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ABSTRACT. Borondifluoride complexes of curcuminoid derivatives end-capped with
triphenylamine groups were designed for solution-processed bulk-heterojunction organic solar

cells. They were obtained very simply in a one-pot synthesis from cheap building blocks.
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Compared to push-pull systems based on boron difluoride complexes of hydroxychalcones,
curcuminoids present the donor-acceptor-donor electronic structure and exhibit significantly
improved chemical and thermal stability and photovoltaic performance. Indeed power
conversion efficiency up to 4.14 % and high open-circuit voltage over 1.0 V have been achieved

using PCs;BM as acceptor.
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Organic solar cells (OSCs) hold great promise as renewable energy sources that are compatible
with low-cost, large-area, solution-processed manufacturing on flexible substrates. Recently,
bulk heterojunction (BHJ) OSCs, in which electron-donor and electron-acceptor materials are
blended in an active layer, have demonstrated impressive power conversion efficiencies (PCEs)
above 11% with polymersl’2 and around 10%-11% with small molecules.** Keys to further
progress in organic photovoltaics (OPVs) are the rational design of new materials, optimization
of BHJ nanoscale morphology, improvement of device architectures, fabrication procedures, and
device lifespan. As compared to their polymer counterparts, m-conjugated small molecules with
well-defined structures are recognized as versatile donor components for the construction of
BHJs using solution processes, such as roll-to-roll printing. To be economically viable, however,
industrial application of small-sized molecular donors requires rapid development of cost-
effective, green synthetic methodologies that allow the scalable production of high-purity
materials.>

Molecular donors with high molar absorption coefficient and optical band gap matching the
solar spectrum are generally designed to feature intramolecular charge transfer by covalently
connecting donor (D) and acceptor (A) units in the conjugated backbone. These complex targets
are obtained via linear multistep syntheses that include desymmetrization and metal-catalyzed
cross-coupling of building blocks.”'® Contamination may occur, due to trace metals and organic
side-products that are difficult to remove. As a result, the synthetic effort is not often rewarded
by reasonable overall yields. Actually, recent reports do stress scalability and purification of
those conjugated materials as major issues to overcome in the future.”®!%!?

Nature uses conventional nucleophilic reactions to produce structurally complex m-conjugated

molecules from simple natural precursors. This led us to envision a bio-inspired synthetic route
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in which metal-free ionic reactivity could be exploited for the straightforward generation of
borondifluoride complexes of curcuminoids. Those D-A-D molecules are related to the curcumin
natural pigment and represent versatile chromophores that capitalize on the strong electron
acceptor strength of the chelate moiety containing the Lewis acid boron atom.'>!* In our initial
reports, synthesis was based on two sequential steps, the aldol condensation providing the free
ligand followed by BF, complexation. Yet simple, this methodology was found to be
cumbersome in the case of highly soluble ligands because their thorough purification required
repetitive chromatographic steps prior to BF; incorporation, thereby limiting drastically the

amount of isolated material.
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We report herein on three borondifluoride complexes of bis(triphenyl)amine (TPA)-containing
curcuminoids, 1 — 3 (Scheme 1) that act as efficient donor materials in solution-processed BHJ
solar cells when blended with the electron acceptor [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCs1BM). We show that the synthesis of compounds 1 — 3 can be made as simple as possible.
Indeed, they were obtained easily by mixing TPA carboxaldehyde, acetylacetone (or a meso-
substituted analogue) and borontrifluoride etherate (2.5:1:1 molar equivalents) in ethylacetate as
solvent and in the presence of n-butylamine as a base (Scheme 1). We routinely ran batches

affording between 700 mg and 1 g of isolated pure material with yields above 70%. We
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performed purification by a single flash chromatography column followed by washing the solids
with distilled solvents (Supporting Information). Except for compound 2 that is sensitive to
protic species in solution owing to the presence of the electron-withdrawing chlorine atom, 1 and
3 were found to be chemically and thermally stable. The thermogravimetric analysis of 1 did not
show thermal degradation up to ca. 300 °C (Figure S1). This is an outstanding example of
synthesizing a conjugated D-A-D molecule in a one-pot three-component reaction involving
cheap commercially available chemicals. According to Roncali e al.,” compound 1 has a
synthetic complexity index (SC) around 9 that represents a record value for efficient OPV
materials reported so far.

Crystals of 1 were obtained after slow evaporation of dichloromethane (DCM) solution. They
belong to the monoclinic space group P21/n with four molecules in the unit cell (Table S1). The
conformation of 1 is not fully planar, with an angle of 33° being noticed between the planes of
the aromatic rings belonging to the curcuminoid backbone (Figure 1a). The molecules assemble
into one-dimensional n-stacks along the crystallographic b axis with their main molecular planes
being oriented parallel to one another and canted by ca. 40° relative to the b axis (Figure S2).
Borondifluoride complexes of curcuminoids have a ground-state (GS) dipole moment oriented
perpendicularly to the long molecular axis, which explains the observed head-to-tail disposition
of the dioxaborine rings. The face-to-face superimposition of the conjugated backbone of 1
occurs with alternate distances between the dioxaborine acceptor planes of 3.54 A and 3.07 A,
indicating a tight packing of the molecules. Interestingly, along a stack, TPA nitrogen atoms are
aligned in straight rows, indicating favorable overlap between TPA moieties of adjacent
molecules. Moreover, the crystal lattice contains voids that host highly disordered solvent

molecules that could not be resolved.
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Figure 1. (a) Molecular structure (ORTEP) of compound 1 with displacement ellipsoids drawn

at the 50% probability level. (b) Frontier molecular orbitals of 1 (contour threshold: 0.02 a.u.).

Compounds 1 — 3 display strong visible optical absorption in chloroform (CF) solution (Figure
2) and far-red fluorescence emission. The lowest-energy absorption band and fluorescence
emission spectra of 1 — 3 are broad and bathochromically shifted in solvents of increasing
polarity (Figure S3). The excited state (ES) thus possesses a strong intramolecular charge
transfer character with a dipole moment larger than that in the GS, which is confirmed by the
Lippert-Mataga analysis of the solvatochromic shifts (Figure S4) and DFT calculations. The
presence of the meso-phenyl substituent in 3 (Amax = 612 nm) causes a 20-nm red-shift of the
absorption relative to 1 (Anax = 594 nm), which was attributed to a conformational effect.!?
Rather, the 50-nm red-shift in the spectrum of 2 (An.x = 642 nm) stems from the enhanced
electron accepting strength of the dioxaborine ring featuring the meso-chloro substituent, leading

to a more polarized D-A-D n-system.
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Figure 2. Electronic absorption spectra of 1 (orange), 2 (green) and 3 (blue) in CF solution (solid

line) and thin film (dashed line), normalized with absorbance to 1.0.

The three compounds were found to be soluble in CF, chlorobenzene (CB) and o-
dichlorobenzene (DCB), allowing spin coating of solutions with concentrations over 10 mg/mL.
Compared to solution, thin-film absorption spectra of 1 — 3 are significantly broadened (Figure
2), which indicates the occurrence of m-m interactions as confirmed by the crystal structure of 1.
Unlike 1 (Amax = 592 nm), compounds 2 (Amax = 662 nm) and 3 (Anax = 624 nm) have thin film
absorption spectra red-shifted relative to those recorded in solution. This may indicate a better
planarization of the curcuminoid backbone or more pronounced interactions in the bulk owing to
the presence of the meso group. Optical band gaps were estimated from the onset of the thin-film
absorption spectra as 1.75 eV, 1.64 eV and 1.75 eV for 1, 2 and 3, respectively. With the
stronger electron-accepting unit, dye 2 displays a red-shifted onset and thus the narrowest gap
(Table S2).

The energy levels of the frontier molecular orbitals (MOs) were estimated from cyclic
voltammetry measurements in DCM by taking the onset of the oxidation and reduction waves

(Figure S5 and Table S2). The three molecules present a similar value of ca. -5.6 eV for the
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energy of the highest occupied MO (HOMO) which is compatible with high open-circuit voltage
(Voc) when PC¢;BM is used as acceptor in OSCs."” Consistent with the optical properties, the
presence of the meso-chlorine atom lowers the lowest unoccupied MO (LUMO) of 2 (-4.11 eV)
by ca. 130 meV relative to those of 1 and 3 found at -3.96 eV. The positioning of the LUMOs of
1 and 3 is therefore well suited to photoinduced electron transfer into the LUMO of PC61BM,15
which is confirmed by the fluorescence quenching observed in thin-film blends (vide infra).

DFT/TD-DFT calculations were performed on 1 — 3 (see computational details in ESI). The
three molecules display identical contour plots of HOMOs and LUMOs (Figures 1b and S6).
HOMOs are mostly delocalized over the lateral groups with a significant contribution of TPA
phenyl rings, whereas LUMOs are mainly located on the central dioxaborine acceptor moiety.
The lowest energy (vertical) transition band consists mainly in HOMO — LUMO charge transfer
transition (Table S3). This is consistent with the electronic density difference plots (Figure S6)
that provide the difference between the electronic density of the lowest singlet ES and the GS.
The energy level values obtained with optical, electrochemical, and theoretical approaches
follow the same trends. For 1 and 3, GS and ES dipole moments amount to almost 11 D and to
over 12 D, respectively (Table S4). Overall dipoles moments are weakened for 2 (GS: 8.8 D; ES:
10.2 D) as a result of the local antiparallel dipole moment of the C(meso)-Cl bond. These data
are consistent with the solvatochromic absorption and fluorescence properties.

BHJ OSCs were fabricated using the following architecture: ITO/PEDOT:PSS/1—
3:PCsBM/Ca/Al (Supporting Information) and tested under 100 mW/cm? illumination.
Donor:PC¢ BM blends (50:50 w/w) were spin-coated from CB. The devices based on 2 and 3
present lower power conversion efficiencies (PCE = 0.9% and 1.1% respectively) compared to 1

that reached 3.1% (Figure S7 and Table S5). The main difference arises from lower short-circuit
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current density (Jsc = 8.9, 4.3 and 5.0 mA/cm? for 1, 2 and 3 respectively). Hole mobilities (un)
were determined from organic field-effect transistors (OFETs, Table S6). Results show that 2
and 3 present much lower uy, than 1, consistent with a higher Js¢ for the latter. Therefore, only
devices based on 1:PCs;BM were further optimized.

Figure 3 presents the impact of 1:PCs;BM blend ratio on Jsc and PCE. With increasing

PC¢BM concentration from 15 to 40 w%, Jsc gradually rises up to 8 mA/cm?.
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Figure 3. (a) Jsc and (b) PCE of BHJ OSCs based on 1:PCs;BM with different blend ratios. Film

thickness: 72-85 nm.

Almost total fluorescence quenching occurs at 40 w% of PCs;BM (100 % quenching above 50
w%, Figure S8). As a result, with further addition of PC;BM up to 70 w%, Jsc levels off at 8-9
mA/cm?. Beyond this concentration, Jsc drops off because of the reduced optical absorption in 1.
The low values of the fill factor (FF < 40%, Table S7) may stem from the unbalanced charge
carrier mobilities (Table S6), un being found smaller than electron mobility. Devices with a
weight ratio in a range from 55 to 65 w% of PC¢BM provided the best value of PCE close to
3%.

To explain the change of Jsc as a function of the blend ratio, we investigated 1-PC4;BM blend
morphologies using tapping mode atomic force microscopy (AFM, Figure S9). We observed the

formation of large domains for low concentrations of PCsBM that disappear when PC¢ BM
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reaches 35 w%. Between 35 and 75 w%, smooth layers and small domains with similar sizes are
observed and the morphology is independent of the blend composition. At low PC¢ BM content,
because of their strong GS permanent dipole, molecules 1 self-assemble via electrostatic
interactions as the main driving force.'®'” Therefore large domains of 1 are likely to prevail
resulting in strong geminate recombination and, in turn, in a low Jsc. From 35 w% to 75 w% of
PC¢BM, the observed morphology is likely to favor exciton dissociation, leading to higher Jsc.
In that case, because both 1 and PC4sBM possess a high dipole moment,18 1:PC¢BM dipolar
interactions may assist the formation of the intimately mixed blends. Such intermolecular
interactions would also account for the red-shift of the thin film absorption (A4 = + 10 nm)
noticed above 35 w% of PC4¢;BM (Figure S10).

External quantum efficiencies (EQE) recorded at different 1:PC4;BM blend ratios (Figure 4)
support the previous observations and also provide further interesting information. As expected,
increasing PC4s;BM loading from 30 to 70 w% leads to an increase of the contribution of both
donor and acceptor materials. However, the EQE response of 1 starts decreasing beyond 70 w%.
Interestingly, at 50 w% of PCs;BM, a new band appears at 450 nm in the EQE spectrum and
grows with a further increase of PCqBM. This contribution can be attributed to the occurrence of
PCqBM aggregates.”” Above this threshold concentration, the formation of larger PCq BM
aggregates would create the conduction pathways for the electrons and improve the charge
transport. Finally, the optimum performance is found for a balance between intermixed state for
high exciton dissociation rate (< 70% PCs;BM) and large domains that favor charge transport (>

50% PCe;BM).
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Figure 4. EQE curves of devices based on 1:PCs;BM with different blend ratios.

In order to improve further the morphology, we fabricated BHJ OSCs using CF, CB or DCB as
solvents to spin coat the 1:PCs;BM blend (ratio 35:65 w/w). Compared to devices spun from CB
and DCB, CF-processed OSCs show a slightly improved Jsc (Figure 5). Interestingly, the use of
CF also leads to an increase of Voc up to 1.0 V (Figure 5 and Table S8). The use of CF as a more
volatile solvent influences the organization of both 1 and PCsBM and the degree of phase
separation. This is supported by EQE spectra showing a higher contribution at 450 nm,

associated with PC¢BM aggregates (Figure S11).
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Figure 5. J-V curves under 100 mW/cm? illumination of BHJ OSCs made with 1:PCsBM (35:65

w/w) spin-coated from CF (red), CB (orange) and DCB (yellow).
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Moreover, phase images of AFM measurements performed on blends processed from CF, CB
and DCB clearly show differences in morphology (Figure S12). DCB seems to give an
intermixed active layer. Using CB leads to the formation of D and A domains which appear still
too small to create efficient pathways for charges. Interestingly, using CF as a processing
solvent, the D and A domains are larger and efficient percolation pathways are expected to build
up. Such kind of morphology reduces bimolecular recombination losses, which could explain the
higher Voc.? These results suggest that fast drying of the layer is favorable to the formation of an
optimized BHJ with enhanced photocurrent. Finally, among the devices prepared in this study,
the best performance was obtained at 65 w% PCqBM using CF as the processing solvent, with
Jsc =9.85 mA/cm?, Voc = 1.01 V and FF = 0.42 giving an overall PCE of 4.14%. In contrast, V.
values obtained for boron difluoride complexes of hydroxychalcones as donor materials did not
exceed 0.63 V.'*

In summary, we report the fabrication and initial characterization of BHJ OSCs based, for the
first time, on borondifluoride complexes of curcuminoid derivatives as molecular donors and
PC¢BM as the acceptor. The synthesis of compounds 1 — 3 is remarkably simple, cost effective
and environmentally friendly and results in a record low synthetic complexity index (SC =9 for
1). Compared to related materials based on push-pull hydroxychalcone derivatives,'*?!
curcuminoids feature a D-A-D extended m-conjugated system leading to significant overlap
between TPA terminal moieties in the crystal. Moreover, unless it contains an electron
withdrawing group such as the chlorine atom in 2, the acetylacetonate ligand moiety of the
curcuminoids provides dioxaborine chelates that are more stable, both chemically and thermally,

with respect to those obtained with hydroxychalcones. Therefore the results show the high
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potential of those D-A-D structures as molecular scaffolds on which to base the design of

optimized donor materials for BHJ OSCs.
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