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Organic materials with attractive electronic and optoelec-
tronic properties for functional device applications are in high
demand.'*! Organic alternatives to inorganic counterparts
are desirable because of the potential to decrease manufac-
turing costs and realize a more diverse set of devices,
including lightweight, efficient low-light, and flexible solar
cells. Substantial progress has been made toward functional
organic materials for solar-to-electricity conversion.”*!
Among photovoltaics, dye-sensitized solar-cell (DSC)
research has progressed toward becoming a significant con-
tributor to the solar energy conversion market since the
seminal work of O’Regan and Griitzel in 1991.1°1 DSCs are
particularly attractive as light-harvesting devices because they
allow for judicious control of device properties.™”

DSCs operate by photoexcitation of a sensitizer (dye)
anchored to a semiconductor (such as TiO,), enabling the
transfer of an electron to the semiconductor conduction band
followed by regeneration of the dye to the ground-state by
a redox shuttle. Metal-based dyes currently yield the highest
power conversion efficiencies (PCEs) in DSC devices.¢!
However, metal-free dyes have recently produced compara-
bly efficient DSCs, often have a much larger molar absorp-
tivity, and may be more cost effective considering the price of
precious metals.""") Among organic dyes, the donor—m-
bridge—acceptor (D-m-A) structural arrangement is particu-
larly promising.”! Herein we report the synthesis, character-
ization, and DSC device performance of an electron-rich
heterocycle with the common name ullazine (1).

Ullazine is a 16 m-electron nitrogen-containing hetero-
cyclic system that is isoelectronic with pyrene. It was first
reportedly synthesized in 1983 to study radical cation and
anion persistence (Figure 1).*??) An aromatic, 14 n-electron
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Figure 1. Ullazine structures, with the HOMO (bottom left) and
LUMO (bottom right).

annulene resonance structure consisting of a centralized
positive charge upon donation of electron density from the in-
plane nitrogen illustrates the potential donating strength as
well as electron stabilizing properties of this nitrogen-
containing heterocycle (Figure 1, top center). Initial anion/
cation stability studies™ and a computational comparison
study to pyrene (see the Supporting Information) suggest that
ullazine may be a good candidate for incorporation into -
conjugated materials with optoelectronic applications. Spe-
cifically, ullazine possesses 1) a planar m-system to promote
strong ICT; 2) both strong donating (push) and (surprisingly)
electron-accepting (pull) properties; and 3) multiple substi-
tution sites for molecular engineering.

DFT calculations of the HOMO and LUMO orbital
positions suggest a substantial influence from the positively
charged iminium resonance structure (Figure 1). The HOMO
of the ullazine heterocycle is largely delocalized around the
periphery, with the 6-positions being the only accessible
substitution site without a significant HOMO coefficient. The
LUMO primarily resides on the central nitrogen and carbon
atoms of the iminium motif, with a lesser presence on the 3-
and 4-positions of the ullazine periphery. The LUMO position
of ullazine is in stark contrast with the LUMO position of the
isoelectronic pyrene (Supporting Information, Figure S6).

Substitutions at the 3- and 9-positions of ullazine are
known to improve stability, based on the previous studies of
Gerson.”” We envisioned a direct functionalization of the
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stabilized ullazine core to maintain a concise synthesis.
Installation of late-stage conjugated acceptor/anchor func-
tionality to the ullazine core through electrophilic aromatic
substitution (EAS) was examined. Based on the DFT studies,
EAS will occur at the 4- and 5-positions of unsubstituted
ullazine. Substitution at the 5-position is both preferential to
maintain planarity for promotion of a strong ICT and
favorable based on the steric influence of substituents at the
3- and 9-positions.

The Balli synthesis of 3,9-diphenyl ullazine (2) requires
ten steps from present-day, commercially available materials,
with an expected 19 % overall yield (Scheme 1). This original
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Scheme 1. Key transformations for accessing ullazine heterocycles.

lengthy synthesis

route relies on a lengthy series of oxidation/reduction
reactions (two steps) and functional-group manipulations
(three steps), which install and remove oxygen and sulfur
functionality not present in the final structure. Additionally,
as no regioselective reactions to generate the 4,8-unsubsti-
tuted ullazine were demonstrated by the Takahashi route
(Scheme 1), alternate synthetic routes were examined.

A metal-catalyzed cyclization/hydride shift reaction has
been described that can dramatically streamline the synthesis
of the desired ullazine structures 2 and 3. Based on the key
transformation described by Fiirstner, intermediate 3 could
be formed in only four steps with all reactions forming bond
connections present in ullazine 3.?*%! The synthesis of 3
began with a Paal-Knorr condensation to form the pyrrole
intermediate 6 from 2,6-dibromoaniline, followed by a double
Sonogashira coupling with alkyne 7 to give pyrrole inter-
mediate 8 in 76 % yield (two steps; Supporting Information,
Figure S1). Bis(alkyne) 8 was found to undergo a double
cyclization/hydride shift reaction in the presence of catalytic
InCl; to give the desired intermediate 3. The synthesis of the
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3,9-bisaryl-substituted ullazine core by a double Fiirstner
cyclization proceeded in four total steps from commercial
starting materials on 5 g scale and in 55 % overall yield.

The ground-state oxidation potential (E,s)) and excited-
state oxidation potential (E,,+) of ullazine 3 were deter-
mined for comparison to a commonly used donor motif in
organic electronics, bis(4-hexyloxyphenyl)phenylamine (4;
Supporting Information, Table 1).2°% Ullazine 3 demon-

Table 1: Optical and electrochemical data.”!

Compound .. e[Lmol™ em™ Egqq Esis Eisis9
[n m][b] [ev] [ [V] [d] [V] [e]

Ullazine and triarylamine

3 393 19400 2.74 0.89 —1.85

4 299 20500 3.44 0.91 —2.53

Ullazine sensitizers

JD21 582 28000 2.03 1.09 —0.94

)D25 598 33000 1.99 1.03 —0.96

D26 548, 75001 2.06 1.06 ~1.00
570

JD29 598 24000 2.00 1.09 —0.91

JD30 531 12000 2.05 1.09 —0.96

JD32 393, 16001 2.08 1.04 —1.04
5401

[a] Eiss/s) and Es. sy vs. NHE. [b] Measured in CH,Cl,. [c] Measured at
the intersection of the normalized absorbance and emission spectra.
[d] Measured in CH,Cl,, 0.1 m Bu,NPFg, glassy carbon working electrode,
Pt reference electrode, and Pt counter electrode with ferrocene as an
internal standard. [e] Calculated from Es, sy = (E(s+/5y—E(0—0))-

[f] Shoulder.

strates a slight decrease (20 mV) in E 5,5, when compared to
4, which indicates a similar electron-donating strength.
However, 3 shows a large stabilization of E, s+ (680 mV),
as derived from the equation Es, sy = Es./5y—E(_o) (Table 1).
The stabilized Es, s+ may in part result from the resonance
contribution of a 14 m-electron aromatic annulene around an
electron-accepting iminium core (Figure 1).

EAS was performed on 3 to install a functional handle to
the ullazine core for DSC applications. The Villsmeyer—
Haack reaction on 3 provided the formylated ullazine
intermediate 9 in 81 % yield (Supporting Information, Fig-
ure S1). The aldehyde 9 then smoothly underwent condensa-
tion with cyanoacetic acid to give dye JD21 in 97 % yield. The
InCl;-based double cyclization route was implemented for the
synthesis of five additional dyes that vary the acceptor
position or the donor groups on the ullazine core (Scheme 2).

The absorption properties of each of the ullazine-based
dyes were examined to better understand the effects of
substituents on the ICT band. JD21 has a strong absorbance
from 400-625 nm with a A,,,, at 575 nm and a maximum molar
absorbtivity ¢ of 28000 Lmol 'cm™ in dichloromethane
(Supporting Information, Figure S11). Dyes JD21, JD25,
JD29, and JD30 have a similar absorption maximum and
onset. JD29 differs in absorption spectrum shape by a signifi-
cant increase in the high-energy spectral region. Although the
Amax Of JD26 is blue-shifted by >40 nm, the 1., peak is
significantly broadened and the onset is slightly red-shifted
when compared with JD21. JD26 also experiences a signifi-
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Scheme 2. Ullazine-based dyes for examining the donor and acceptor
influence on ICT strength, cation stability, and surface coverage.

cantly depressed molar absorptivity, which indicates the 4-
position anchor experiences a loss of planarity. Interestingly,
the A, of JD32, with the anchor in the 6-position of ullazine,
blue-shifts by nearly 200 nm compared to JD21. Based on the
DFT calculations of the ullazine core, poor electronic
communication was expected for 6-substituted ullazine, as
a node is observed at this position. Furthermore, the ICT
band of JD32 is dramatically decreased to only a slight
shoulder (¢ =1600 Lmol 'cm™).

Computational studies were performed to examine the
influence of an acceptor on the 1-position of ullazine (10;
Supporting Information, Figure S7). TD-DFT calculations
were performed for comparison of dyes JD21, JD26, JD32,
and 10. These studies indicate the largest red shift of the ICT
band is observed when placing electron-accepting function-
alities at the 4-, 5-, or 6-positions of the ullazine core with the
4- and 5-positions providing the highest oscillator strength
(Supporting Information, Figure S8, Table S1). The syntheti-
cally challenging dye 10 was not pursued because 10 was the
most blue-shifted dye with a lower oscillator strength than the
already low-absorbing JD26.

Cyclic voltammetry and absorption/emission spectra for
each of the dyes was measured to determine the ground-state
oxidation potential (Es,;5) and HOMO-LUMO transition
energy (E(.) values, respectively (Table 1 and Supporting
Information). The E(, ) values were measured to be within
a concise range for all the dyes, from 1.03-1.09 V vs. NHE
(Table 1). These values are substantially more positive than
the iodide/triiodide redox shuttle, which indicates that the
ground-state sensitizer regeneration is energetically favorable
for DSC applications.*’) The E_o) values were found from the
intersection of the absorption and emission spectra for each of
the dyes (Supporting Information, Figure S11). The E, s
values were calculated to be —0.91 to —1.04 V vs. NHE, which
provides the free energy required to transfer an electron from
the excited dye to the TiO, conduction band.! Energetically,
a functional DSC device fabricated with the ullazine-based
sensitizers, iodide/triiodide redox shuttle and TiO, semi-
conductor is favorable based on the E. ) and E, ) values
of the dyes.
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The application of the ullazine-based dyes as sensitizers
for DSC devices was tested with liquid electrolytes (Table 2;
Supporting Information, Table S2). Dye JD21 shows a broad

Table 2: Photovoltaic device data with an iodide/triiodide redox shut-
tle.P

Sensitizer Voo [MmV] Joe [MACmM™?] FF PCE [%]
JD21 730 —15.4 0.75 8.4
JD25 807 =11.5 0.72 6.7
JD29 716 -13.3 0.70 6.7
JD30 672 -11.0 0.70 5.2
JD32 553 -3.7 0.78 1.7

[a] For electrolyte compositions, film thickness discussion and N719
comparison, see the Supporting Information. Measured under AM 1.5
with a 6x6 mm? black mask.

incident photon-to-electron conversion efficiency (IPCE),
from just before 400 nm to approximately 730 nm, with
a maximum of 95% at 520 nm (Figure 2). The IPCE range

IPCE (%)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 2. |PCE spectrum for ullazine-based dyes.

is broadened by approximately 75 nm when compared to the
solution absorption of JD21 in dichloromethane which may
indicate favorable aggregation.’”*!l The integrated current
under the IPCE curve is in good agreement with the short-
circuit current density (Jsc) of —15.4 mAcm™ measured
under AM 1.5 conditions. The measured Jg- combined with an
open-circuit voltage (V) of 730 mV and fill factor (FF) of
0.75 gives an excellent power conversion efficiency (PCE or
n) of 84% according to the equation 1= VycJscFF/
Ligunintensity)- The exceptional performance from low-molecu-
lar-weight JD21 (MW =638 gmol !, PCE=8.4%) is exem-
plified when compared with other low molecular weight
dyes.’¥ JD21 is a good organic sensitizer candidate for
industrial applications based on the concise, scalable (5 g)
synthesis (six steps, 43 % yield) of JD21, given that several
intermediates were well-behaved solids and high perfor-
mance in DSC devices was achieved. Computationally,
electron density contribution from the 3,9-bisalkoxyphenyl
substituents of JD21 to the ground-state HOMO is minimal;
however, upon cation generation, the alkoxyphenyl substitu-
ents contribute substantially to the HOMO orbital delocal-
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ization (Supporting Information, Figure S9). Although sub-
stituents in the 3- and 9-positions do not dramatically shift the
ICT band, they are valuable for controlling morphology and
increasing cation stability. The dye cation is a critical inter-
mediate species formed during DSC device operation after
electron transfer from the dye to the semiconductor con-
duction band. Increasing the stability of this charged inter-
mediate and increasing spatial separation of the cation from
the semiconductor surface has a direct, positive impact on
device performance.”™ DFT calculations with all of the dyes
synthesized indicate the LUMO is delocalized on the
cyanoacrylic acid acceptor group, which is desirable for
efficient charge injection to the TiO, conduction band upon
dye photoexcitation.

As expected, an acceptor at the 4-position (JD26) proved
to be a poor dye for DSC applications, as the dye readily
desorbs from the TiO, surface, presumably because of the
cumbersome steric environment near the anchor. Addition-
ally, placing an acceptor in the 6-position of ullazine
dramatically decreased the device short-circuit current, as
observed from the IPCE measurements and expected from
the UV/Vis data (Supporting Information, Figure S11).
Computationally and experimentally (UV, IPCE), the 6-
position results in greatly diminished ICT from ullazine to the
acceptor.

Dyes JD25, JD29, and JD30 focused on the donor moiety,
towards modifying the titanium dioxide surface coverage.
Addition of alkyl chains to D-nt-A dyes is known to increase
DSC device Vi, by blocking access to the semiconductor
surface, which retards the recombination of electrons in the
semiconductor with the redox shuttle.’” Through the use of
two additional hexyloxy chains, the Ve of JD25-based
devices was improved by greater than 75 mV in comparison
to JD21-based devices. With a V¢ of >800 mV (theoretical
max. ca. 850 mV¥), DSC devices based on the TiO, semi-
conductor, I7/I;~ redox shuttle and sensitizer JD25 exhibit
minimal loss owing to unfavorable recombination pathways.
JD21-based devices have a broader IPCE that extends further
into the blue region as expected based on the solution
absorption spectrum; however, JD21-based devices demon-
strate a larger red-shift of the IPCE spectrum when compared
to the solution absorption spectrum than JD25 (75 nm vs.
50 nm). The additional alkoxy substituent of JD25 rotates the
phenyl substituent further out of plane with the ullazine -
face and is likely to disrupt any productive aggregate
formation."

In conclusion, we have developed a rapid, efficient
synthesis of a novel heterocyle for organic electronic appli-
cations. The ullazine core is available from simple commercial
starting materials in four scalable steps by a double Fiirstner
cyclization as the key bond-forming reaction. The ullazine
core also offers an attractive number of mt-conjugated sites for
the molecular engineering of ullazine-based functional mate-
rials. The unique resonance structure contributions to gen-
erate an electron-accepting center and an electron-donating
aromatic periphery in part contribute to the remarkable
performance exhibited in DSCs with this heterocycle. DSC
devices sensitized with metal-free, low-molecular-weight
ullazine-based dye JD21 demonstrate an excellent visible

Angew. Chem. Int. Ed. 2013, 52, 376 —380

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

absorption spectra resulting in a power conversion efficiency
of 8.4%. Owing to the concise, scale-friendly synthesis, and
high performance in DSCs, we expect the ullazine core to find
widespread use in organic electronic applications with
possible industrial applications for the high-efficiency DSC
organic dye JD21.
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