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ABSTRACT: A series of zinc porphyrin dyes YD22—YD28 were synthesized and
used for dye-sensitized solar cells. Dyes YD26—YD28 consist of zinc porphyrin
(ZnP) as core unit, arylamine (Am) as electron-donating group, and p-
ethynylbenzoic acid (EBA) as an electron-withdrawing/-anchoring group. The
dyes YD22—YD2S contain additional phenylethynylene group (PE) bridged
between Am and ZnP units. The influence of the PE unit on molecular properties
as well as photovoltaic performances were investigated via photophysical and
electrochemical studies and density functional calculations. With the insertion of
PE unit, the dyes YD22—YD25 possess better light-harvesting properties in terms
of significantly red-shifted Q-band absorption. The conversion efficiencies for dyes
YD22—YD2S5 are better than those of dyes YD26—YD28 owing to larger Jsc

output. Natural transition orbitals and Mulliken charge analysis were used to
analyze the electron injection efficiency for porphyrin dyes upon time-dependent DFT calculations. The results indicated that
insertion of additional PE unit is beneficial to higher Jsc by means of improved light-harvesting property due to broadened and

red-shifted absorption.
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1. INTRODUCTION

Solar energy is one of the most viable options for the increasing
global energy demand. Among the many solar-to-electricity
conversion techniques, dye-sensitized solar cells (DSCs) have
attracted considerable attention because of their high
absorption abilities to convert light-to-electricity, ease of
fabrication, and low production cost.”” The high-efficiency
ruthenium polypyridyl dyes show power conversion efficiency
of ca. 11% under standard global AM 1.5 (1 Sun) solar
conditions with good stability.” > However, the low absorption
coefficient (e, 1—2 X 10* M'cm™) and rareness of
ruthenium-based dyes limit their wide application.® Organic
dyes have also attracted great attention because of their modest
cost, ease of synthesis, and modification with high absorption
coefficients and promising stabilities.””” However, DSCs based
on organic dyes exhibited varied cell performances ranging
from extremely poor to high as a result of slight modifications
on molecular structures. Consequently, a great deal of effort has
been made to search for new organic components for dye
architecture to achieve high cell performance. Zinc porphyrin
dyes, in contrast, play somewhat a compromising role in lieu of
ruthenium-based and organic dyes. The syntheses and
purifications for zinc porphyrin dyes can be as easy and
competitive as those for organic dyes, and the device
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performance and durability for porphyrin dyes can also rival
both organic and ruthenium-based dyes.

Porphyrin dyes have the advantages of a highly absorptive Q-
band and an intense Soret band. As inspired from natural
antenna systems,'’ the advantage of the light-harvesting
property of zinc porphyrin dyes in general is reflected in the
high IPCE."'™"* Like both ruthenium-based and organic dyes,
upon rational molecular design, porphyrin-sensitized solar cells
are capable to of high cell performances.'*™'° In 2011,
porphyrin YD2-0-C8'” was reported to have a record-high
conversion efficiency of 11.9%, which is superior to that of
ruthenium dyes and organic dyes. In 2014, the structurally
modified zinc porphyrin dyes GY50 and SM3135 again recorded
the highest conversion efliciencies of 12.5 and 13.0%,
respectively.'®'” Tt is thus desirable to understand the
structure—property relationships of zinc porphyrin dyes.

Porphyrin sensitizers with 4 meso and 8 beta positions can
be easily modified to fine-tune the photophysical and
electrochemical properties and to achieve high performance
of the photovoltaic devices. It is well-known that the planar
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Figure 1. Design of porphyrin sensitizers.
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feature of porphyrins tend to form s-stacked aggregates, which
significantly deteriorates electron injection to TiO, surface.
Introduction of aryl moieties with ortho-substituted alkoxy
chains on meso positions of porphyrin moiety can reduce dye
aggregation and suppress the electron transfer from TiO,
conduction band to electrolyte.””*" It is also found that the
performance of porphyrin-based sensitizers can be dramatically
improved by utilizing appropriate donor and acceptor groups.
Our previous studies indicate that donor moieties are one of
the key factors influencing the light-harvesting ability and
charge separation between the porphyrin dye and TiO,
conduction band.”*~** Utilizing N,N-diaryl-substituted amines
as the donor is beneficial to facilitate charge separation and give
high device performance.”>****~*" In addition, the ethynylene
group of ethynyl benzoic acid (EBA) entity bridges between
the anchor and porphyrin is able to mediate the electronic
communication efficiently. This efficient conjugation system is
expected to improve the cell performance by means of
enhanced light-harvesting property and electron transfer from
the excited state of the dyes to the TiO, surface. Examples such
as YD-series dyes with zinc porphyrin core simultaneously
containing meso-10,20-bis(alkoxyaryl), meso-5-(diaryl)amino,
and meso-15-ethynyl benzoic acid moieties have impressively
high device performances.””***" In an attempt to improve the
efficiencies further, some studies reported by us***" and other
groups”®** ™% also involve an additional phenylethynylene
(PE) group in the conjugation backbone. Promising device
performances were found because of elongation of =#
conjugation and released steric hindrance. Herein we reported
two series of zinc porphyrin sensitizers, e.g., the dyes YD22—
YD28, with and without additional PE group, respectively
(Figure 1). The synthesis, optical behavior, and photovoltaic
properties of dyes were elaborated, and the role of PE group
was investigated by means of photophysical, electrochemical,
and time-dependent DFT approaches.

2. EXPERIMENTAL SECTION

2.1. General Information. All reagents and solvents were
obtained from commercial sources and used without further
purification unless otherwise noted. CH,Cl, was dried over CaH,
and freshly distilled before use. THF was dried over sodium/
benzophenone ketyl and freshly distilled prior to use. Tetra-n-
butylammonium hexafluorophosphate ([(n-Bu),N]PF4) was recrystal-
lized twice from absolute ethanol and further dried for 2 days under
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vacuum. Column chromatography was carried out on silica gel (Merck,
70—230 Mesh ASTM). 'H and "*C NMR spectra were acquired on a
Varian spectrometer operating at 400 and 100 MHz, respectively. The
UV—visible absorption and emission spectra were measured using a
Varian Cary 50 spectrophotometer and JASCO FP-6000 spectro-
fluorometer, respectively. FAB-MS mass spectra were recorded on
Bruker APEX II spectrometer operating in the positive ion detection
mode. Electrochemical tests were carried out on CH Instruments
750A potentiostat using deoxygenated THF as solvent. A standard
cyclic voltammetric (CV) experiment based on a three-electrode
system is conducted. The working electrode uses a BAS glassy carbon
(0.07 cm?) disk, whereas the reference and auxiliary electrodes used
Ag/AgCl (saturated) and platinum wire, respectively. Potentials are
reported with reference to ferrocene/ferrocenium (Fc/Fc*) couple at
E, ), = 40.63 V vs NHE at 23 °C in THF. The working electrode was
polished with 0.03 ym aluminum on felt pads (Buehler) and treated
ultrasonically for 1 min before each experiment. The reproducibility of
individual potential values was within +S mV.

2.2. Synthesis. The synthesis procedures and characterizations of
compounds zinc(Il) $,15-bis(2,6-dioctyloxylphenyl)-10-bromopor-
phyrin (A), zinc(I) §,15-bis(2,6-dioctyloxylphenyl)-10,20-dibromo-
porphyrin (A’), zinc(I) S,15-bis(2,6-dioctyloxylphenyl)-10,20-(bis-
(triisopropylsilyl)ethynyl)porphyrin  (B),** zinc(Il) 5,15-bis(2,6-dio-
ctyloxylphenyl)-10-((triisopropylsilyl)ethynyl)porphyrin (C), zinc(II)
5,15-bis(2,6-dioctyloxylphenyl)-10-( (triisopropylsilyl) ethynyl)-20- (bis-
(aryl)amino)porphyrin (D,s—D,y) and dyes YD22—YD28 are
described in the Supporting Information or literature as noted.

2.3. Assembly and Characterization of DSCs. The photoanode
used was the TiO, thin film (3 ym of 25 nm particles and 9 ym of 100
nm nanorods as the dye adsorption layers and 6 pm of 400 nm
particles as the light-scattering layer) coated on an FTO glass substrate
with a dimension of 04 X 0.4 cm? and the film thickness was
measured by a profilometer (Dektak3, Veeco/Sloan Instruments Inc.,
USA). A platinized FTO produced by thermopyrolysis of H,PtCl, was
used as a counter electrode. The TiO, thin film was dipped into the
ethanol solution containing 2 X 10™* M dye sensitizers and 1 X 1073
M chenodeoxycholic acid (CDCA) for at least 12 h. After rinsing with
ethanol, the photoanode and the counter electrode were sealed at 90
°C with a 0.25 cm?® hollowed melting film (Surlyn 1706/thickness 60
um, DuPont, USA) The electrolyte was then injected into the space
between the two electrodes through the filling hole on FTO and sealed
with Surlyn film and coverglass. The electrolyte was composed of 0.1
M lithium iodide (LiI), 0.0S M iodine (I,), 1 M l-propyl-3-methyl
imidazolium iodide (PMII), and 0.5 M 4-tert-butylpyridine that was
dissolved in a mixture of acetonitrile and valeronitrile (in 85:15 volume
ratio).

2.4. Quantum Chemistry Computation. The computations
were carried out with developed version of Q-Chem 4.0 software."’

DOI: 10.1021/acsami.5b11554
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The long-range corrected (LRC) functional wPBE*"** was employed
for all the calculations in the present study. The range-separation
parameter @ was set to 0.12 au following the scheme described in the
literature.** The 6-31G(d) basis set was used for all atoms excepted for
Zn, where CRENBL basis set with core electrons described via
pseudopotential was employed. All the aliphatic chains were replaced
with —CH; group in order to save computational effort. Geometry
optimization of the molecules was carried out prior to further
calculations. Mulliken charge analysis on the basis of time-dependent
density functional (TDDFT) calculations were carried out according
to established protocols.”*™*

3. RESULTS AND DISCUSSION

3.1. Synthesis of Materials. The synthesis of YD-series
dyes including asymmetric functionalization of porphyrin
followed the established routes as reported earlier.””*""” The
synthesis routes for these porphyrin dyes are summarized in
Scheme 1 and detailed in the Experimental Section and

Scheme 1. Synthesis Routes for Porphyrin Dyes”

iodophenyl)diarylamine and p-iodobenzoic acid via Sonoga-
shira coupling to give product YD22—YD?2S5 in 32—45% yields.
Similarly, bromination of C at meso-S-position was conducted
to obtain the asymmetric intermediate, which further under-
went palladium-catalyzed Buchwald—Hartwig coupling®”*°
with an appropriate diarylamine to afford D,4—D,o. Depro-
tection at the ethynyl group and further Sonogashira coupling
with p-iodobenzoic acid gave the product YD26—YD28 in 81—
84% yields. All YD-series dyes are air-stable and readily soluble
in common organic solvent such as CH,Cl,, THF, acetone, and
acetonitrile.

3.2. Photophysical Properties. Figure 2 displays the UV—
vis absorption spectra for YD-series dyes, and the correspond-
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Figure 2. Absorption spectra of YD-series dyes in THF. Inset shows
magnification of the Q-band signals.

j (ii) then (iii)

YD22-YD25

D26-D2g
J (ii) then (vi)

YD26-YD28

“(i) TIPSA, cat. Pd(PPh,),CL, Cul, THE, Et;N. (i) TBAF, THF. (iii)
(p-iodophenyl)diarylamine, p-iodobenzoic acid, cat. Pd,(dba),, AsPh,,
THF, EtN. (iv) NBS, CH,Cl,, pyridine. (v) Ar,NH, NaH, cat.
Pd(OAc),, DPEphos, toluene. (vi) p-iodobenzoic acid, cat. Pd,(dba)s,
AsPh,, THF, Et,N.

Supporting Information. The mono- (A) and bis-brominated
porphyrin (A’) first underwent palladium-catalyzed Sonoga-
shira coupling™® with triisopropylsilyl acetylene (TIPSA) to give
B and C, respectively, in moderate yields. Deprotection of B in
the presence of fluoride gave bis(ethynyl)-substituted zinc
porphyrin intermediate, which was reacted with (p-
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ing parameters are summarized in Table 1. These dyes have
intensive Soret band at 400—500 nm (& = 205 000—315 000
M™' cm™) due to characteristic 7—z* transition predominantly
localized at porphyrin ring. Moderate Q-band with strong
charge-transfer character is also observed (ca. $50—700 nm; € =
26 000—68 000 M~' cm™") for these push—pull-type dyes. The
peak maxima of Soret bands for porphyrin dyes are centered at
444—459 nm. Apparently, variation of the diarylamino group
does not significantly affect the high-energy transitions. In
contrast, the Q-bands (4,,,,) are reasonably correlated with the
donating ability of the amine donor featuring stronger electron-
donating alkyl than that of aryl substituents. This result is of the
trend YD2S (diphenyl; 663 nm) < YD24 (dihexylphenyl; 665
nm) < YD23 (p-hexylphenyl and n-butyl; 666 nm) < YD22
(bis(n-butyl); 671 nm) for N,N-disubstituted-4-(p-
ethynylphenyl)aniline donor and YD26 (diphenyl; 641 nm)
< YD27 (bis(p-tolyl); 644 nm) < YD28 (bis(2-naphthyl); 646
nm) for diarylamine donor. Note a second phenylethynylene
unit (PE) bridged between ZnP and donor moieties is found to
shift the Q-band absorption both bathochromically and
hyperchromically. This is seen in the comparison of YD2S5 to
YD26 (A 663 vs 641 nm; &: 6.3 X 10* vs 2.7 X 10* M}
cm™') and of YD24 to YD27 (A, 665 vs 644 nm; e: 6.8 X 10*
vs 3.1 X 10* M™! cm™). This behavior is not considered a
consequences of stronger charge-transfer (CT) character in
YD22—-YD25. However, it is suggested that the PE-containing
dyes have more pronounced transition moment and smaller
transition energy due to extended 7 conjugation. The same
phenomenon was also observed in the case of YD7 versus
YD3.” It is also noted that the position of the inserted PE unit
is also important to relative intensity and absorption maxima of

DOI: 10.1021/acsami.5b11554
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Table 1. Photophysical and Electrochemical Data for YD-Series Dyes

dye Jinae (€) (nm and 10> M~ ecm ™) Ao (nm)? Ey_ (eV)© Vg (em™)9 E;,/E; " (V/V)© Ey_o* (V)
YD22 459 (223), 671 (68) 676 1.84 110 +0.78, +1.02/—121 -1.06
YD23 456 (268), 666 (63) 686 1.83 438 +0.81, +1.09/—123 ~1.02
YD24 459 (269), 665 (68) 673 1.85 179 10.87, +1.16/=1.16 ~0.98
YD25 456 (315), 663 (63) 703 1.83 858 +0.88, +1.19/—1.18 —0.95
YD26 449 (229), 579 (11), 641 (27) 657 191 380 +0.86, +1.37/—129 ~1.05
YD27 448 (205), 582 (13), 644 (31) 666 1.90 513 +0.82, +1.34/—1.29 -1.08
YD238 450 (208), 582 (11), 646 (32) 659 191 305 +0.85, +1.37/—127 ~1.06

“Absorption is measured in THF at 25 °C. “Emission is measured in THF at 25 °C using the longest wavelength absorption maximum as excitation
wavelength. “Optical bandgap (E,_,) is obtained from cross point of normalized 4, and A, 9Stokes shift. “Redox potentials are measured in THF
containing 0.1 M [(n-Bu),N]PFy as supporting electrolyte. Potentials are quoted with Ag/AgCl reference electrode using ferrocene/ferrocenium
(Fc/Fc*) couple as internal standard and are converted to that vs normal hydrogen electrode (NHE) by addition of +0.63 V. FZero—zero excitation
energy (Ey_o*) is obtained from redox potential and optical bandgap (E,_,)
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Figure 3. J—V plots of (a) PE-containing and (b) PE-free dyes.
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Q-band of zinc porphyrin dyes. The reported dye LAC-1**
(629 nm; 4.72 x 10* M™' cm™) with PE implanted between
zinc porphyrin and p-ethynylbenzoic acid (EBA) has a more
blue-shifted Q-band absorption than that of similar derivative
compound 4 (668 nm; 5.10 X 10* M cm_1)23 and YD2S in
this study. Extended 7 conjugation on diarylamine also
increases the donor ability of the diarylamine and pushes the
Q-band bathochromically, e.g., YD28 (646 nm, 3.2 X 10* M™!
cm™') versus YD26. Obviously, both 7 extension and alkyl
introduction onto the donor group perturbs the HOMO level
toward higher energy because of the reason that on the basis of
four-orbital theory”' the a,, orbital involved in the Q-band of
porphyrin is largely affected by meso substituents.

All the YD-series dyes show emission ranging from 639 to
686 nm. The Stokes shifts (110—858 cm™ for YD22—YD25;
305—513 cm™' for YD26—YD28) of these dyes were found to
be relatively small compared to those of some metal-free
dipolar organic dyes,””>*™>* indicating a smaller energy
required for geometrical reorganization of push—pull porphyrin
dyes at photoexcited state.

3.3. Electrochemical Properties. Cyclic voltammetry was
carried out to determine the redox potentials of the dyes in
THEF, and the results are depicted in Figure S1 and Table 1.
The YD-series dyes exhibit reversible oxidation and reduction
potentials. These dyes have two oxidation potentials located at
ca. +0.8 V and ca. +1.2 to +1.3 V, which indicates that oxidation
happens at arylamino donor and at the zinc porphyrin unit,
respectively.””** The first oxidation potentials for YD-series
dyes is strongly correlated with the substituents on arylamino
donor: YD22 (bis(n-butyl), +0.78 V) < YD23 (p-hexylphenyl
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and n-butyl, +0.81 V) < YD24 (bis(p-hexylphenyl), +0.87 V) =~
YD25 (biphenyl, +0.88 V); YD27 (bis(p-tolyl), +0.82 V) <
YD28 (bis(2-naphthyl), +0.85 V) < YD26 (biphenyl, +0.86 V).
With the same bis(p-tolyl)amino donor, YD24 (0.87 V) has
larger oxidation potential and thus lower HOMO level than
that of YD27 (0.82 V). The same observation was found in the
case of diphenyl amino derivatives, e.g., YD25 (0.88 V) versus
YD26 (0.86 V). Consequently, the HOMO energy level, which
is primarily originated from electron-donating ability of amine,
is much stabilized by the PE-bridged porphyrin in the case of
YD22—YD2S5. In other words, the additional phenylethynylene
unit (PE) facilitates the electronic communication between
amino donor and zinc porphyrin. This phenomenon is also
evident in the LUMO level of the dyes. As listed in Table 1,
only one reduction potential (ca. —1.2 V) is observed in the
electrochemical window of THF, representing the electron-
accepting ability of EBA unit. The excited-state potentials
(Eg—o*) are relatively lower for dyes YD22—YD2S (—1.16 to
—1.23 V) than those for YD26—YD28 (—1.27 to —1.29 V),
showing the influence of additional phenylethynylene group.
According to the results, all YD-series dyes have sufficiently
high LUMO level as opposed to TiO, conduction band Fermi
level (0.5 V vs NHE),** which allows effective charge
injection. In contrast, the large difference between redox
potentials of YD-series dyes and I7/I,~ (ca. 0.4 V vs NHE)*> %’
also indicates favored driving force for dye regeneration of the
former after electron injection.

3.4. Device Performances. The porphyrin dyes synthe-
sized in this work were fabricated as dye-sensitized solar cells.
Iodine/triiodide in a mixed solvent of ionic liquid (1-methyl-3-

DOI: 10.1021/acsami.5b11554
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propylimidazolium iodide, PMII), acetonitrile, and valeronitrile
are used as redox electrolyte throughout the study. The results
are displayed in Figures 3 and 4, and the parameters are
summarized in Table 2. Devices fabricated with the porphyrin

Table 2. Device Performance of YD-Series Dyes

Voc Jsc dye loading X 107~°
dye ) (mA cm™2)“ FF n (%) (mol cm™2)
YD22 070 1492 (1437) 7243 7.56 126.7
YD23 074  17.10 (1640) 7141  9.00 160.5
YD24 073 1729 (1661) 7246  9.19 1304
YD25 072 1522 (1476) 7266 793 148.1
YD26 079 1526 (1397) 7324 879 125.7
YD27 079 1545 (14.19) 7307 892 99.7
YD28 076 1407 (12.74) 7060  7.58 105.1

“The values shown in parentheses were obtained from integration of
IPCE with standard solar photon flux spectra.

dyes have comparable open-circuit voltage (Voc: 0.70—0.79 V)
and short-circuit current (Jsc: 14.07—17.29 mA cm™2). As
shown in Figure 3, derivatives YD22—YD?2$ have slightly lower
Voc (0.70—0.74 V) but are of roughly higher current output
(14.92—17.29 mA cm™2) than are YD26—YD28 (0.76—0.79 V;
14.07—15.45 mA cm™2) (Figures 3 and 4). This phenomenon is

believed to stem from better charge injection ability of PE-
containing dye YD22—YD2S5. It is suggested that the TiO,
electron quasi-Fermi-level is changed because of changing of
interfacial recombination rate of TiO, electrons with electro-
lytes/dye cation.”*™®" This phenomenon is believed to arise
from structural modulation. We tentatively assumed that for
YD22—YD25 the lower dye LUMO levels stemmed from
additional PE group leads to downward shift of TiO,
conduction band edge which results in the decrease in Vi
increase in charge density.””®® Therefore, involvement of the
PE group leads to the downward shift of the TiO, conduction
band edge, resulting in the lowering down of the Fermi level of
TiO, and thus decreasing the Vi as we observed for devices
made of YD22—YD2S. With the presence of S equiv of CDCA
coadsorbent , the observed Jgc for each dyes slightly decreased
for 3—9% probably because of decreased occupation sites for
porphyrin dyes. Like that in the CDCA-free case, the Js¢ values
are larger for dyes YD22—YD25 (14.37—16.61 mA cm™?) than
those for YD26—YD28 (12.74—14.19 mA cm™?). The generally
higher photocurrent output for dyes having additional PE unit
is ascribed to better light-harvesting property and enhanced
injection ability due to the downward shift of the conduction
band edge of TiO,, giving more driving force for electron
injection. It is also noted that the reported dye YD7 (Vo =
0.65 V; Jsc = 10.05 mA cm™; 57 = 4.38%) with an additional PE

Table 3. Calculated Results for Q-Band (S, — S;) Transitions and NTOs of Select Dyes

E. Vi [<Aqadl NTO (Particle — Hole)
Dye
(eV) Major contribution ! Minor contribution
. 78% } : 4 18% ¥
BB | oS e
YD24 190 095  0.007 ‘;().J‘ng | aES s ‘:—u\ }“ﬂ},"&@*
) H ) v
&, 78% i Do 19% 3
YD25 191 091 0006  Hyedbeii S Bern | }o%}%ﬂm s S
1 - 1 1 - T
79% 3 19% R
YD26 195 037  0.002 o P ) : > >
v - : f = }
, 81% 5 A 16% 3
YD27 191 038  0.003 oL el 1 D >%ro<
l P — ’ H —
¥ '
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Table 4. Calculated Results for Major Soret Band Transitions and NTOs of Selected Dyes

E.a I IxAgad NTO (Particle — Hole)
Dye
(eV) Major contribution . Minor contribution
YD24 i E i 4
5 48% i : & 36% ’
296 108 0044 o<t }o&éﬁ@:@ IR R s
* - } : X - T
So—Sy) :
YD25 s 52% fy ; i 33% N
297 096  0.036 ‘;;Q—??gi{(om }c&*gj@:u: 5 }Q—gé ogt Prom v B
(So—S7) 1 - 1 ‘ — -
f H f
YD26 ' 56% , : * 26% ,
292 124 0036 s i >$$_Q4 ! >§{}, Tot > :
(So—S7) ' % - ¥ E - <
YD27 & 55% . 27%
291 130  0.042 S O3 D e« > 5
So—S9) f — % ; [ — $

unit has device performance slightly poorer than that of PE-free
dye YD3 (Vo = 0.71 V; Jsc = 10.85 mA cm ™% 77 = 5.34%).>”
The discrepancy between systems in this study and the earlier
report probably comes from different peripheral substituents on
zinc porphyrin group. Unlike the 2,6-bis(octyl)phenyl group,
the 3,5-bis(tert-butyl)phenyl group is unable to effectively block
the electrolyte from approaching the TiO, surface in the case of
YD7. In contrast, the sterically demanding diphenylamino
group directly attached to zinc porphyrin in YD3 is beneficial to
suppression of dye aggregation, leading to higher perform-
ance.

3.5. Theoretical Investigations. To evaluate the role of
the phenylethynylene group in high-performance pull—pull-
type zinc porphyrin dyes, theoretical studies were conducted.
The gas-phase density functional (DFT) calculations were
carried out with long-range-corrected @wPBE functional. To save
computational costs, all the alkoxy and alkyl chains were
replaced by methoxy and methyl groups, respectively. The
discussions of frontier orbitals from ground-state DFT results
were elucidated in the Supporting Information.

With TDDFT calculations, we have studied the excitation of
YD-series dyes. The corresponding natural transition orbitals®*
(NTOs) and Mulliken charge analyses were carried out. NTO
is a compact representation of pairs of particle and hole orbitals
for a given electronic transition. This simplifies the qualitative
analysis of vertical excitation behavior, where multiple
HOMO-LUMO components are often observed in most
transitions. In Tables 3 and 4 as well as Tables SI and S2, we
summarized the parameters of excitation, including calculated
transition energy (E.,), oscillator strength (f), and NTOs
specifically corresponding to the Q-band (S, — S;) and major
Soret band (usually Sy — S) transitions of YD-series dyes. For
the Q-band transitions, the major components of particle-to-
hole NTOs (77—81%) for all dyes generally represent a
localized excitation (LE) property with a strong CT character.
However, the minor components in NTOs (16—19%) are
localized 7—n* transitions at ZnP moiety. Consequently, in the
YD-series dyes, the eflicient injection of electrons is mainly due
to large component of CT character in the Q-band transitions.
It is noted that the PE-containing dyes YD22—YD2S$ exhibit
larger oscillator strength (f = 0.80—0.95) from ground to first
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excited states (S, — S;) than those of PE-free dyes YD26—
YD28 (f = 0.37—0.38), due to elongated 7 conjugation with the
PE and better particle—hole orbital overlap in the transition in
the former. This result is also in good agreement with more
intensive Q-band absorptions in UV—vis spectra observed for
dyes YD22—-YD2S.

Transitions with the largest oscillator strength (S, — S for
YD28 and S, — S, for all the rest) are calculated to be ca. 1 eV
higher in energy than Q-band transitions. (Detailed results are
listed in Table S2.) These states are of large oscillator strengths
(f = 0.83—1.69) and are assigned as the predominant Soret
band. Together with other considerably strong transitions at
similar energies (Sy — S,, where n = 3—10), the convoluted
Soret bands for these dyes are expected to be of extremely high
intensity, contributing to the large extinction coeflicients of the
band. We note that for PE-containing dyes YD22—YD2S5 the
major NTO component (48—57%) is mainly a local excitation
in ZnP and PE with CT character toward the acceptor. This CT
character is relatively small in numerical analysis and it is not
clearly visible in the NTOs (Table S2 and S3). The minor
component is localized 7—7* transitions at ZnP. For the PE-
free dyes YD26—YD28, on the contrary, only the minor NTO
pairs are the ZnP—PE excitation with a small CT character,
with their population ranging from 26 to 33%, and the major
component is the localized 7—n* transitions at ZnP. It is thus
reasonable to conclude that PE-containing dyes are slightly
more able to inject an electron into TiO,, with the small CT
character in Soret band. It is noted that there exists internal
conversion for zinc porphyrin from S, (Soret band) to S; (Q-
band) state; """ therefore, we cannot rule out the possibility of
charge injection by this pathway. Introduction of an additional
PE between arylamine donor and ZnP not only narrows the
absorption bandgap (via elongation of 7 conjugation) but also
modulates the CT characteristics of charge excitation.

To see better the extent of CT in the excitations, we have
calculated the Mulliken charges for each atom, in both ground
and excited states. The charge differences (Aq) are grouped
into five fragments including arylamine (Am), the attached
phenylethynylene linker (PE2), zinc porphyrin (ZnP), the
phenylethynylene linker to the acceptor (PE1), and carboxylic
acid (Ac; Scheme 2). With similar analyses, it has been found

DOI: 10.1021/acsami.5b11554
ACS Appl. Mater. Interfaces 2016, 8, 3418—3427


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b11554/suppl_file/am5b11554_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b11554/suppl_file/am5b11554_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b11554/suppl_file/am5b11554_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b11554/suppl_file/am5b11554_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b11554

ACS Applied Materials & Interfaces

Research Article

Scheme 2. Segmentation of Molecular Structure for YD-
Series Dyes

Am

that dipolar organic dyes with D—7—A—7—A’ framework are
likely to have strong CT transition with significant accumu-
lation of positive charge at arylamine donor (D) and negative
charge at electron-acceptor (A/A). %% In Figure 5 we show
Aq for each partitioned group between ground and excited
states of YD-series dyes. The results clearly differentiate the Q-
band and the major Soret band transitions within dyes in this
study. As shown in Figure Sa, upon Q-band transition the Am
group (Agy, = 0.020—0.034 for YD22—YD2S5; 0.241—0.328
for YD26—YD28) and PE2 group (Aqpg, = 0.043—0.069 for
YD22—-YD25) collect mostly positive charge, whereas the ZnP
group (Agz,p = —0.057 to —0.070 for YD22—YD2S5; —0.216 to
—0.294 for YD26—YD28) collects negative charge. This
indicates the donor ability of Am group (and, to some extent,
the PE2 group) as well as the acceptor ability of ZnP group.
Accordingly, in the Q-band transitions, CT takes place between
Am/PE2 and ZnP groups, and this CT is more prominent in
PE2-free dyes. Meanwhile, there is only a minimum amount of
charge accommodation at the Ac group (Ag,. = —0.007 to
—0.008) compared to that in the ZnP group. Similar behavior is
observed for major Soret band transitions (Figure Sb).
However, in this case, the Ac group accommodates more
negative charge (Ag,. = —0.038 to —0.046 for YD22—-YD25;
—0.029 to —0.037 for YD26—YD28) than does the ZnP group
compared to that in Q-band transition.

It is known that the short-circuit current is proportional to a
product of light-harvesting efficiency (17.y), charge ing'ection
efficiency (nmj), and charge collection efficiency (o):°

e = a1 1, () 1) 1) 42

It is thus reasonable to model 7,, by the amount of negative
charge at the anchoring group in an excitation. With this in
mind, the product of 77y and 7;,; can be ideally interpreted as
the product of oscillator strength and Mulliken charge collected
at Ac group, namely, f X Ag,. Previous study has shown a
reasonable correlation between calculated If X Ag, | value and
short-circuit current (Jgc) in dipolar organic dyes with D—7z—
A—n—A’ framework, where D and A/A’ represents donor and
acceptors, respectively.* The calculated If X Agy values for
dyes in this study are included in Table 3 and 4. The PE2-
containing dyes have larger oscillator strengths, as seen in the
larger If X Aq, for Q-band transition (YD22—YD25: 0.006—
0.007) compared to those in PE2-free cases (YD26—YD28:
0.002—0.003). Interestingly, with the same bis(p-tolyl)amino
donor, the PE2-containing YD24 has a larger |f X Ag,| value
than that of PE2-free YD27 for both Q-band transition (0.007
vs 0.003) and major Soret band transition (0.044 vs 0.042).
The PE2-moiety increases charge injection by increasing the 7
conjugation; consequently, the oscillator strength is increased,
leading to higher absorption that contributes to Jsc. A similar
observation is also seen in dyes bearing diphenylamino donor.
The PE2-containing dye YD2S has larger | f X Ag,. | value and
higher Jsc compared to those of PE2-free dye YD26.

To probe better the information concerning dyes after charge
injection, the ground-state optimization of cationic dyes was
carried out at same theoretical level and the charge distributions
in which the cationic dyes were analyzed. In Figure 6, the
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ZnP unit possesses the highest positive charge among all the
other fragments including amine donor. The charge for ZnP
unit is 0.69—0.72 for dyes YD22—YD2$ and 0.86—0.90 for
YD26—YD28. This indicates that ZnP also tends to accumulate
more cationic charge than the Am group. We note that for dyes
YD22—-YD25 the PE2 units can also accumulate positive
charge density (0.28—0.29) in addition to ZnP unit. In other
words, the positive charge can be stabilized at a distance away
from TiO, surface such that charge recombination from TiO,
to oxidized dye is less accessible. In addition, dye regeneration
via approach of a redox mediator is less hindered by sterically
demanding octyloxy chains on meso-phenyl groups of ZnP in a
close proximity. Therefore, the insertion of a PE group at
proper position is believed to be helpful to the device
performance. Interestingly, PE2 is unable to stabilize the
positive charge if positioned between ZnP and pull, as shown in
a test with the regioisomer YD25’, where the Mulliken charge
of PE2 unit decreases from 0.29 to 0.04 (Figure S2). A
comparison of structurally similar dyes LD217° (Ve = 0.68 V,
Jsc = 12.92 mA ecm™2; 57 = 6.3%) and LAC-1°* (Ve = 0.67 V,
Jsc = 613 mA cm™% 5 = 3.0%) leads to better device
performance of the former (in a form of R-PE2-ZnP-PE1-Ac; R
= aryl group) than the latter (in a form of R-ZnP-PE2-PE1-Ac),
showing the importance of implanted PE2 position.

4. CONCLUSIONS

The porphyrin dyes YD22—28 were synthesized and their
photophysical and electrochemical properties and device
characteristics were studied. The additional phenylethynylene
(PE) in dyes YD22—YD25 results in red-shifted and intense Q-
band absorption compared to that of PE-free dyes YD26—
YD28. The first and second oxidation potentials of neutral dyes
correspond to electron abstraction from both the arylamine
donor (Am) and zinc porphyrin (ZnP) unit. Insertion of PE
unit bridged between Am and ZnP leads to stabilization of
HOMO level, as shown in the case of YD24 versus YD27 for
bis(p-tolyl)-substituted amine donor as well as YD2§ versus
YD26 for diphenylamine donor. The PE unit also increases the
injection probability of dyes YD22—YD2S5 by means of doubled
absorption coefficient for Q-band transition. After charge
injection, the positive charge of the dye molecule is mainly
stabilized by the ZnP unit. The insertion of an additional PE
unit at a proper position also plays crucial role in stabilizing the
cationic charge. Examination via natural transition orbitals
(NTOs) and Mulliken charge population analysis concludes
that dyes based on Am-PE2-ZnP-PE1-Ac structure yield higher
device performance than those based on Am-ZnP-PE1-Ac and
Am-ZnP-PE2-PE1-Ac structures. Our analysis is based on a gas-
phase model of a single dye molecule. In the real device system,
more factors should be considered because the dyes are directly
attached to the TiO, surface and are surrounded by solvent and
electrolytes and can possibly interact with each other.
Nevertheless, this study has provided valuable information
about rational design for a push—pull-type porphyrin dye
system.
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