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A family of four bipodal triphenylamine-based dyes, three of which incorporate two triphenylamine (TPA)

units, have been studied to understand their potential in light-harvesting applications. Compared to
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Introduction

Over the last decade, organic light-harvesting dyes have
received considerable attention owing to their facile
synthesis, tunability and high extinction coefficients when
directed towards light-harvesting applications.*™ Organic
chromophores driven by intense w—-m* absorption bands tend
to have sharp absorptions with minimal effective charge
redistribution unless they are outfitted with donor (D) and
acceptor (A) units. Incorporation of a D-t-A motif, however,
facilitates low energy intramolecular charge transfer, neces-
sary for charge extraction.’”” While the catalogue of donors,
T-spacers and acceptor groups is large, upon charge extrac-
tion, the redox stability of the organic dye is an important
consideration. To this end, redox robust triphenylamines
(TPAs) have become ubiquitous as building blocks in light-
harvesting scaffolds, particularly in the literature relating to
dye-sensitized solar cell (DSSC) applications.*** In addition,
TPA dyes have shown themselves to be effective owing to their
electron rich nature, redox stability and non-planarity, which
mitigates intermolecular dye aggregation. Since the bench-
mark reports of TPA as a donor in DSSC applications,™™¢ two
champion (>10% efficiency) organic dyes have emerged with
this donor motif."”**

To realize further improvements in organic dyes for DSSC
applications, three significant challenges must still be
addressed. (1) Increased panchromatic absorption into the
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reported TPA-based dyes,

these exhibit improved device performance. Theoretical

calculations correlate excited state dipole moments to device efficiency.

near-IR; (2) improved redox stability and dye lifetime; and (3)
improved electronic communication between interfaces
(TiO,/dye and dye/electrolyte). To address the issue of more
broadly absorbing dyes, many studies have explored cosen-
sitization using sensitizers that have complementary
absorption envelopes.'?® Cosensitization assumes improve-
ments in the absorption profile that will be able to compen-
sate for attenuated dye concentration; however, this is not
often realized.

Another approach for broader absorption profiles has
included the design of dyes with multiple chromophores. To
this end, we have previously reported modified triphenylamine
donors® and bichromic dye motifs.?>>* While our previous
work has investigated improvements at the dye/electrolyte
interface,” in this work, we sought to develop a simple
multi-chromic synthetic architecture based exclusively on TPA
units.

Herein, we present the following bichromic-bipodal TPA
dye family (OA1, OA2, OA3; Fig. 1) and reference compounds
OA4 and L1. The bipodal (two cyanoacetic acid anchors) motif
has been included to address stability and electronic
communication at the semiconductor/dye interface. In addi-
tion, incorporation of a second redox-active TPA units seeks to
address panchromatic absorption, charge separation and
redox robustness within the organic dye motif while creating
a D-m-D-m-A dye system. While multi-donor triarylamine
systems have been previously reported,*** these systems are
typically characterized by extensive synthesis and large dye
hydrodynamic volumes that can lead to decreased dye loading
on the semiconductor surface; however, there have been
a family of bipodal dyes reported, that show promising dye
architectures.”** Herein, we present the physicochemical
behaviour of a novel family of bichromic/bipodal dyes and
offer a rigorous theoretical hypothesis as to why these various
dye architectures have significantly better device performance
when compared to L1 (in our hands).

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Bichromic/bipodal dyes OA1, OA2, OA3, and reference dyes
OA4 and L1.

Synthesis

The full synthetic procedures and characterization of these
novel dyes, reference compounds (Fig. 1) and precursors can be
found in the electronic ESI (Scheme S17).

The set of dyes OA1, OA2 and OA3 differ in the positioning of
the thiophene-bridge or lack thereof (OA1). The intent of this
bridge adjustment was to examine the electronic communica-
tion between both the anchors and donors, and between the
TPA donors themselves; not surprisingly these adjustments had
a significant impact on the excited state dipole of the dye (vide
infra). To contrast the effectiveness of multiple triphenylamine
donor units on the molecular absorption envelope and redox
behaviour, we also prepared a monochromic TPA dye OA4 and
previously reported L1" as reference compounds.

Results and discussion

To systematically appreciate the behaviour of these dyes, the
physicochemical properties are collated and presented in Table
1. The electrochemical and absorption data for OA1, OA2, OA3,
0OA4 and L1 was collected in DCM solutions, and the UV-Vis
solution data is presented in Fig. 2. In addition, physical data
of the precursor aldehydes can be found in the ESI (Table S1 and
Fig. S21). It should be noted that these dyes do not exhibit any
appreciable fluorescence behaviour in solution. As mentioned
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Table 1 Physiochemical properties of biopodal dyes
El/zb (Vs

Dye UV-Vis%, lpaxnm (¢ x 10 *M ' cm™') NHE) Eoo (eV)
OA1  471(3.3) 0.93 1.41 2.33
0A2 2(4 8) 0.98 1.33 2.45
0A3  497(0.5) 0.89 1.20 2.05
OA4  461(2.6) — 147 2.44
L1 483(3.2) 1.24 — 2.23

“ Low energy visible transitions from UV-Vis in DCM. ” Data collected
using 0.1 M NBu,PFs DCM solutions at 100 mV s~ and referenced to

a [Fc]/[Fc]" internal standard followed by conversion to NHE; [Fc]/[Fc']
= +700 mV vs. NHE in DCM.* ¢ Calculated HOMO- LUMO gap based
on lowest oxidation potential and low energy absorption. ¢ Lower than
expected extinction coefficient is a result of low dye solubility in DCM.

previously, TPA donors show reversible oxidation potentials
that can be tuned by appending various electron withdrawing
and donating groups.

In all cases, owing to the presence of two redox-active TPA
units (with the exception of OA4), the dyes exhibit two reversible
oxidation waves/potentials. Based on DFT calculations, the
HOMO orbital for all bichromic dyes (OA1, OA2 and OA3)
resides on the bisOMeTPA unit (see ESIT) and the trends for the
first measured oxidation potential do show the effect of the
thiophene spacer consistent with our previous work.*> OA3 has
the lowest oxidation potential, because the thiophene spacer
proximate to the anchor acts as an electron rich donor miti-
gating the electron-withdrawing effect of the cyanoacetic acid
anchors. In OA2, the presence of the thiophene spacer between
the TPA units further stabilizes the HOMO owing to improved
conjugation with the more electron deficient TPA unit. In OA1,
the facile electronic communication between TPAs no longer
exists, and this HOMO stabilization is no longer observed.
While it is fairly straightforward to draw trends with the first
oxidation potential, the second oxidation potential is more
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Fig.2 UV-Vis spectra of dyes OAl, OA2, OA3, OA4 and benchmark L1
in DCM.
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heavily influenced by the reorganizational energy leading to the
oxidized product (likely quinoidal in nature).

In the case of the reference bipodal compound OA4, a single
oxidation process is observed owing to the presence of only one
redox active TPA unit. When comparing the electrochemical
behaviour of OA4 to the diformylTPA precursor (see ESIt), there
is only a modest change in the oxidation potential implying that
the electron withdrawing effect of an aldehyde and cyanoacetic
acid groups are comparable.

The observed changes in the UV-Vis spectra in terms of more
broadly absorbing behaviour and extinction coefficient inten-
sity can be rationalized using TD-DFT (see ESI}). Looking at the
absorption profile (Fig. 2) for OA4 refutes the notion that the
addition of another donor unit is necessary to create a more
broadly absorbing absorption profile. OA4 has two absorption
bands when compared to L1, which suggests that the breadth of
absorption is imparted due to the addition of a second acceptor
unit and not the donor unit. Regardless, a broader absorption
envelope is observed for all bisTPA dyes (OA1, OA2 and OA3)
when compared to OA4. Like OA4, OA1l exhibits two well-
resolved maxima with increasing energy, assigned as the
HOMO-1 to LUMO and HOMO to LUMO+2, respectively, see
Table S2 (ESIT). While OA2 has approximately the same cross-
section as other dyes, it exhibits a much higher extinction
coefficient. Furthermore, in the case of OA2 TDDFT calculations
predict that owing to the significant electronic communication
between the TPA units, the observed transition emerges from
the HOMO—1 to LUMO+1. This transition is closer in energy to
the HOMO-LUMO+1 transition and as a result a coalescence of
the bichromic absorptions occurs resulting in a hypsochromic
shift in the absorption maxima and an increase in the observed
extinction coefficient.

The low extinction coefficient for OA3 is consistent with poor
solubility in DCM, but TD-DFT data does suggest that a low
extinction coefficient is observed because of hindered polariz-
ability owing to the spatial distance between donor and
acceptor and the lack of electronic communication between the
TPA moieties. Furthermore, as observed for the other dyes, the
HOMO-1 to LUMO and HOMO-2 to LUMO+1 transitions
dominate the absorption spectrum of OA3, and the HOMO-
LUMO transition shows also a significant oscillator strength,
which would explain the long absorption tail (see Table S21).

Based on the physical data above, when considering the
utility of these dyes for DSSC applications, the HOMO orbital
resides at a favourable energy when considering the common
electrolytes and regeneration dynamics.** In addition, each of
these dyes possess LUMO orbitals situated on the acceptor
units, and therefore injection should be kinetically favourable.
When compared to benchmark L1, the blue shifted or weaker
absorbing profiles of OA1, OA2 and OA3 may manifest in weaker
device performance, but the addition of multiple redox active
centres may increase the redox robustness of the dye, and could
improve electron injection rates. To test these predictions,
devices were prepared and theoretical calculations performed to
gather further insight.

Multiple devices for each dye were prepared, tested and the
data collated in Table 2. Further device characterization (EIS, J-
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Table 2 Photovoltaic performance of DSSCs based on bipodal dyes
and benchmark L1¢

Dye Voo (V) Jie(mAcm™)  FF n (%) N
OA1 0.64 £+ 0.01 3.20 £+ 0.64 0.70 £ 0.03 2.00 £ 0.35 7
0OA2 0.68 + 0.01 3.30 £+ 0.43 0.67 £ 0.05 2.20 £+ 0.23 7
0OA3 0.58 £+ 0.01 2.70 £ 0.02 0.72 £+ 0.01 1.69 + 0.06 5
OA4 0.40 + 0.17 0.80 £+ 0.16 0.50 £+ 0.16 0.30 £ 0.20 5
L1 0.52 £ 0.02 1.18 + 0.03 0.58 £+ 0.04 0.53 £ 0.05 5

“ N is the number of simultaneous test cells prepared that makes up the
mean and standard deviation. Z1137 I /I;~ electrolyte employed: see ESI
for complete device fabrication details.

V curves, IPCE) can be found in the ESI.} Satisfyingly, OA1, OA2
and OA3 all substantially outperformed the benchmark L1,
largely owing to improved Js. values. Owing to the bipodal
nature of these dyes, solution properties like UV-Vis absorption,
are not expected to directly translate to the device performance
to when anchored to TiO, (as shown in the IPCE data Fig. 519,
ESIf). To provide a rational explanation to the obtained
performances, quantum chemical calculations were performed
on the dyes anchored to a TiO, cluster model. The molecular
orbital energy levels for the three bipodal dyes show that the
HOMOs of the free dyes are located under the potential energy
of —4.8 eV of the electrolyte I /I;~. However, in case of the
anchored dyes, the energy value is equal to —4.8 eV or has
a bigger value, which in theory would make it less favourable for
the dye regeneration after the photooxidation.

On the other hand, using Markus theory, some photovoltaic
parameters were evaluated and reported in Table 3. The free
energy of electron injection (AGiy), which was computed
according to AGinj = Eqyex — Ecg, Where Ecg is the reduction
potential of the conduction band of TiO, (—4.00 eV). Eqy.« is the
excited-state oxidation potential of the dye, is related to the
spontaneous charge transfer from the dyes towards the semi-
conductor. In this sense, in every case a favorable AG of injec-
tion is observed. It is worthy to mention that this parameter is
higher for the herein reported dyes than a family of proposed
dyes with one TPA as donor, a series of thiophene as bridges
and the cyanoacetic acid as anchor motif.** The driving force for
charge recombination (AGr.) has been calculated according to
AG%. = Ecg — Enomo. As observed, the results for the three
systems are very similar, showing that OA1 is the dye that would
display the most (although slight) charge recombination when
compared with the other two dyes (OA2 and OA3). The light-

Table 3 Theoretical calculations for bipodal dyes”

Dye —AGjy; AGhec LHE eVoc u

OA1 1.45 1.07 0.90 1.07 11.36
0A2 1.77 1.01 0.91 1.06 11.77
0A3 1.16 1.03 0.93 1.01 4.21

“ Calculated negative free energy of the injection (—AGiy, [eV]),
recombination free energy (AGr., [eV]), light-harvesting efficiency
(LHE, [eV]) for the lowest singlet excited state, the open-circuit voltage
(eVoc [eV]) and dipole moments (u) for the dye.

This journal is © The Royal Society of Chemistry 2018
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harvesting efficiency (LHE) has been computed according to
LHE = 1-107, where fis the oscillator strength of the dye related
to the Amax. This parameter can be interpreted as the light
absorbance of the dye-sensitized TiO, film and should be as
high as possible in order to maximize the photocurrent
response. Finally, the eV, (€Voc = ELumo — Ecg) represents the
maximum voltage available from a solar cell which occurs at
zero current. Although, there are some arguments about this
approximation there is good agreement between the experi-
mental and calculated values, where OA1 shows the biggest V.
value, while OA3 shows the smallest value.

To further appreciate the improved device performance,
recent electrochemical studies suggest that the interfacial
dipole moment directed to the semiconductor contributes to
better understanding of performance when considering elec-
tron injection processes and the generated voltage.*” The
magnitude of the dipole moments for the free dyes shown in
Table 3, indicates that OA2 shows the biggest value among all
the studied dyes and its dipole moment vector is directed to the
anchor motif. This property is also found for OA1 and OA3 as
can be seen in Fig. 3, and correlates well to the observed device
efficiencies.

The oxidized states of the dyes in a DSSC after the electron
photo-injection play an important role because: (1) this oxidized
dye is regenerated to the ground state by the electrolyte that
commonly are I'/I;"(4.60 €V) or the Co™" (5.0 eV) redox
couples, among others, also (2) there exist intermolecular hole
hopping, and lateral recombination can occur from one dye to
a second dye in the oxidized state and (3) a charge recombina-
tion between the charged semiconductor and the oxidized dye
TiO,(e™)/dye" is possible; where the electron moves back to the
parent dye, reducing the efficiency of the photo-conversion.

For this latter case, it is stated that the localization of the
hole over the donor fragment after photo-injection generates
a charge separation, which leads to decreased probability of
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Fig. 3 Free dyes dipole moment (DM), LUMO (LUMO-OX) isosurfaces
and spin density (SD) of the oxidized species.
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interfacial electron back-transfer. The isosurface and spin
density of the LUMO of the oxidized state (Fig. 3), shows the dye
after electron removal. Therefore, this isosurface or spin density
represents the hole generated after charge photoinjection into
the semiconductor. Fig. 3 shows the hole localization for OA1,
OA2 and OA3. It is observed that in every case the hole is
localized over the donor portion of the molecule. This behav-
iour is favourable for dye regeneration as there is substantial
charge separation after electron injection.

Conclusions

A set of bipodal multichromic dyes, OA1, OA2 and OA3 have
been synthesized and studied. In the absence of device data and
theoretical calculations, these dyes may not have the physico-
chemical properties that would suggest superior performance
when compared to benchmark L1; however, this motif shows
remarkable promise for light-harvesting and provides further
insight and serves as a guiding platform for organic dye design.
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