the molecular soft degrees of freedom (i.e., torsion
angles).
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though the two potential energy surfaces involved are pretty
much symmetrical, this large reorganization energy is ascribable to a remarkable molecular rearrangement occurring at the
excited state optimized geometry.
Figure 7 shows the optimized geometry of Napht-1 in its excited state (in red) calculated starting from the optimized
ground state geometry (in blue) and without any constraint on
the dihedral angles of the molecule, thus mimicking the situation in a solvent. By superimposing the nitrogen atom of the
TPA unit, the comparison clearly evidences the geometrical
variations occurring between both twisted ground and excited
states. In particular, along with a minor rearrangement of the
TPA unit, the most considerable changes take place on the
TCBD and the naphthalene moieties. For instance, the initial dihedral angle of 798 between the two dicyanovinyl groups of
the TCBD moiety in the ground state (778 from X-ray data) is
significantly affected in the excited state leading to a smaller
value of 398. As a matter of fact, the high reorganization
energy found for Napht-1 can be correlated to these significant geometrical changes upon photoexcitation, which opens
a possible efficient pathway for a non-radiative decay, thus
preventing the molecule to be photoluminescent in solution.
This conformational relaxation has also some consequences
on the charge transfer (CT) nature of the excited state and on
the oscillator strength of the transition. In order to quantify
the former, we took advantage of the spatial overlap metric FS
between hole and electron densities.[42] Indeed, the vertical excited state transition (Figure 8, bottom) performed on the
ground-state structure shows a weaker intramolecular CT state
(higher FS character of 0.69 with an oscillator strength of
1.33), with the hole and the electron density delocalized on
the molecular backbone. On the other hand, the fully relaxed
excited state transition (Figure 8, top) turns out to yield a
stronger twisted intramolecular CT state (lower FS character of
0.60 with an oscillator strength of 0.76). The TCBD rearrangement upon photoexcitation electronically decouples the TPA
electron-donor group from the rest of the molecule, so that
the electron density resides mostly on the TCBD electron acceptor group.

As a proxy for solid-state effects, we calculated the reorganization energy by performing a constrained relaxed excited
state optimization, that is, freezing all the soft torsion angles
of the molecule. By doing that, smaller relaxation energy
values of 0.19 eV and 0.28 eV were found, respectively for lS0
and lS1, which could explain the recovery of fluorescence
when such molecules are embedded in a solid PMMA matrix.
In addition, in contrast to what is obtained in the full conformational relaxation scenario mimicking the situation in solution, there is almost no significant structural variation between
the ground state geometry and the constrained relaxed excited state one (Figure S39), neither in terms of CT character
(FS = 0.69 vs. 0.72, respectively) nor for the oscillator strength
(1.33 vs. 1.56, respectively).
TDA-TDDFT calculations employing an optimally tuned (OT)
RSH wB97X-D/6-31G(d,p) level of theory combined with PCM
(e = 4.7) were also performed to investigate the optical properties of the three TCBD-based molecules. The simulated UV-vis
spectra of Ph-1, Napht-1 and Pyr-1 in chloroform are represented in Figure 9.
The theoretical absorption spectra are in good agreement
with the experimental ones (Figure 5 a). Table 4 shows the
three main electronic transitions for each compound (see also
Figure S40). In all cases, the calculated transition at around
650 nm is assigned to a HOMO ! LUMO contribution while
the transition at around 560 nm corresponds to a HOMO !
LUMO + 1. Figure 10 presents the electronic excitations related
to Napht-1 depicted by Natural Transition Orbitals (NTOs). The
two electronic transitions at 645 nm (HOMO ! LUMO) and
563 nm (HOMO ! LUMO + 1) for Napht-1 show a strong CT
character from the TPA-T moiety to TCBD, contributing both to
the broad band observed experimentally at lmax of 579 nm.

Figure 9. Calculated TDA-TDDFT absorption spectra of Ph-1, Napht-1 and
Pyr-1.

Table 4. Main calculated electronic transitions of Ph-1, Napht-1, Pyr-1 in
chloroform and their orbital description, where H and L denote HOMO
and LUMO, respectively.

Figure 8. Hole and electron densities distribution, along with the charge
transfer character FS computed in the full relaxed (top) and vertical
(bottom) excited state for Napht-1.
Chem. Eur. J. 2020, 26, 16422 – 16433
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Compound

H@n!L + 1

H!L + 1

H!L

Ph-1
Napht-1
Pyr-1

370 nm (n = 1)
372 nm (n = 2)
371 nm (n = 2)

555 nm
563 nm
556 nm

648 nm
645 nm
656 nm
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Table 5. Photovoltaic parameters of vacuum-processed PHJ OSCs ITO/
C60/Donor/BPAPF/BPAPF:NDP9/NDP9/Al prepared from Ph-1, Napht-1
and Pyr-1 and characterized under AM 1.5 simulated solar illumination at
100 mW cm-2 (+ /@2 %).

Donor

d [nm][a]

Voc [V]

Jsc [mA cm@2]

FF [%]

PCE [%]

Ph-1

6
10
6
10
6
10

0.99
0.99
0.98
0.96
0.97
0.96

3.3
3.0
2.3
2.1
2.1
1.8

57
55
55
54
47
46

1.86
1.63
1.23
1.09
0.96
0.74

Napht-1
Pyr-1
[a] Thickness.

Figure 10. Electronic excitations related to Napht-1 depicted by natural transition orbitals (NTOs) for the three main transitions with oscillator strengths,
hole densities are shown on the left and electron densities on the right.

The calculated peak at 372 nm attributed to a HOMO@2 !
LUMO + 1 transition for Napht-1 involves the concomitant
charge transfer from TPA-T and the naphthyl moiety to the
TCBD acceptor. A similar behavior is observed for Ph-1 and
Pyr-1 (Figures S41 and S42). In the case of Pyr-1, the calculated electronic transition at 474 nm (Figures S40 and S42), with a
relatively high oscillator strength (f = 0.127), exhibits a strong
Pyrene TCBD charge transfer character. We associate that transition to the shoulder observed at ca. 480 nm in the experimental absorption spectrum (Figure 5 a).
Thus, photophysical experiments combined with computational studies suggest that the ultra-short relaxation of the singlet excited state of Ph-1, Napht-1 and Pyr-1 in solution (ca.
10 ps) is related to significant geometrical changes occurring
at the TCBD-arene moiety upon photoexcitation causing the
molecules not to be emissive. This process is hindered in the
solid state, thereby leading to a recovery of PL with an enhancement of the excited state deactivation time. Though the
latter remains relatively short for neat thin films with values
ranging from ca. 20 up to 100 ps, they are high enough to facilitate exciton dissociation at a donor/acceptor interface in organic solar cells.[43]

the current density (J), which gives a first insight into recombination and charge transport behavior (Figure S43). We found
that for each compound, the PCE value slightly decreased with
the thickness of the donor layer owing to a decrease of the
short-circuit current density (Jsc) suggesting poor hole transport properties of the twisted target compounds. Comparison
of the photovoltaic parameters of OSCs for the different
donors shows an increase of performance with the size reduction of the cyclic aromatic hydrocarbons from pyrene (PCE =
0.96 %) to naphthalene (PCE = 1.23 %) and benzene (PCE =
1.86 %), the corresponding J vs. V curves for a donor layer of
6 nm being represented in Figure 11. Comparison of absorption spectra of 30 nm-thick evaporated thin films of Ph-1,
Napht-1 and Pyr-1 on quartz (Figure S44) suggests that the
best PCE value for Ph-1 mainly results from the higher absorption of Ph-1, leading to a higher Jsc value corresponding to the
slightly more intense external quantum efficiency (EQE) spectra
(Figure S43).
Conventional bilayer OSCs of architecture ITO/PEDOT-PSS/
Donor/C60/Al were also prepared by spin-coating a solution of
each donor in chloroform (see Supporting Information). The
same trend in terms of photovoltaic performance was observed, the higher PCE of 0.95 % for Ph-1 being associated to

Photovoltaic performance
In order to evaluate the potential of the titled compounds as
electron donors for OPV, all vacuum-processed planar heterojunction (PHJ) OSCs were fabricated with the following configuration: ITO/C60 (15 nm)/Donor (6 or 10 nm, respectively)/
BPAPF (10 nm)/BPAPF:NDP9 (45 nm, 9.5 wt %)/NDP9 (1 nm)/
Al (100 nm). BPAPF (9,9-bis[4-(N,N-bisbiphenyl-4-yl-amino)phenyl]-9H-fluorene) and NDP9 (from Novaled) were used as
hole transporting material and p-dopant, respectively. The photovoltaic parameters of these devices are gathered in Table 5.
The thickness of the donor Ph-1, Napht-1 or Pyr-1 has been
fixed at 6 or 10 nm to study its effect on the fill factor (FF) and
Chem. Eur. J. 2020, 26, 16422 – 16433
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Figure 11. Comparison of the current density-voltage curves of vacuum-processed PHJ OSCs prepared from Ph-1, Napht-1 and Pyr-1 (6 nm thickness)
under AM 1.5 simulated solar illumination at 100 : 2 mW cm@2.

16430

T 2020 Wiley-VCH GmbH

Chemistry—A European Journal

Full Paper
doi.org/10.1002/chem.202002810

an open-circuit voltage (Voc) of 0.62 V, a Jsc of 4.4 mA cm@2 and
a FF of 34 % (Figure S45 and Table S4). For comparison, all
vacuum-processed PHJ OSCs led to better results as compared
to OSCs fabricated by solution process. In addition, much
higher Voc values close to 1 V are obtained for vacuum-processed devices as well as increased FF values up to 57 % probably resulting from the presence of additional interfaces providing better collection of charges.
Thus, compared to Ph-1, the introduction of larger aromatic
platforms in Napht-1 and Pyr-1 appears detrimental for photovoltaic performance of planar heterojunction OSCs with C60. In
addition to the aforementioned optical properties of thin-films,
several other hypotheses can be proposed to explain this behavior. It is known that efficient charge generation is highly dependent on the fullerene aggregate size and packing in bulk
heterojunctions between polymer donor and fullerene acceptors.[44] However in the case of planar heterojunction OSCs with
a fixed evaporated layer of C60, the lower performance obtained for Pyr-1 might be related to the lower energetic driving force for charge transfer in agreement with the smaller difference measured between its LUMO level and that of C60. On
the other hand, the shortest singlet exciton average lifetime
measured for Pyr-1 in neat film (23 ps) might induce a shorter
exciton diffusion length and hence a lower exciton dissociation
rate. Indeed, even the best photovoltaic performance obtained
for Ph-1 remains quite low compared to the PV performance
reported for analogous push–pull molecules with a DCV electron-withdrawing unit,[8d, e, 9, 10b, c, 11, 13a, 15] one possible reason can
stem from the significantly longer singlet excited state lifetimes of the later derivatives and hence their higher diffusion
lengths.[15] As a consequence, TCBD-based push–pull molecules
can be used as donor materials in OSCs, however their relative
short singlet excited state lifetimes in the solid state, seems to
limit their photovoltaic performance.

tive potentials in agreement with the strong electron-withdrawing character of TCBD, which is exalted when it is
conjugated with the pyrene unit. They also exhibit good absorption in the visible range due to their inherent ICT band.
Moreover, they present frontier orbitals compatible with their
use as donor materials for organic solar cells in combination
with C60.
Photophysical experiments showed that the molecules exhibited extremely fast depopulation of their singlet excited
state in solution ( & 10 ps), preventing them to be photoemissive. As supported by theoretical calculations, these values can
be explained by the high reorganization energy of the molecules upon photoexcitation associated with significant conformational changes of the TCBD-arene moiety. Interestingly, the
singlet excited state deactivation time decay for all the compounds progressively increases (by two orders of magnitude)
from the solution to the neat thin films and then in the PMMA
matrices, respectively, leading to a recovery of PL. This behavior results from a restriction of structural disorder, which is of
interest for photovoltaic conversion. Hence, we prepared all
vacuum-processed planar heterojunction organic solar cells
with a power conversion efficiency of ca. 1.9 % for Ph-1 whereas a decrease of photovoltaic performance was observed with
the increase of the arene size.
Our findings not only disentangle the underlying factors
behind the lack of photoemission in solution, but also offer
structural, photophysical and theoretical insights into these
TCBD push–pull molecules for potential use in organic semiconductors devices. For instance, the design of more p-extended TCBD-based conjugated systems with reduced conformational changes upon photoexcitation could be of interest for
novel donor or non-fullerene acceptor materials for organic
photovoltaics.

Conclusions

Experimental Section

A series of D-p-A push–pull p-conjugated molecules based on
triphenylamine as electron-donating group D, a thiophene pspacer and tetracyanobutadiene (TCBD) as electron-withdrawing group A, and end-capped with arene platforms of increasing size from a phenyl, a 2-naphthyl or a 1-pyrenyl substituent,
were synthesized in few steps and in good yields. The synthesis was optimized thanks to the use of an efficient Seyferth–
Gilbert homologation of a conjugated aldehyde affording a
free conjugated alkyne derivative, which was subject to a selective copper-free Sonogashira reaction with halogenoarenes
in order to avoid Glaser homocouplings. Finally, a [2+
+2] cycloaddition-retroelectrocyclization reaction between the unsymmetrical electron-rich alkynes and tetracyanoethylene quantitatively led to the target molecules Ph-1, Napht-1 and Pyr-1.
As shown by X-ray diffraction analysis of single crystals of
Napht-1, the highly twisted TCBD moiety limits p–p intermolecular interactions, although short S···S intermolecular distances have been observed. While the target molecules show typical electrochemical oxidation behavior of triphenylamine derivatives, they can also be reversibly reduced at accessible nega-

Crystallographic data
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Deposition number 1994639 (Napht-1) contains the supplementary
crystallographic data for this paper. These data are provided free
of charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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