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ABSTRACT: A density functional theory study was performed to analyze the electron donor—acceptor properties of the cis and
trans isomers of a novel azobenzene-containing tetraphenylporphyrin (TPPN,PhC,,H,,) with different substituents (Br or
TMS). In general, the trans isomers are better electron acceptors than the correspondent cis homologues. Their UV—vis spectra
were also obtained and a comparison with available experimental results is included. According to these results, the azo
compounds reported here are promising materials for the elaboration of dye-sensitized solar cells because their HOMO—-LUMO
gaps are close to 2 eV. Moreover, the energy of the high intensity absorption bands also fulfills the requirements needed for the

operation of a solar cell built with TiO, and the I"/I;~ pair.

B INTRODUCTION

Porphyrins are a very important family of fluorophores that
have been widely used in macromolecular and materials
science.'* These conjugated compounds are highly delocalized
m-systems that are considered as outstanding ionic scavengers,
whose recognition properties arise from the heteroatoms
present in their structure.” Porphyrins have been the subject
of intense research for the development of solar energy transfer
and electron transfer systems, due to their efficient light
absorption.® ' Free-base porphyrins usually exhibit an intense
Soret band at ca. 4 = 420 nm in their absorption spectra,
followed by four weak Q bands which appear between 4 = 500
and 700 nm and are visible for all compounds. These
chromophores have been incorporated into polymers, allowing
the easy handling, recycling, and adapting of these complexing
agents to different processes.'”'” These molecules have also
been employed in the design of push—pull 7 conjugated
systems bearing donor—acceptor groups and in the design of
dendritic molecules able to act as molecular antennae for
photovoltaic applications.’® The design of new porphyrins and
multiporphyrinic arrays is very attractive due to its application
in nonlinear optics (NLO),” two-photon absorption,® and
molecular wires.* Several electro- and photoactive units have
been incorporated into porphyrins to tune their electronic and
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photophysical properties. The donor—acceptor character of
porphyrins can also be modified depending on their
coordination state and the photoactive units linked to the
molecules.”>*® Thus, the preparation and properties of various
porphyrin derivatives linked to electro- and photoactive units
such as fullerene C60,13 anthracene,'**> pyrene,lﬁ_18 and
functionalized porphyrins,'® have been published in the
literature. In particular, our research focuses on the design of
molecular antennae and push—pull z-conjugated systems, so
that we have synthesized and characterized some soluble
precursor porphyrin derivatives able to act as either donor or
acceptor groups.zo’21

Rau®” classified azobenzenes into three main groups on the
basis of their photochemical behavior.”®> Unsubstituted photo-
chromic azobenzene makes up the first group, known as
“azobenzenes”. The thermally stable trans isomer exhibits a
strong 7—a* transition at 350 nm and a weak n—7z* transition
at 440 nm, whereas the cis isomer undergoes similar transitions
but with a more intense n—z* band. In addition, “azobenzenes”
have a relatively poor 7—z* and n—z* overlap. The second
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Figure 1. Schematic representation of the azo compounds under study.
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group, known as “aminoazobenzenes” typically includes
azobenzenes that are substituted by an electron-donor group
and are characterized by the overlapping of the 7—z* and
n—z* bands. Finally, azobenzenes bearing both electron-donor
and electron-acceptor groups belong to the third category,
“pseudostilbenes”, where the z—z* and n—7* bands are
practically superimposed and inverted on the energy scale with
respect to the “azobenzene” bands. When donor—acceptor
substituted azobenzenes are incorporated into a polymer
backbone or side chain, they provide very versatile materials
from the applications point of view. In particular, “pseudos-
tilbene” azobenzenes undergo rapid trans—cis—trans photo-
isomerization when they are irradiated with linear polarized
light. The use of polarized light allows the selective activation of
“pseudostilbenes” with the polarization axis parallel to the
absorbing radiation.”®> Therefore, azobenzene containing
polymers and azo-dyes have been considered as versatile
materials due to the photoinduced motions which occur on
them after irradiation with linear polarized light.23 Particularly,
the 7-conjugated porphyrin—azobenzene systems showed to be
efficient light—res}zjonsive materials with potential applications in
optical storage.”*> Our research group has previously
reported the synthesis and characterization of a large series of
azobenzene based materials (azo-dyes,**>* azo-polymers,>*~3*
and azo-dendrons®*°). Additionally, porphyrin—azobenzene
molecules have attracted the interest of the scientific
community because their optical properties can be modified
photochemically.*' ~* The extension of the conjugation length
in porphyrin systems can be augmented by coupling them with
other aromatic units via molecular bridges consisting of alkenes,
alkynes, imines, and other unsaturated functional groups,44_49
the azo group (N=N) being the best option for this purpose,
as has been demonstrated by Anderson and co-workers.>* The
azoporphyrins exhibit a strong interaction between the phenyl
rings and the azo bridge.*” These molecules are promising
candidates for photonic applications because they also exhibit
nonlinear optical properties (NLO) of third harmonic
generation (THG).

The interest for photochromic molecules is also due to the
electronic and geometrical changes that can take place on them,
for example, the reversible photomodulation (photoswitching)
that allows the trans—cis isomerization of azobenzenes.
Although porphyrins are moderate emitters, the quantum
yield of the trans—cis photoisomerization of a low dipole
moment azobenzene—porphyrin system is very high and can be
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monitored by UV—vis spectroscopy. After irradiation, the 7—n*
band, which is more intense for the trans isomer, decreases in
intensity whereas the n—z* band becomes more intense.
However, this reaction is reversible and the cis isomer goes
back to the trans form.>® In this context, the synthesis of an
azo-porphyrin (TPPN,PhC,,H,,) has been reported and the
influence of the porphyrin ring and trans—cis ?hotoisomeriza—
tion on the optical properties was analyzed.”' In a previous
work, we reported a theoretical study of a series of substituted
porphyrins bearing donor and acceptor groups.50 Herein, we
report a theoretical study of the trans and cis isomers of three
azobenzene—porphyrin systems AzoTPPB; (Figure 1), where B
= H, Br, and Si(CH,); (TMS)), to predict their main absorption
bands, and the nature of the electronic excitations. Moreover,
their electron donor—acceptor characteristics have been studied
in detail to provide information for the future design and
synthesis of promising photoresponsive and photovoltaic
materials. The advantage of working with a low dipole moment
azobenzene system containing porphyrin units is that it behaves
as an “azobenzene” according to the Rau classification, so it is
necessary to irradiate with UV light to promote the trans—cis
isomerization. In consequence, the trans—cis isomerization of
azo-porphyrin (TPPN,PhC,,H,;) can be promoted by
irradiating with light exciting the molecule at 4 = 400 nm
(wavelength of the 7—n*, near the Soret band). Therefore,
these azobenzene—porphyrin systems can give the first
photoinduced motion of azobenzenes (trans—cis isomer-
ization) after irradiation. Also, the interaction of porphyrins
with other chromophores can give FRET (fluorescence
resonance energy transfer) phenomena.® In this case porphyr-
ins can act as either donor or acceptor groups depending on the
nature of the partner chromophore. Because
(TPPN,PhC,,H,,) shows a wide absorption in the UV—vis
range (from 370 to 668 nm) this dye can be used in absorption
dye-sensitized solar cells (DSSC).

B COMPUTATIONAL DETAILS AND THEORETICAL
METHODS
51,52

The density functional theory (DFT) approximation as
implemented in Gaussian 09>> was used for all calculations that
were carried out using the B3LYP functional®* > and the 6-
31g(d,p) basis set.’””® Full geometry optimization without
symmetry constraints were carried out for all the stationary
points. Harmonic frequency analysis allowed us to verify the
optimized minima. The local minima were identified when the
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trans-AzoTPPBr;

Figure 2. Optimized structures of the six isomers under study.
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number of imaginary frequencies is equal to zero. The
absorption spectra have been computed with time-dependent
density functional theory (TD-DFT) using B3LYP functional
and the same basis sets. Theoretically, the intensity of the band
is expressed in terms of the oscillator strengths (f). Stationary
points were first modeled in the gas phase (vacuum), and
solvent effects were included a posteriori, applying single point
calculations at the same level of theory, using a polarizable
continuum model, specifically the integral-equation-formalism
(IEE-PCM)**®° with chloroform as solvent to make a
comparison with available experimental results. Previous TD-
DFT benchmark reports® indicate that the results obtained
with B3LYP are in good agreement with experimental values.
The mean absolute error that they reported is in the range of
5.8 and 21 nm. The analysis of the changes in electron density
for a given electronic transition was based on the electron
density difference maps (EDDMs) constructed using the
GaussSum suite of programs.62

Gézquez and co-workers®®* have proposed two different
electronegativities (y) for the charge transfer process: one that
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describes fractional negative charge donation (y~) whereas the
other gives the fractional negative charge acceptance (y*):

¥~ =025(3I + A) (1)

@)

where I (vertical ionization energy) and A (vertical electron
affinity) refer to one-electron transfer processes. Because the
partial charge transfer is one of the main intermolecular factors
that dominates the binding energies in many reactions, y~ and
" should be better parameters than I and A to describe the
electron donor—acceptor properties of these systems. Thus, the
construction of a so-called donor—acceptor map (DAM) has
been suggested.”> A DAM can be constructed by plotting the
values of y~ (y-axis) and y* (x-axis) for each molecule of
interest. Low values of both y~ and y* represent a good
electron donor molecule, whereas high values imply a good
electron-acceptor species. This would imply that electrons
could be transferred from a good donor to an acceptor, which is
expected to be located up (high value of y7) and to the right
(high value of y*) of the donor. Therefore, the DAM is a very

2T =025(I + 34)
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useful tool for qualitative comparison because any compound
can be classified in terms of its electron-donating—accepting
capabilities.

B RESULTS AND DISCUSSION

The optimized structures of the six azo-porphyrins (three trans
and three cis isomers) under study are reported in Figure 2.

The average dihedral angle between the porphyrin ring and
the phenyl rings varies between 64.03° (trans-AzoTPPBr;) and
64.87° (cis-AzoTPP(TMS);); see Table S1 in the Supporting
Information. The C—N=N—C dihedral angle is very close to
180° for the three trans isomers and 10.0°, 10.5° and 10.6° for
cis-AzoTPP(TMS);, cis-AzoTPPBr;, and cis-AzoTPP, respec-
tively. The C—H, C—Br, and C—Si bond lengths (1.09, 1.91,
and 1.90 A, respectively) are within the expected values (1.12,
1.94, and 1.87 A) for such bonds.®® The N=N bond length is
equal to 1.26 A for all trans isomers and 1.25 A for all cis
isomers (Table S1 of the Supporting Information). The C—N
bond lengths are 1.42 A for all trans isomers and 1.43 A for all
cis isomers. The trans isomers are more stable than the cis
isomers by 16 kcal/mol approximately (Table S1 of the
Supporting Information), in the three systems. If we compare
these relative energies with the calculated energy difference
between cis- and trans-azobenzene (15 kcal/mol, Table S1,
Supporting Information), the values are very similar and it is
possible to say that the addition of the porphyrin group does
not affect the relative energies of the cis and trans isomers of
the azobenzene. To roughly estimate the activation energy for
the trans—cis isomerization process, structures of the AzoTPP
compounds and of azobenzene (AB), 4-aminoazobenzene
(AAB), 4-nitroazobenzene (NAB), and 4-methoxyazobenzene
(MAB) with a C-N—N—C dihedral angle frozen to 90° were
optimized. These structures will be referred to as “pseudo-
transition state structures” (pTS). Additionally, the trans and
cis structures of azobenzene, AAB, NAB, and MAB were fully
optimized. The trend followed by the values of the energy
differences between the energy of the pTS structures and their
respective AB, AAB, and NAB trans isomers indicate that
—NO, (an electron withdrawing group) decreases more the
activation energy, with respect to azobenzene, than the electron
donor —NH, (Table S2, Supporting Information). This trend
matches well with the results reported by Wazzan et al.*” who
studied the cis to trans process. It can also be seen in Table S2
(Supporting Information) that —NO, stabilizes the cis isomer
more, with respect to azobenzene, than —NH,. The results for
MeO suggest that this electron-donating group decreases the
trans to cis activation energy less than —NH, but destabilizes
the cis isomer in the same way as —NH,. Now, with respect to
Az0TPP, AzoTPP(TMS);, and AzoTPPBr;, the calculated
energy differences between the pTS and its respective trans
species are around 2.36 eV (Table S2, Supporting Information).
These values are slightly smaller than the energy difference
calculated for azobenzene (2.39 eV, Table S2, Supporting
Information). This could suggest that in the AzoTPP
compounds both the porphyrin ring and the aliphatic chain
behave more like electron donating groups due to inductive
effects. Thus, it could be expected that the experimental
activation energy for the thermal isomerization of the AzoTPP
compounds under study would fall in the interval 0.8—1 eV,
where the first value corresponds to the experimental activation
energy determined for the cis to trans isomerization of AAB,67
and the latter value corresg)onds to the activation energy
determined for azobenzene.’®
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The electron donor—acceptor properties of the azo-
porphyrins are very helpful to determine their electron transfer
capabilities. This is significant if we consider their potential use
in dye-sensitized solar cells (DSSC). Because in the
archetypical DSSC the dye is attached to the surface of a
layer composed of a network of TiO, particles,*” it is important
to establish the relative electron transfer capabilities of the dye
(in this case, the azo-porphyrin) and TiO,. As the DSSC is
exposed to the environment, it is necessary to predict if the dye
would be prone to attack by some reactive oxygen species, such
as the following free radicals: *O,~, *OH, or *OOH. Figure 3
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Figure 3. DAM for the cis and trans isomers of the azo compounds
under study, some reactive oxygen species (*O,”, *OH, and *OOH),
and TiO,.

shows the DAM for the six azo compounds under study, *O,”,
*OH, and *OOH. TiO, is included in Figure 3, considering a
value for the vertical ionization energy ~8 eV (Chiodo et al.”%)
and that the vertical electron affinity is ~4.2 eV (Fuke et al.”").
It was already mentioned that the DAM is a very useful
qualitative tool to quickly assess the donor—acceptor character
of a series of molecules placed within the map. In Figure 3, it
can be seen that *O,” is a good electron-donor (low values of
both = and y*). It was also mentioned previously that the
negative charge will transfer from one molecule (thus
considered the donor) to another one located to the right of
the first molecule. In Figure 3, the azo compounds, TiO, and
the other two free radicals are located markedly up to the right
of *O,™. This fact, in principle, may indicate that *O,~ should
be able to transfer an electron to any of the other species.
Now, considering the other free radicals (*OH and *OOH),
they are only slightly up to the right of the azo compounds and
TiO,. Therefore, the electron transfer reaction between the free
radicals and the azo compounds or TiO, is not necessarily
expected because their values of electronegativity are similar.
The presence of Br increases noticeably the values of ¥~ and
" with respect to the other azo compounds. This means that
the AzoTPPBr; isomers are worse electron donors and better
electron acceptors than AzoTPP and AzoTPP(TMS);. In all
cases, the trans isomers are slightly better electron acceptors
(ie. its ¥~ is larger) than their corresponding cis homologues.
This could be due to the nature of the lowest unoccupied
molecular orbital (LUMO). For the trans species, the LUMO
includes 7 interactions that are localized on the porphyrin
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system and the azo group, allowing a more stable distribution of
the charge, whereas the LUMO of the cis isomers is a &
distribution localized mainly in the porphyrin unit. Finally, on
the basis of their values of y*, TiO, appears to be (as desired) a
better electron acceptor than any of the azo compounds
considered here because its y* value is larger. Likewise, on the
basis of the values of y~, TiO, appears to be a worst electron
donor than any of the azo compounds because its y~ is larger.
Therefore, on the basis of their donor—acceptor properties, the
AzoTPP compounds presented here are promising materials for
further development of novel DSSCs.

Given that useful materials for the design of photovoltaic
cells must absorb most of the radiation from the solar light in
the near-IR and visible regions, the energy difference between
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the light-absorbing
material is crucial. Thus, if the maximum in the solar radiation
energy spectrum corresponds to 2 eV, it is desirable that the
HOMO-LUMO energy gap approximates this value. More-
over, if the materials used in the construction of the cell are for
example TiO, and the pair I"/I;~ as the electrolyte, it is also
desirable that the LUMO of the dye lies above the conduction
band (CB) of TiO, (—4.2 eV), whereas the HOMO should be
below the I7/I;~ redox potential (around —4.90 eV).”> To
establish the possible use of these azo compounds as possible
DSSC materials, it is important to take into account their
HOMO-LUMO gap and their respective HOMO and LUMO
energies. The molecular energy diagram is presented in Figure
4. For comparison, the ZnTPP-C porphyrin”' (C contains a

2 -

-2.29
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'S
>

-------------------- l-- CBofTiO,

-- I
5 3

Molecular Orbital Energy Levels (eV)
=

t-AzoTPP -AzoTPPBry

c-AZoTPP(TMS); ZnTPP-C*
1-AzoTPP(TMS)

c-AzoTPP c-AzoTPPBry

Figure 4. Molecular orbital energy diagram for the cis- and trans-
AzoTPPB; compounds. ZnTPP-C was reported in ref 20. CB is the
conduction band of titanium oxide and I7/I;” represents the
electrolyte.

thiophene group between a methyne and cyanoacrylic acid
groups) reported before and calculated as well within the
B3LYP approximation, is also included.

In all cases, the LUMOs are situated above the conduction
band of TiO,, whereas all the HOMOs are below the I7/I;~
pair. The lowest HOMOs were found for the AzoTPPBr,
isomers, followed by the AzoTPP and AzoTPP(TMS),
molecules, respectively. The AzoTPPBr; isomers exhibit the
lowest LUMO values (therefore, they are closer to the CB of
TiO,), followed by trans-AzoTPP(TMS),, cis- and trans-
AzoTPP, and cis-AzoTPP(TMS),, respectively (Figure 4).
Furthermore, the results in Figure 4 indicate that the
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HOMO-LUMO gaps vary from 2.57 eV (trans-AzoTPP-
(TMS);) to 2.66 eV (cis-AzoTPP(TMS),). Both trans- and cis-
AzoTPP isomers, as well as cis-AzoTPPBr;, show a gap of 2.65
eV. The calculated gap for trans-AzoTPPBr; resulted to be 2.61
eV. All these values are higher by at least 0.28 eV with respect
to the ZnTPP-C porphyrin. This means that the azo molecules
that we considered here are not as good as the ZnTPP-C
porphyrin that was reported before. However, the HOMO—
LUMO gaps are close to the desirable values for different
applications in solar cells. Therefore, AzoTPP and their
derivatives could be considered for further development of
novel DSSC. Moreover, if the azo compound attached to the
conductor is still able to undergo a trans—cis photoisomeriza-
tion, there could be an additional use as a molecular switch
within the solar cell. According to our results, the use of TMS
will cause the energy of the HOMO and the LUMO to increase
marginally (with respect to AzoTPP, especially in the case of
cis-AzoTPP(TMS);). This could improve the performance of
the cell because the HOMO would be closer to the electrolyte
redox potential whereas the LUMO would better approximate
the CB of TiO,.

The experimental UV—vis spectra of trans-AzoTPP and the
cis isomer that is formed after UV irradiation were reported
before’” and are included in Figure $5 for comparison.
Theoretical spectra are also reported.

The trans-AzoTPP spectrum shows five distinct bands, one
of them of high intensity at 420 nm, and four low-intensity
bands at 516, 562, 588, and 688 nm. For cis-AzoTPP, the
intensity of the absorption band at 420 nm shows a decrement
with respect to that of the trans isomer. An additional band of
medium intensity appears at 448 nm, three low-intensity bands
remain unchanged, and the band at 688 nm increases slightly.
The emergence of the band at 448 nm and the decrease in
intensity of the band at 420 nm reveal that the trans—cis
isomerization of the synthesized azo compound takes place.”®
The low-intensity bands at 4 > 500 nm are related to the
porphyrin because they follow the same structure of the so-
called Q-region. In general, the UV—vis spectra of porphyrins
show also an excitation at about 400 nm (Soret band). Due to
the change in intensity of the excitation at 420 nm, it is
expected that this excitation arises from transitions with
contributions from the azo group as well as contributions
from the porphyrin (ie, a charge transfer between the
porphyrin and the azo group).

The results of the TDDFT calculations for the low intensity
bands (Q-region) and high-intensity bands of the trans- and cis-
AzoTPP species are presented in Table 1. This table reports the
composition of the selected excitations in terms of the one-
electron orbital transitions that make up each excitation. Only
those contributions higher than 15% are included.

For comparison, Table 2 contains both the theoretical and
the experimental absorption wavelengths of the Soret and Q-
bands for TPP and trans-AzoTPP. The theoretical results of
TPP match well with those from previous reports’>~’* and the
calculated absorption wavelengths are in good agreement (error
around 4%) with the experimental values. The origin of these
excitations, all involve the HOMO—1 (H-1), HOMO (H),
LUMO (L), and LUMO+1 (L+1), following the Gouterman
four orbital model discussed elsewhere.”*””® The results for
trans-AzoTPP show that the absorption wavelengths of the Q-
bands are sufficiently well reproduced (error about 13%),
whereas the calculation of the Soret band provides better

dx.doi.org/10.1021/jp408194c | J. Phys. Chem. A 2014, 118, 197—207
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Figure 5. Experimental and theoretical UV—vis spectra of the trans-AzoTPP and the cis isomer formed after UV irradiation. The relative intensity of
the theoretical spectra is taken with respect to the maximum of the trans-AzoTPP spectrum. The theoretical UV—vis spectra were simulated with
Gaussview 5.0 using a peak half-width at half-maximum of 400 cm™" and the type of broadening is Lorentzian.

Table 1. Calculated Low-Intensity Q-Bands and High
Intensity Soret-Band Wavelengths (nm) and Their Oscillator
Strengths (f) for TPP and trans- and cis-AzoTPP“

A
(nm) f major orbital contributions to the transition”
Q-Bands
TPP $79 00437 H — L (68%), H=1 — L+1 (31%)
543 00663 H — L+l (66%), H-1 — L (33%)
trans- $85 00709 H — L+1 (35%), H — L (31%), H-1 > L
AzoTDP (16%)
553 01338 H — L (43%), H — L+1 (27%), H-1 — L
(15%)
496 01419 H — L+2 (77%)
450 00762 H-1 — L+2 (53%), H-1 — L (40%)
cis- $83 00755 H — L (39%), H — L+1 (30%)
AzoTPP
S48 00987 H — L+l (36%), H — L (33%), H—1 — L
(18%)
495 01961 H-2 — L+2 (47%), H — L+2 (28%)
454 00139 H — L+2 (62%), H=2 — L+2 (20%)
Soret Bands
TPP 405 13955 H—1— L+l (64%), H — L (28%)
397 17377 H-1— L (65%), H — L+1 (34%)
trans- 397 16079 H-1 — L+1 (34%), H-2 — L (20%)
AzoTPP
384 11097 H-1 — L+2 (26%), H—2 — L (16%), H—1
— L (16%)
cis- 420 05376 H—1— L (39%), H-1 — L+2 (39%)
AzoTPP
412 06467 H—2 — L (41%), H-1 — L+1 (24%), H—2
— L+2 (16%)
397 0662  H-1 — L+2 (23%), H—2 — L (20%), H—1
= L+1 (15%)
392 11425 H-1 — L+l (20%), H—1 — L (16%) H—2

— LUMO (13%), H—1 — L+2 (13%)

“The orbital excitations that contribute more than 15% to the
electronic transition are listed. “HOMO = H, LUMO = L.

results (error about 7%). In this case, additional contributions
from the HOMO-2 and LUMO+2 orbitals are also computed.

It was already discussed that the Q regions of the trans- and
cis-AzoTPP species present the same structure. However, it is
worthwhile to point out that according to our TDDFT
calculations, the origin of the excitations that make up those
bands seems to be of a different nature. Table 3 shows the
electron density difference map (EDDM) for the excitations
calculated in the Q region for the trans and cis isomers of
AzoTPP. The EDDM shows the changes in electron density for
a given excitation, where the electron density loss in the
excitation is represented in red, and the green color indicates
the electron density gain. As can be seen, the main differences
between the EDDMs of the trans and cis isomers are due to the
nature of the LUMO orbitals. Table 4 shows the HOMO,
HOMO-1, HOMO—2, LUMO, LUMO+1, and LUMO+2 of
the trans- and cis-AzoTPP isomers.

The HOMO, HOMO-1, and LUMO+1 orbitals are similar
between the trans and cis isomers, but there is a remarkable
difference in the LUMOs. The orientation of the phenyl group
that is bonded to the porphyrin ring in trans-AzoTPP allows 7
interactions in the LUMO between the porphyrin, the phenyl,
and the azo-phenyl groups. In contrast, the phenyl group in the
LUMO of cis-AzoTPP does not show the same type of &
interactions (Table 4). Thus, despite the similarities in the Q
regions of both trans- and cis-AzoTPP spectra (Figure S), the
electron density loss-gain of each transition appears to be
somewhat different (Table 3). In the case of the trans isomer, a
charge transfer from the porphyrin to the azobenzene unit is
clear. On the other hand, the change in electron density for the
cis isomer takes place only within the porphyrin ring for the
excitations calculated at 583 and 548 nm. Furthermore, the
excitations at 495 and 454 nm take place mainly on the
azobenzene units (Table 3). This occurs because the HOMO—
2 and LUMO+2 are located only on the azobenzenes (Table

Table 2. Theoretical and Experimental Values of the Soret and Q-Bands for TPP and trans-AzoTPP

TPP trans-AzoTPP
A (nm) Soret band Q bands Soret band Q bands
experimental 417 514 538 58§ 620 420 516 562 588 668
theoretical 405 543 579 397 450 496 583 585
397 384
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Table 3. Electron Density Difference Map (EDDM) Calculated for the Electronic Excitations of trans- and cis-AzoTPP at the Q-
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“Red: electron density loss in transition. Green: electron density gain in transition.

4), and the discussed excitations are made of transitions from
HOMO-2 to LUMO+2.

As was mentioned above, the appearance of the additional
band at 448 nm for the cis isomers is one of the main
differences between the experimental spectra of the frans- and
cis-AzoTPP species. This feature was theoretically reproduced
as it can be seen in Figure 5.

Table S contains the EDDMs for the theoretical excitations
at A <420 nm. For cis-AzoTPP, one excitation was calculated at
420 nm. We assigned this excitation as the one that gives rise to
the “additional” cis band. The EDDM of this excitation shows a
charge transfer from the porphyrin to the azobenzene moiety,
mostly due to the HOMO—1 — LUMO+2 transition. The
EDDMs for the most intense excitations (397 nm for trans-
AzoTPP and 392 nm for cis-AzoTPP, respectively) are also
shown in Table S. The phenyl in trans-AzoTPP participates in
the excitation due to the electronic transition to the LUMO.
On the other hand, the predominance of the azo group in the
cis-AzoTPP excitation could be traced back to the participation
of the HOMO—-2 and LUMO+2 orbitals in the transitions
responsible of that excitation.

Concerning the derivatives where the porphyrin ring is
substituted with TMS or Br groups, Table 6 shows the
calculated low-intensity Q-band wavelengths and their
respective oscillator strengths (f). It can be seen that there is
no significant difference in the energy of the electronic
absorption in this region, with respect to the AzoTPP molecule.
However, it is worthwhile to point out that trans-AzoTPP-
(TMS); and trans-AzoTPPBr; generally absorb at slightly lower
energy than trans-AzoTPP. According to Table 1 for the Q
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region, trans-AzoTPP absorbs in the range between 585 and
450 nm. For trans-AzoTPP(TMS); the Q-bands are calculated
to occur in the range between 588 and 449 nm, and from 585
to 431 nm in the case of trans-AzoTPPBry (Table 6). The
EDDMs for the excitations shown in Table 6 are included in
the Supporting Information (Tables S3 and S4), where one can
see that they follow the same pattern already discussed for the
AzoTPP molecules.

Table 7 shows the calculated high-intensity Soret-region
wavelengths and their oscillator strengths for the AzoTPPB, (B
= TMS or Br) derivatives. The excitations with the highest
intensities are calculated to appear at a moderately longer
wavelength when compared to trans-AzoTPP. These excitations
are calculated at 397, 401, and 411 nm for trans-AzoTPP, trans-
AzoTPP(TMS);, and trans-AzoTPPBr;, respectively. Thus, it
would be expected to measure a more noticeable red shift, with
respect to AzoTPP, of the Soret band in the experimental
spectrum of AzoTPPBr;. The EDDMs for the excitations
shown in Table 7 are included in the Supporting Information
(Tables SS and S6).

The appearance of the “cis band” is also theoretically found
(the simulated spectra are included in the Supporting
Information, Figure S1). This excitation is calculated around
420 nm for cis-AzoTPP and cis-AzoTPP(TMS);. When Br is
the substituent, the excitation appears at higher energy (402
nm).

If any of these porphyrins were used to build a solar cell, it
might be useful that the cis band occurs closer to the most
intense band. In this way, the absorption due to the n—z* band
of the cis isomer could contribute to the operation of the solar
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Table 4. HOMO, LUMO, HOMO-1, HOMO-2, LUMO+1, and LUMO+2 of the cis- and trans-AzoTPP Isomers
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“Red: electron density loss in transition. Green: electron density gain in transition.

Table 5. Electron Density Difference Map (EDDM) Calculated for the Excitations at A < 420 nm for trans- and cis-AzoTPP“
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Table 6. Calculated Low-Intensity Q-Band Wavelengths
(nm) and Their Oscillator Strengths (f) for the Derived
Compounds trans-AzoTPP(TMS);, trans-AzoTPPBr;, and
Their Cis Isomers”

A major orbital contributions to the
(nm) f transition
trans- 588 0.131 H — L (39%), H — L+1 (32%)
AzoTPP(TMS),
557 02047 H—L(39%),H— L+1 (34%), H-1
— L (16%)
498 01957 H — L+2 (77%), H-1 — L+1 (14%)
449 02412 H-1-1L (48%), H-1 — L+2 (42%)
cis- 584 00852 H—L(37%),H— L+1 (32%), H-1
AzoTPP(TMS), = L+1 (15%)
550 0.1161 H— L+l (35%), H — L (34%), H-1
— L (17%)
495 01968 H-2 — L+2 (47%), H — L+2 (29%)
trans-AzoTPPBr;  S85  0.0584 H — L+1 (46%), H—1 — L (22%), H
- L (21%)
551 01317 H — L (50%), H-1 — L+1 (20%)
475 02445 H — L+2 (83%)
431 0.1685 H—1— L+2 (59%), H—1 — L (33%)
cis-AzoTPPBr; 583  0.0464 H — L+1 (60%), H-1 — L (30%)
548 00738 H — L (61%), H-1 — L+1 (28%)
495 01375 H—=2 — L+2 (59%)
424 01725 H-2 — L (30%), H=2 — L+2

(26%), H-2 — L+1 (19%)

“The orbital excitations than contribute more than 15% to the
electronic transition are listed. YHOMO = H, LUMO = L.

Table 7. Calculated Wavelengths (nm) (Soret Band, A < 420
nm) and Oscillator Strengths (f) for trans-AzoTPP(TMS),,
trans-AzoTPPBr;, and Their Cis Isomers®

A major orbital contributions to the
(nm) f transition
trans- 411 21049 H-1 — L+1 (44%), H-2 > L
AzoTPP(TMS), (18%), H — L+2 (15%)
401 16065 H-1 — L+2 (44%), H-1 -> L
(20%), H — L+1 (21%)
cis- 421 0.6581 H-1-L (41%), H-1 — L+2 (36%)
AzoTPP(TMS),
412 07531 H-2-L (37%), H-1 — L+1 (27%)
406 0.0963 H-2 — L+l (72%), H-1 — L+2
(22%)
399 06621 H-1 — L+2 (25%), H-2—L (21%)
394 11583 H-1- L+1(21%), H-2 — L (17%)
trans-AzoTPPBr; 401  1.5482 H-2— L (37%), H—1 — L+1 (28%)
388 0.8 H-1 - L+2 (27%), H-1 — L (20%)
cis-AzoTPPBr, 402 04848 H-1— L+2 (40%), H—1 — L (34%)
389 05502 H-1 — L+2 (38%), H-1 — L+1
(14%)
380 11316 H-1 — L+1 (38%), H-1 — L+2

(19%), H — L (20%)

“The orbital excitations than contribute more than 15% to the
electronic transition are listed. “HOMO = H, LUMO = L.

cell, thereby counteracting the effect due to the intensity
decrease of the main band after the photoisomerization process.

B FINAL REMARKS

In general, the trans and cis isomers of the recently prepared
AzoTPP, as well as some possible derivatives such as
AzoTPP(TMS); and AzoTPPBr; are not expected to undergo
electron transfer reactions with reactive oxygen species such as
*OH and °*OOH. However, it is possible that these azo
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compounds would act as electron acceptors with respect to
°0,". TiO, appears to be a better electron acceptor than these
azo compounds. In all cases, the trans species are slightly better
electron acceptors than their respective cis isomers.

AzoTPP and the derivatives reported here are promising
materials for the construction of a novel dye-sensitized cell
because the HOMO—LUMO gap is around 2 eV. Although the
electronic absorption at this energy has a very low intensity (Q
bands), the energy of the high intensity absorption bands fulfill
the requirements needed for the operation of a solar cell
prepared with TiO, and the I"/I;” pair.

The azo-dyes studied in this work exhibit strongly mixed
configurations. All the electronic transitions follow Gouter-
man’s four orbital model, as well as additional transitions
involving other orbitals such as HOMO—2 and LUMO+2.
Though the spectra of the trans and cis species are alike, the
origin of the excitations is different. In the case of the trans
isomers, the LUMO allows a charge transfer from the
porphyrin ring to the azobenzene units. On the other hand,
the cis configuration does not favor 7 interactions between the
phenyl groups bonded to the azo bond and the porphyrin
group.

The bands of all the azo compounds are estimated to occur
at very similar energies. However, the n—7z* band for the cis-
AzoTPPBr; species appear closer to the most intense band,
which makes AzoTPPBr; a more promising material for further
development of a DSSC. Preparation of AzoTPPBr; and further
experiments are needed to verify these theoretical predictions.
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