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Exploring the role of varied-length spacers in charge
transfer: a theoretical investigation on pyrimidine-
bridged porphyrin dyest
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Sheng Hsien Lin® and Rongxing He*@®

A series of dyes based on a porphyrin donor and a cyanoacrylic acid anchor/acceptor group for solar cell
application are investigated with regards to varied-length n-spacers affecting the photo-to-electric
conversion efficiency (PCE). Investigations are firstly performed on three porphyrin sensitizers with 1-3
conjugated phenylethynyl (PE) units, which have experimentally proved that the efficiency of power
conversion decreases systematically with increasing spacer length. The distances and amounts of charge
transfer after photoexcitation are calculated. In the PE bridged porphyrin dyes, the calculated electron
injection driving forces and the regeneration driving forces gradually decrease as the distance of the
n-spacer increases. Our theoretical calculations can reproduce well the experimental conclusion, showing
that the photo-to-electric efficiency has a strong distance dependence for the electron-rich phenyl spacer.
Then we replace the phenyl group with a pyrimidyl (PM) group to uncover how the characteristics of the
n-spacer affect the performance of optical absorption, charge separation, and the regeneration process, to
further improve the power conversion. We find that the adoption of electron-deficient pyrimidyl can break
and even remove the distance dependence of the n-spacer. Some integral factors affecting the dye
performance, such as short-circuit photocurrent, open-circuit voltage and charge collection efficiency are
analyzed. It would help to interpret what role the electron deficient n-spacers with varied lengths will play
and how they are expected to behave in the performance of sensitizers. In this regard, this study presents
us with a promising way to design novel functional dyes and to utilize the potential advantages of the
lengthy spacer dyes.

nanocrystalline TiO, based DSSCs, a PCE conversion efficiency
up to 11.1% had been obtained using the so called black dyes,

Following the much-cited Nature paper published by O’Regan
and Gritzel', the past few decades have witnessed an
increasing popularity in dye-sensitized solar cells (DSSCs)
research.” People may expect that the increase in effort has led
to a great improvement in the photo-to-electric conversion
efficiency (PCE) of DSSCs. Green and co-workers have collated
the PCE in various solar cells, and their work shows that the
efficiency progress has slowed down in the past few years.® In
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a ruthenium (Ru) dye co-adsorbed with deoxycholic acid under
standard air mass (AM) 1.5 sunlight.* The limited absorption
in the near infrared region (NIR) of the solar spectrum,
together with their undesirable environmental impacts, have
stimulated scientists to search for more excellent and safer
dyes.” The porphyrin system exhibits intense spectral response
bands in the visible region and even part of the near infrared
region, possesses good chemical, optical and thermal stabi-
lities, and provides good potential candidates for photovoltaic
applications, which have provoked scientists’ interest.”*°
Griétzel and co-workers, in their pioneering work on porphyrin
dye, reported a PCE value of 2.6%.° Most recently, Diau
reported a series of porphyrin based sensitizers, in which the
maximum efficiency has reached 12.3% through co-sensitiza-
tion with another organic dye.®° The boosted efficiency offers
a good prospect for porphyrin dyes as photosensitizers in the
DSSCs. It also draws to our attention the need to do some
prepared work on porphyrin and to see how far it can be

extended. In our previous work,'"** we have implemented
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comprehensive calculations on the electronic configuration
and highly resolved optical spectra of porphyrin photosensi-
tizers, and the results gave us an insight into their structural
details and provided direction on how to readily manipulate
porphyrins’ electronic configuration through adjustment to
their structures.

We here introduce three elementary steps which sensitizers
directly participate in during operation of DSSCs. In this study,
modifications on porphyrin are made on the basis of property
changes associated with the three steps. Firstly, upon
photoexcitation of light in visible-NIR, the sensitizers are
promoted to an electronic excited state. It is the first step in
the sequence of processes that lead to power generation in the
DSSCs. So the light-harvesting efficiency, which ties to the
spectral coverage and absorptivity, plays a key role in the PCE
of sensitizers. Porphyrin is one of several leading sensitizers
that can address both issues.** It has two major absorption
bands: the Soret (B) band and the Q band. Symmetrical
porphyrin has a strong absorption in the B band and a weak
one in the Q band.*™® We can obtain red-shifted and
strengthened Q bands through modification on the porphyrin
structure, eventually becoming nearly as intense as the B
bands. Secondly, electron injection from the excited sensiti-
zers into the conduction band (CB) of the semiconductor
happens subsequently. Intramolecular charge transfer transi-
tions occur in this step, one charge injects into the bulk
material and the other resides on the sensitizer, which
represents a key step in the PEC process.>'”'®
high PEC efficiency, a maximum charge separation is highly
desirable.>***! Thirdly, oxidized sensitizers are regenerated
by a reducing agent of the electrolyte (such as I~).**** The
regeneration efficiency plays an important role in the
continuous circulation of electron transport, the overall
electron transport motion giving rise to the macroscopic
photocurrent.>'® Here, we are concerned with influences of
the n-spacer length upon the above mentioned processes and
further upon the PCE. The design of a new sensitizer which
combines favorable spectral coverage and absorptivity with
favorable charge separation is a key issue in the development
and optimization of dye-sensitized solar cells. The charge
separation process in such dye-sensitized films is based on
electron injection from the excited state of the dye into the
conduction band of TiO, after photoexcitation. The m-spacer
should not be considered a bit part in the conversion process,
but rather it plays a crucial role in tuning the main properties
of the dye as sensitizer. Understanding how and why different
chemical modifications in the conjugated link tune the
electronic structure of the sensitizer should guide future
computational and experimental studies to keep improving
the PCE of organic dyes.

Diau and co-workers synthesized a category of zinc
porphyrins with 1-3 conjugated phenylethynyl (PE) units as a
link of controlled length.® When these porphyrins were
fabricated into DSSC devices, they indicated that the PCE of
these devices decreased systematically with increasing length
of the link. In their following work,” they implemented
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supplementary research on these porphyrins to interpret this
phenomenon. They found that the values of the short circuit
photocurrent (Js) and open circuit voltage (V,), two main
parameters affecting the PCE, decreased systematically with
the increasing link. Albinsson and co-workers studied the
charge injection and recombination kinetics of a series of
triphenylamine based dyes for solar cell sensitization with
different conjugation lengths.>* They found that the incident
photon to current conversion efficiency (IPCE), which is
closely related to the driving force of charge injection,
decreased with increasing conjugation length. Also, the
recombination kinetics were exponentially dependent on the
electron transfer distance in accordance with a super-exchange
interaction between the electrons in the CB and the oxidized
dye, the shortest dye giving the largest fraction of slowly
decaying component.

Besides organic sensitizers, the effect of changing the
electron transfer distance has also been investigated for a few
ruthenium complexes,> ™’ all showing varied distance depen-
dence. Interestingly, they all chose phenyl as the n-spacer unit
to consider the effect of spatial separation on electron transfer
dynamics with one accord. In these works, increasing the
distance has side effects of slowing the electron injection rate,
decreasing the V,. and J,. and further deteriorating the
performance of the sensitizers. In our previous work,*® we
have suggested that adoption of the electron deficient
pyrimidine as n-spacer could make for a higher light harvest-
ing efficiency, more advantageous regeneration of oxidized
dye, more effective unidirectional electron movements, and
further obtain a higher conversion efficiency value, compared
with the adoption of phenyl. We here built a preliminary series
of pyrimidyl bridged porphyrin sensitizers with varied lengths,
aimed at the design of all-round lengthy n-spacer sensitizers
with high electron injection efficiency, good light-harvesting
efficiency, and a favorable regeneration process of the oxidized
dye. Besides, increasing the length of the bridge can provide
more space for structural modifications, and the increase of
volume can also hinder the aggregation of dyes. However, the
adoption of an electron-rich n-spacer in long bridged dyes
shows low electron injection efficiency because of the lack of
electron driving force,>*® though they can reap strong and
red shifted optical absorption. From the experimental point of
view, the syntheses of such all-sided sensitizers are extremely
demanding. Therefore, we would like to predict beforehand
the potential properties of possible candidates in order to
screen out molecules without the desired qualities and find
those systems worth testing experimentally.

2. Computational details

It is worth pointing out that the density functional theory
(DFT) method and time-dependent DFT (TD-DFT) can provide
an improved treatment of the electron correlation effects and
as a result, show good agreement with the experimental

results.”** The main purpose of the Kohn-Sham molecular
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orbitals (MOs) of DFT is to represent the one-electron
density.>* In contrast to Kohn-Sham MOs, Hartree-Fock
(HF) orbitals have well-defined chemical interpretations:
frontier orbitals are used to describe chemical reactivity, and
orbital energies are related to excitation energies via
Koopman’s theorem. The simple HF ground state
Hamiltonian is replaced in TD-DFT by sophisticated DFT
functionals that take electron correlation into account. As
extensively discussed in Rosa’s work,>” the Kohn-Sham orbital
model is very suitable for interpretation of the electronic
structure and elucidation of the character of the excitations.
They are thus used routinely to provide a useful tool for
qualitative analysis of chemical properties.*® The electronic
structures of ruthenium dyes,*”*® TiO, solids,>® and nano-
crystals*®, as well as dye-sensitized TiO,,*' have all been
successfully analyzed in this way.

In this present work, full geometry optimizations and
electronic structure calculations of porphyrin sensitizers were
performed in tetrahydrofuran (THF) solvent using the polar-
ized continuum model (PCM) with B3LYP functional and
6-311G(d,p) basis set. The functional B3LYP has an empirically
determined contribution (~20%) of the nonlocal HF exchange
term and, typically, shows excellent agreement with experi-
ment. In order to validate the calculation results with the
B3LYP functional, the transition energies of the Q band and
the B band absorption for compound 10,20-biphenylporphi-
nato zinc(11) (ZnBPP) with 1-3 n-conjugated phenylethynyl (PE)
units (labeled 1PE1, 2PE and 3PE) were computationally
explored and compared to experimental results with TD-DFT
(B3LYP, PBEO, CAM-B3LYP, LC-WPBE, M062X, and WB97XD
functionals. For more details, see the ESIt). The discussions of
functional dependence were provided by Dreuw, Jacquemin,
and Casanova et al.***® They concluded that the long-range
hybrids would be superior to the conventional hybrids. But
here the best TD-DFT results were obtained by the B3LYP
functional. Reasonable S,-S; transition energies could also be
obtained with the WB97XD functional, but it failed in the B
band absorption calculations. Besides, transition energy
dependence on the molecular geometry has been explored
using the WB97XD optimization approach, and we found that
better results were obtained when ground state geometries
were optimized by the B3LYP functional. The use of WB97XD
geometries leads to overestimation of the energy gaps.
Electron density difference plots, electron transfer distance
and the fraction of electron exchange were calculated.
Interestingly, it even offered us improper fractions of electron
exchange, the fractions were decreased with the increasing
length of spacer, although they lingered around an approx-
imate value. As we know, with the extension of a rich-electron
spacer, the extended spacer could arouse the probabilities of
electron movement from donor to acceptor, and then the
fractions should be increased with increasing bridge length. In
conclusion, the results calculated with the B3LYP functional in
our work are reasonable, although there are some little
deviations, but all calculations were performed at the same
level and reproduced the experimental results. Frequency
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calculations at the same level were performed to confirm each
stationary point to be a true energy minimum. In order to
calculate the redox potentials, based on the Born-Haber cycle,
the geometries of the mono-valent and bi-valent oxidized
porphyrin sensitizers in THF solvent were also optimized
using the B3LYP/6-311G(d,p) level. All redox potentials
involved in this study were obtained versus the normal
hydrogen electrode (NHE).> The electronic absorption spectra
of sensitizers were calculated with the TD-DFT method in THF
solvent.

Furthermore, the electron density differences were calcu-
lated and compared for screening of the sensitizer candidates
for DSSCs with effective charge separation.”® The plots gave a
clear vision of electron movement after photoexcitation. The
electron densities of all orbitals that related to the electron
transitions were calculated with code Multwfn 2.5.*” In order to
investigate the PCE dependence on the length of the n-spacer,
we calculated the distance of charge transfer and the fraction
of charge exchange, which are linked to a specific photo-
excitation transition. The quantifying calculations could
present a more convincing result along with previous calcula-
tions. The distance and fraction were -calculated with
DctViaCube."®

These above-mentioned calculations were implemented to
achieve insights into the geometrical and electronic structures
of the varied-length porphyrin dyes and to bring up the
structural modifications required to optimize the properties of
the porphyrins based DSSCs. All DFT and TD-DFT calculations
were performed using the Gaussian 09 program.*’

3. Results and discussion

Considerable attention was paid to increasing the light
harvesting efficiency, such as extending the coverage of optical
absorption and enhancing the absorptivity.” It is important to
find the relationship between the molecular as well as
electronic structures of the porphyrin sensitizers and the
photo-to-electric conversion performances of corresponding
solar cells. In addition to acquiring a good spectral coverage
and absorptivity of visible to near-infrared light, there should
be a large enough driving force to guarantee efficient electron
injection, while the ground state oxidation potential of dyes
should match the semiconductor and the redox couple (I /I5)
to ensure optimal regeneration of the oxidized dye.>'”***?
Usually, in order to obtain an intimate electronic coupling for
the charge injection between the dye and the semiconductor, a
suitable anchoring group should be assembled to strongly
adsorb onto the semiconductor surface.'”'® As a result, to
satisfy these requirements, we here adopted zinc porphyrin
and 2-cyanoacrylic acid to build the donor-n-acceptor (D-n-A)
structural motif.

As we know, the overall photo-to-electric efficiency, #, is
closely connected with the short-circuit current density, /g, the
open-circuit photovoltage, V,., and the fill factor, FF, and the
relationship is expressed as:'**

RSC Adv., 2013, 3, 17515-17526 | 17517
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Py, is the total solar power incident on the cell, 100 mW cm ™ >
for AM 1.5. So, the most straightforward way to improve the
PCE, #, is to increase [y, Vo, and FF. The FF depends on the
diode quality factor (y) and the open-circuit photovoltage (V,).
Generally, a higher FF value could be acquired with a smaller y
and a larger V.. Typical values for the FF range from 0.75 to
0.85."> There is thus little space for optimization and
improvement of the FF and it won’t be considered further
here. In this paper, we mainly investigate how various integral
factors, such as the efficiencies of light harvesting, electron
injection, oxidized dye regeneration, and charge separation
affect the Js. and V., and further affect #.

Parallel comparisons between electron-rich phenyl bridged
and electron-deficient pyrimidyl bridged sensitizers are carried
out, which aim to prove that the adoption of electron-deficient
pyrimidyl can break and even remove the distance dependence
of n-spacer, and further improve the dye performance through
prolonging the length of m-spacer. It presents us with a
promising way to utilize the advantages of the lengthy bridged
dyes. These studies helped us to find out the relationship
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between the molecular electronic structure of porphyrin
sensitizer and the performance of the porphyrin-sensitized
solar cells, and brought to light how the photophysical
properties play the key role in DSSC efficiency.

3.1 Electronic structure and spectra

Based on the previous experimental and theoretical results, we
firstly performed our calculations on three synthesized
porphyrins, ZnBPP-1PE, ZnBPP-2PE, and ZnBPP-3PE. ZnBPP
acts as a light harvesting center (and also as a donor group),’
see Fig. 1, which possesses a stability against irradiation and
facilitates the synthesizing and improving of the chemical
structures (hence their electrochemical and photochemical
properties). The consistency between experimental results and
our theoretical ones gives us sufficient confidence to modify
and design novel porphyrin sensitizers, and to uncover the
superiority of electron deficient m-spacers in improving the
performance of sensitizers. In this work, we designed six novel
pyrimidyl bridged porphyrin sensitizers to investigate the roles
of length and character of spacer in DSSCs’ performance. The
optimized molecular frames are presented in Fig. 1. From a
geometrical point of view, density functional calculations of
the molecules mentioned above show a coplanar conformation
between the zinc porphyrin moiety and the n-spacer connect-

== 3PM3

Fig. 1 Schematic diagram of phenyl and pyrimidyl bridged porphyrins, these spacers combined to anchoring groups are attached on the m point on the ZnBPP

moiety.
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Table 1 Calculated HOMO, LUMO, and fragment (F) LUMO energy levels (eV) for porphyrin sensitizers and the length of n-spacer (L) (A)

Schemes 1PE 2PE 3PE 1PM 1PM2 2PM2 1PM3 2PM3 3PM3

HOMO —5.334 —5.273 —5.252 —5.519 —5.530 —5.470 —5.273 —=5.311 —5.454
LUMO —2.858 —2.856 —2.853 —3.369 —3.381 —3.485 —3.392 —3.505 —3.549
F-LUMO —2.630 —2.807 —2.850 —3.696 —3.574 —3.736 —3.496 —3.611 —3.773
L 6.861 13.734 20.593 6.741 13.610 13.476 20.477 20.348 20.200

ing anchoring group. The coplanar push-pull system is
favorable due to the interaction between the electron donor
group (EDG) and the conjugated m-spacer. Furthermore, it is
beneficial to the electron injection due to the modified
appropriate energy level arising from introduction of the
n-conjugated spacer. The measured phenylethynyl and pyr-
imidinylethnyl lengths are available in Table 1, as due to the
near planarity, the length of n-spacer can be measured from
the distance between two terminal points.

The extension of phenylethynyl hardly introduces an impact
on the lowest unoccupied molecular orbital (LUMO) energy
levels, and the results are —2.858 eV, —2.856 eV, and —2.853
eV for ZnBPP-1PE, ZnBPP-2PE, and ZnBPP-3PE, respectively. It
corresponds well with Diau and co-workers’ results.® For
pyrimidyl bridged porphyrin sensitizers, the values of the
LUMO energy levels are —3.369 eV, —3.485 eV, and —3.549 eV
for ZnBPP-1PM, ZnBPP-2PM2, and ZnBPP-3PM3, respectively.
Comparing ZnBPP-1PE with ZnBPP-1PM, we concluded that
the replacement of phenyl units with pyrimidyl could well
stabilize the LUMO energy, as the energy drop is about 0.6 eV.
As an analogy of this result, we found that in pyrimidyl bridged
porphyrin sensitizers, the LUMO energies are stabilized with
increasing n-spacer length and the number of pyrimidyl units
(Fig. 2). Specifically, the cyanoacrylic acid can also stable the
LUMO energy, which we have indicated in our previous work.
The role of cyanoacrylic acid and carboxylic acid anchoring
groups were analyzed and compared in detail by designing
novel sensitizers which had the phenyl unit combined with a
cyanoacrylic acid moiety, and the pyrimidyl unit connected
with a carboxylic acid group.*® Compared with the dramatic
drop of the LUMO energy, the replacement has a relatively

4k

Energy/eV

1
h
L)

-6 IPE 2PE 3PE

minor effect on the HOMO energy level. Interestingly, the
HOMO energies systematically increased with increasing
length of pyrimidyl bridged spacer, although the change is
small. The values are —5.519, —5.470, and —5.454 eV for
ZnBPP-1PM, ZnBPP-2PM2, and ZnBPP-3PM3, respectively.
They are still much lower than the phenyl bridged values.
The HOMO energy destabilization would result in the
sensitizers being prone to oxidation and hence be sensitive
to air, that is to say, the pyrimidyl bridged porphyrins possess
better stability against irradiation than phenyl bridged dyes.
Generally, the Q band is derived from the HOMO to the LUMO,
which is the major contribution for electron transition from
the ground state (Sy) to the first excited state (S;) (see Table S1
in ESIf). This behavior is also confirmed by the good linear
relationship between the transition energies, and the HOMO
to LUMO energy differences. Comparing pyrimidyl bridged
porphyrins with phenyl ones, the differential drop value
narrows the energy gap between LUMO and HOMO, thereby
making it possible to shift the Q bands to longer wavelengths.
Except for the advantage of shifting the optical absorption
band by tuning the orbital energy levels, the extension of the
pyrimidyl spacer could also make for favorable electron
transfer. In a simplified orbital description of electron
transfer, the electron can be visualized as moving from the
LUMO of ZnBPP to the LUMO of the semiconductor, tunneling
through the LUMO of the conjugated m-bridge. So here we
separately calculated the energy levels of acceptor fragments
(anchoring group and conjugated n-spacer) and donor group
(znBPP) of the sensitizers. Obviously, the LUMO energy levels
of fragments for pyrimidyl bridged porphyrins are in the order
of 1PM (—3.696 eV) > 2PM2 (—3.736 eV) > 3PM3 (—3.773 eV).

— LUMO
—— HOMO

— | Stablize

IPM 1PM2 2PM2 IPM3 2PM3 3pM3 |Destablize

Fig. 2 Energy-level diagram of phenyl and pyrimidyl bridged porphyrins showing the HOMO (red) and the LUMO (black) of each porphyrin.
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The levels dropped dramatically compared with phenyl
bridged ones, they are 1PE (—2.630 eV) > 2PE (—2.807 eV) >
3PE (—2.850 eV). All of them are located below the LUMO
energy level of the ZnBPP moiety (—2.539 eV). The energy
drops of LUMOgonor ~LUMOjcceptor cOMply with the sequence
of 3PM3 (1.234 eV) > 2PM2 (1.197 €V) > 1PM (1.157 eV) > PE3
(0.311 eV) > PE2 (0.268 eV) > PE1 (0.091 eV). Also, we find that
the drops would be larger with increasing the number of
pyrimidyl units, 2PM2 (1.197 eV) > 1PM2 (1.035 eV) and 3PM3
(1.234 eV) > 2PM3 (1.072 eV) > 1PM3 (0.957 €V), which
indicate that the adoption of pyrimidine is favorable for charge
separation between the ZnBPP and the extended substituent.
The position of the LUMO level and the nature of the acceptor
group play an important role in determining the electronic
coupling and therefore the efficiency of electron injection. A
telling example is ruthenium bipyridine dyes," where carbox-
ylates have been proved to be favorable to electron injection by
decreasing the LUMO energy of the bipyridine unit attached to
the carboxylates, thereby ensuring the LUMO orbital of the dye
is localized upon the bipyridine unit closest to the metal oxide
surface.

With the indication of structural modification affecting the
orbital energy levels, we could acquire much more red-shifted
optical absorption. The simulated absorption spectra are
presented in Fig. 3. The upper one is the optical absorption
spectra of phenyl bridged porphyrins, evidently, exhibiting two
major absorption bands: short wavelength Soret (B) bands and
longer wavelength Q bands, which are located around 400 nm
and 600 nm, respectively. There is an absorption vacancy
between the B and Q bands. For the Q band, as the extension
just has a slight influence on the LUMO and HOMO energy
levels, so the Q bands of phenyl bridged porphyrins are nearly
situated around the same position, they are 591, 604 and 609
nm for ZnBPP-1PE, ZnBPP-2PE, and ZnBPP-3PE, respectively.
The oscillator strengths (f) of the Q bands are enhanced with
increasing n-spacer length: they are 0.382, 0.778, and 1.057,
separately. On the contrary, the strengths of the B band
decreased with increasing length: they are 1.659, 1.362, and
1.126 for ZnBPP-1PE, ZnBPP-2PE, and ZnBPP-3PE. The
extension weakens the absorption in the B region, but more
moderately strong bands appear in the left side of the B
region, which contribute to the overall optical absorption
coverage. The bottom part in Fig. 3 is the optical absorption
spectra of pyrimidyl bridged porphyrins. Compared with the
phenyl bridged ones, one of the most remarkable features is
the red-shifted Q bands. They are approximately situated in
the range from 660 to 760 nm because of the sharp drops of
the LUMO energy levels and the optical absorptions in the Q
region are stronger than for the phenyl bridged porphyrins
except the longest one. For ZnBPP-3PM3, there are three bands
with oscillator strengths larger than 1.0, although the
absorption in the Q band region is slightly smaller. Besides,
there are new absorption bands between the B bands and Q
bands for pyrimidyl porphyrins. The bathochromic shift of the
Q bands and the fill in of the optical absorption vacancy can
largely improve the light harvesting efficiency (LHE). The LHE
can be expressed as:*>*°

PLHE — 1 - 10_f (2)
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Fig. 3 Simulated optical absorption spectra for phenyl bridged porphyrins
(upper) and pyrimidyl bridged porphyrins (below). HWHM = 2500 cm ™.

where f is the oscillator strength of the dye associated with a
certain wavelength (1). We have collected the ¢y in the Q
region (prugq), and the overall average light harvesting
efficiency (¢rug(aver), these data are available in Table 2.
Obviously, the fully pyrimidyl-conjugated porphyrins are
superior to the phenyl-conjugated ones in terms of the
PLuE(aver). The lowest ¢pygp(aver) in pyrimidyl-bridged porphyrin
occurs with ZnBPP-1PM, however, the value of 0.680 is even
larger than the highest one of 0.658 for the phenyl-bridged

Table 2 Calculated light harvesting efficiency (LHE) in the Q band region
(¢LHE)). overall average LHE (¢ pe(aven), the charge transfer distance (A),
electron exchange fraction (|e”]), driving force (D) (eV), regeneration force (R)
for the So-S transition

Schemes 1PE 2PE 3PE 1PM 1PM2 2PM2 1PM3 2PM3 3PM3

Eredox  1.586 1.472 1.370 1.894 1.749 1.867 1.639 1.736 1.852
Punp(q) 0.585 0.833 0.912 0.910 0.905 0.911 0.774 0.767 0.818
Pumm(acer) 0.658 0.626 0.631 0.680 0.593 0.763 0.586 0.713 0.708
Distance 2.141 2.924 3.818 8.038 15.076 14.632 21.219 20.749 20.343
Fraction 0.656 0.705 0.722 1.049 1.309 1.321 1.416 1.410 1.383
D 0.123 0.057 0.017 0.463 0.459 0.547 0.369 0.536 0.562
R 0.594 0.533 0.512 0.779 0.590 0.730 0.532 0.571 0.714
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porphyrins. Most importantly, the structures we present are
just prototypes. There is significant room for meliorating the
zinc porphyrin structure and further improving the ¢rur The
¢rue of the dye has to be as high as possible to maximize the
Jse. The Js. can be written as:*>?

Jse = J/l(pLHE().)(ﬂinjectgaCCd/{ (3)

where J,. is a function of ¢ yg(s) (the light harvesting efficiency
at a given wavelength), the electron injection efficiency (¢inject)
and the charge collection efficiency (¢pcc). It is hard to quantify
the ¢cc theoretically, and intensity modulated photovoltage
spectroscopy (IMVS) and intensity modulated photocurrent
spectroscopy (IMPS) are used to evaluate the (pcc) of the
DSSCs experimentally.®" But here we confidently express that
the extension of spacer would increase the ¢¢c. Firstly, there is
lots of evidence that prove that the recombination kinetics are
exponentially dependent on the link length, i.e. the increase of
link length could slow the electron recombination rates,”>*>’
that is to say, further elevate the ¢cc. Secondly, the better the
charge separation we obtain, the higher the ¢pcc would be. A
long pyrimidyl-bridged spacer would increase the efficiency of
charge separation, thus increasing the pcc.” We discuss the
charge separation in the following section. As a result, the
enhancement of J,. should focus on improving ¢cc, ¢rug(;) and
Pinject- Specifically, the improvement of g@jjece not only
contributes greatly to the J,., but also benefits the Vo.>"*

3.2 Performance of photoinduced charge transfer characters

For most of the conjugated compounds, the excitation process
often induces an intramolecular charge transfer transition and
further leads to charge separation. One charge injects into the
bulk material and the other resides on the sensitizer, for a
typical donor-n-spacer-acceptor (D-n-A) sensitizer, it could be
simply described as from a D-n-A ground state to a D'-n-A"
excited state.”®” To address the optimal energy levels in a
paired donor/acceptor of light harvesting system, the optical
excitation energy gaps of both the donor and the acceptor
should be engineered to match the photon energy, as both can
harvest photons and incur charge separation at the donor/
acceptor interface.'”'® Firstly, the excited-state level of the
photosensitizer should be higher in energy than the conduc-
tion band edge of the semiconductor conduction band (CB), so
that an efficient electron transfer process from the excited dye
to the CB of the semiconductor can take place. This efficiency
of the charge separation is central to the performance of dye-
sensitized solar cells. Secondly, the oxidized state level of
photosensitizer must be more positive than the oxidized
potential of electrolyte in order to facilitate the regeneration of
the oxidized dyes. For longer phenyl bridged dyes, suggestions
were made that the limiting factor for charge injection was the
lack of sufficient driving force for electron injection.”***” In
order to reverse this situation, the electron deficient pyrimidyl
is introduced. To obtain optimal electron injection, the redox
potentials of the dyes should match the semiconductor, which
is fundamentally important to the function of DSSCs. The
value of gjpjece depends on the coupling between photosensi-
tizer and semiconductor. Actually, the thermodynamic driving
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Scheme 1 Thermodynamic cycle used to calculate the redox potentials.

[Dye]) [Dye]*",

AG, AG

[Dye]?*.qy +

[Dye]” @g “(aq)

force (D) could reflect @injece related to the corresponding
vertical excitation. The driving force (D) can be calculated by
eqn (4):*%%

D= |Eredox(dye) — AE - ECBl (4)
where AE is the vertical excitation energy which could be
obtained from the TD-DFT calculation. The value of Ecg is the
conduction band edge of TiO, (—0.44 V vs. NHE).”* The redox
potential of the system in the ground state, Ercqox(aye) VErsus
normal hydrogen electrode (NHE) for a one-electron redox
couple, is calculated through the Nernst equation and can be
written in the energy scale as eqn (5):°*

AG(q) — AG(NHE
Ercdox(dye) = % (5)

The value of AG(,q) is the Gibbs free energy change due to the
oxidation of the dyes in solution. We can calculate it through
the Born-Haber cycle, as shown in Scheme 1. AGynug), the
Gibbs free energy change of the normal hydrogen electrode,
takes the standard value of —4.44 eV.”” F denotes the Faraday
constant (23.06 kcal mol™" V™). n is the number of electrons
involved in the redox couple [dye]**/[dye]” (here n = 1).

In the beginning, we calculated the electron injection
driving forces of three phenyl bridged porphyrins, and the
values were 0.123 eV, 0.057 eV, and 0.017 eV for ZnBPP-PE1,
ZnBPP-PE2, and ZnBPP-PE3, respectively. The -calculated
results, presented in Table 2, reproduce well the experimental
conclusion that the extension of n-spacer would decrease the
driving force. In contrast, fully conjugated pyrimidyl bridged
porphyrins show a reversed tendency, the order is ZnBPP-1PM
(0.463 eV) < ZnBPP-2PM2 (0.547 eV) < ZnBPP-3PM3 (0.562
eV). Comparing ZnBPP-1PM2 with ZnBPP-2PM2, and analogi-
cally, comparing ZnBPP-1PM3 with ZnBPP-2PM3 and ZnBPP-
3PM3, we can conclude that the n-spacer has a significant
influence on Ereqoxaye) and further on the driving forces of
electron injection. So the adoption and extension of pyrimidyl
group would make for an advantageous electron injection
process. In addition to the calculations of the values of driving
forces for electron injection, the driving forces for regenera-
tion are also calculated. The regeneration of the sensitizers is a
key factor for maintaining the reuse of sensitizers, which could
prolong the life expectancies of sensitizers.> Here the 17 /I;~
redox couple is adopted. In order to engender an effective
regeneration process, the dye oxidation potential should be
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enough positive compared to the redox potential of the I /I~
electrolyte. Alebbi and co-workers reported that inefficient
regeneration could limit the device photocurrent.>® Their
study focused upon a comparison of osmium and ruthenium
based sensitizers. The osmium dye obtained a smaller ground
state oxidation potential, resulting in the decrease of driving
force for the regeneration, although it exhibited stronger near-
infrared absorption. The lower photocurrent of the osmium
based devices was assigned to slower iodide regeneration of
the dye ground state. From the above discussion, we can get
that the sensitizers combine the electron-deficient pyrimidyl
have a vantage of generation of oxidized dyes. The regenera-
tion driving forces are ZnBPP-1PE (0.594 eV) > ZnBPP-2PE
(0.533 eV) > ZnBPP-3PE (0.512 €V). This tendency is in accord
with pyrimidyl bridged porphyrins, ZnBPP-1PM (0.779 eV) >
ZnBPP-2PM2 (0.730 eV) > ZnBPP-3PM3 (0.714 eV). The
generation efficiency decreases with increasing m-spacer
length, regardless of whether it is phenyl or pyrimidyl bridged.
Specifically, the full conjugated pyrimidyl bridged ones hover
at a higher level. This may be compared to 0.70 eV for the
conventional N-719 complex (bis-(tetrabutylammonium)-cis-
(dithiocyanato)-N,N’-bis(4-carboxylato-4’-carboxylicacid-2,2'-
bipyridine)ruthenium(i)).>® Besides, an anodic shift of the
regeneration driving forces was observed with increasing
number of pyrimidyl units, which could indicate that the
electron deficient pyrimidyl group plays a positive role in
improving the regeneration efficiency, though the extension
would slightly weaken the effect.

Ideally, we expect that the electron is transferred from the
donor part and localized on the acceptor part upon the
excitation. But in most real cases, the transferred electron is
delocalized from the region near to the donor to one in the
vicinity of the acceptor, which varies the extent of charge
separation. In order to inspect how varied-length spacers tune
the charge transfer character, we here calculate the electron
transfer distance and the fraction of electron exchange.®>*
For the sake of implementing the calculations, the total
electron density of initial and final states and then their
centroids should be calculated. The total electron density
difference (}.0,_.p) after photoexcitation between the initial
and final states could be expressed as the sum of all molecular
orbital transitions involving each participating excitation o—f
(oo and B are denoted as the initial and final molecular orbitals,
respectively):*®

2
a—f

S (0s—pp) (6)
o—f

3
Oysp=

Cy—p is the orthogonal coefficient in the TD-DFT equation,
a
a—f

Z Cozz—>l3
transition component to this absorption peak, p, and pg are the
electron densities of the participating molecular orbital relative to
the transitions. The electron density difference between initial and
final states is the linear combination of various electron transition
models. All these calculations could be performed with cubman
utility provided by the Gaussian 09 and Multwfin programs.
Subsequently, two functions p.(r) and p_(r) can be used for
defining the increase and decrease of the density owing to the

and then represents the contribution of the electron
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electronic transition. The centroids of spatial regions defined by
p+(r) and p_(r), can be written as:*®

C+=(x+,y+,z+)=% 7)
and

€ —(x gz )= A0 )

Jp_(Pdr
The distance of charge transfer can be defined as:
Distance = |C, — C_| 9)

The fraction of electron exchange can be expressed as:

Fraction = [p,(r)dr = [p_{r)dr (10)

Based on the discussion of the above theoretical details,
these parameters are calculated and the results are presented
in Tables 3 and 4. Our purpose is to illustrate how the long
pyrimidyl spacer affects the charge separation and the electron
transfer process through modifying these energy and potential
levels. These processes are important for improving the photo-
to-electric efficiency of DSSCs. In the first instance, we shift
our attention to the electron density difference plots for the
lowest electron transitions, see Table 3. The calculated data in
the first column showed that the fraction of electron exchange
is increased with extension of the electron-rich phenyl group.
The tendency is ZnBPP-1PE (0.656 ¢~ ) < ZnBPP-2PE (0.705 ¢ ™)
< ZnBPP-3PE (0.722 e~ ). The increase of bridge length in D-n-
A sensitizers directly translates into greater m conjugation of
the HOMO and LUMO and further increases the possibility of
electron transfer from HOMO to LUMO, which would
contribute to the enhancement of the fraction of electron
exchange. In addition to the fraction, the overlap (denoted as
Q) between the regions of density depletion and increment are
calculated. The extents of overlaps increase with the extension,
Q7,8pp-1PE (0-383) < Qznppp2pE (0-438) < Qznppp3prE (0-444)-
For a good charge separation, only a weak overlap should be
evidenced. As we mentioned above, the charge separation
plays an important role in determining the charge collection
efficiency. For the phenyl bridged porphyrins, the extension of
n-spacer would induce an adverse effect on the improvement
of pcc in terms of the overlaps. For the calculated charge
transfer distance (AD), they are 2.141 A < 2.924 A < 3.818 A for
ZnBPP-1PE, ZnBPP-2PE, and ZnBPP-3PE, separately. The AD is
evidently less than their spacer lengths, 6.861 A, 13.734 A, and
20.593 A. The transferred electron is still mostly delocalized
around the attachment site between the ZnBPP and spacer.
However, the optical absorption in the Q region is not weak,
but the limited electron transfer performance would impair
the availability in this region. It indicates that the sensitizer
performance in dye-sensitized solar cells not only relies on the
extrinsic spectral absorption intensity, but also depends on the
intrinsic character of electron movement related to electron
excitation. In this regard, we can conclude that the extension
of the phenyl bridged spacer is unfavorable for the charge
separation. For the pyrimidyl bridged porphyrins, the antici-
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Table 3 Electron density difference plots of electronic transition So — S for each porphyrin. ADis the electron transfer distance (A); Agis the fraction of electron
exchange (Je|), Qis the overlap between the regions of density depletion and increment. (Isovalue: 4 x 10™% e au™3)

ZnBPP-1PE
AD = 2.141, Aq = 0.656, Q= 0.383

ZnBPP-1PM

ZnBPP-2PE ZnBPP-2PM2
AD = 2.924, Aq =0.705, Q = 0.438
]
. 2,
s R
» > “ ‘
S5 o,“'ﬂ,"@o‘:’
'
2 £
2
ZnBPP-3PE ZnBPP-3PM3

AD = 3.818, Aq = 0.722, Q = 0.444

€ .

S uj“":i‘ dpZe oo

pated results are obtained. The fractions of electron exchange
are ZnBPP-1PM (1.049 e~ ) < ZnBPP-2PM2 (1.321 e ) < ZnBPP-
3PM (1.383 e7). The AD is also increased with the extension of
n-spacer, their values are 8.038 A, 14.632 A, and 20.343 A,
which are approximately consistent with the lengths of link,
6.741 A, 13.746 A, and 20.477 A, and it means that increased
length of m-spacer would not affect the charge transfer
distances for pyrimidyl bridged porphyrins. A strong
through-space charge transfer is created. Compared with
phenyl bridged ones, we find that the adoption and extension
of pyrimidyl spacers could greatly contribute to the enhance-
ment of the amount and distance of electron transfer. Besides,
the systematic decrease of overlaps, Q.gppapm (0.243) >
Qznpppopmz  (0.023) > Qupppapms (0.003), indicates the
extension of the pyrimidyl spacer could facilitate the charge
separation, which is contrary to the phenyl bridged ones.
Through the analysis of the fractions of electron exchange,
electron transfer distances, and overlaps involved in the lowest
electron transition (Sy — S;) for pyrimidyl and phenyl bridged
porphyrin sensitizers, we can summarize that the extension of
electron deficient pyrimidyl spacer is superior to phenyl
bridged ones in charge separation and electron movement.
In order to implement comprehensive comparisons, all the
electronic transition models with oscillation strength larger
than 0.1 are taken into account and the graphs are presented
in Table 4. The charge difference plots can be found in the ESIt
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(Table S2). For the distances of charge transfer, the fully
pyrimidyl-conjugated porphyrins keep all the values at high
levels and the phenyl bridged ones are sharply bumped, which
suggests that favorable electron transfer movement is obtained
through the adoption of a pyrimidyl group. The most
remarkable feature for the fractions of electron exchange,
when comparing pyrimidyl and phenyl bridged ones, is the
higher fractions can be acquired in the lowest energy
transition region by pyrimidyl bridged porphyrins. We
previously proved that the pyrimidyl spacer could allow for
unidirectional electron movements (donor to acceptor), while
the phenyl spacer would give rise to reversible electron
movements.>® Here, for the three phenyl bridged porphyrins,
we also find reversible electron movements at 341.8 nm (f =
0.230), 368.1 nm (f = 0.516), and 453.9 nm (f = 1.127) for
ZnBPP-1PE, ZnBPP-2PE, and ZnBPP-3PE, respectively (see ESL}
Table S2). We find that the LUMO+1, which acted as the final
orbital in these three transitions, plays a major role in the
reversible electron movement. Through the spatial distribu-
tions of molecular orbitals involved in electron transitions, the
electron distribution of LUMO+1 is entirely located at the
porphyrin circle (see ESL} Table S3). The phenomenon of
reversible electron movement is derived from the electron
transitions to LUMO+1. The situation remained unchanged
when the carboxylic acid group was replaced with a
cyanoacrylic acid group in the phenyl based porphyrin
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Table 4 Evolution of the main parameters for increasingly long chains. Left: charge transfer distance (A). Right: fraction of exchange electron (Je”]). Only the
electronic transitions with oscillator strengths larger than 0.1 are taken into account. (Horizontal ordinate is the number of calculated electron transition states)
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sensitizers.”® From the comparison of the electron density
difference plots of the sensitizers with and without the
pyrimidine, we could conclude that the presence of electron
deficient pyrimidine played a key role in the unidirectional
electron movements. These results could be ascribed to the
stronger coupling interaction between the donor group and
the bridge, while the coupling between the anchoring group
and bridge group is relatively smaller . In other words, there is
a low energy barrier for electron transport from the donor to
the acceptor tunneling through the bridge group and a
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relatively higher energy barrier for the reverse electron move-
ments.””>° As reported by Wiberg and his co-workers, the
coupling interaction difference could result in charge separa-
tion and unfavorable reversal of charge movements.>® The
result provides a clear way to design sensitizers with high
charge separation efficiency and limited electron recombina-
tion. Overall, we find that the adoption of pyrimidyl spacers
would make for overall higher fractions of electron exchange
and distances of charge transfer, especially in the low energy
region, which we are most interested in. The sensitizers
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should have strong absorption from the blue end of the visible
spectrum to the near infrared. Virtually all of the solar
irradiance reaching the earth’s surface falls between the
wavelengths of 300 and 2500 nm, with roughly half of the
available power in the range of 400 to 750 nm."**° The data we
provide are all allocated in this region.

4. Conclusion

Comprehensive calculations and parallel comparisons are
implemented to interpret the role of that the n-spacer plays in
the performance of DSSCs. We pay considerable attention to
the comparison between an electron deficient spacer and an
electron rich spacer; pyrimidyl and phenyl groups listed here.
For phenyl bridged porphyrins, the extension of the n-spacer
would reduce the driving force for electron injection and
regeneration. Unfavorable charge separations are also
obtained for phenyl bridged porphyrins. Calculations on
phenyl bridged porphyrins reproduce well the experimental
results and help us to understand the role that the phenyl
group plays in tuning the PCE. Performances are greatly
changed when electron deficient pyrimidyl spacers are
adopted. Higher light harvesting efficiency, more advanta-
geous regeneration of oxidized dye and more effective charge
separation are acquired, which are integral factors affecting
Voo, and Jy, further improving the photo-to-electric efficiency.
The extension of pyrimidyl spacer makes further efforts in
improving the sensitizer performances. With the extension of
n-spacer, more room is provided for modifications of electro-
nic structure, and the process of electron recombination is
hindered. So the prototype pyrimidyl bridged porphyrin gives
us a successful concept for accommodating more outstanding
photo-to-electric conversion efficiency of DSSCs.
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