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The spectroscopic impact of interactions with the
four Gouterman orbitals from peripheral
decoration of porphyrins with simple electron
withdrawing and donating groups

Angel Zhang Lydia Kwan and Martin J. Stillman ¢
Tetrapyrroles are of great interest for solar cell and photodynamic therapy applications due to their struc-
tural analogy with chlorophyll, a natural photosensitizer. Unsubstituted symmetric porphyrins exhibit weak
absorption in the red region which makes them unsuitable for these applications. The push—pull peri-
pheral decoration modifies the energies of the frontier molecular orbitals, which in turn influences the
tetrapyrrole’s spectroscopic properties. The absorption, magnetic circular dichroism, and emission
spectra were measured for four zinc tetratolylporphyrin compounds substituted peripherally with a fused
dimethoxybenzo group as an electron withdrawing group (EWG) on one pyrrole and on the opposite
pyrrole, a single acetamido (1), a nitro (2), a proton (3), or a benzoylamino (4) substituent. Unusually, the
magnetic circular dichroism spectrum of 2 exhibited a negative A term for the lowest energy absorption
band (the Q band) and its emission spectrum was also unlike those of 1, 3, and 4. A complete compu-
tational analysis was carried out to obtain the energies and electron distribution, shown by electron
density surfaces, of the four Gouterman MOs. TD-DFT calculations showed that for 2, ALUMO was
greater than AHOMO, which accounted for the observed negative A term. The trend in the estimated
MCD A term magnitudes, normalized to the absorbance as [A/(dipole strength) BM], provides experi-
mental confirmation of the computationally determined ratio of ALUMO/AHOMO data. The value of
AHOMO was confirmed by the trend in oscillator strengths. A series of fictive porphyrins (F1—F5) incor-
porating simple push—pull substituents were designed and their electronic structures were investigated
using TD-DFT calculations. The substituents in the five fictive molecules illustrate the differential effect of
the donor and acceptor groups in the pB-position of the pyrroles on the relative stabilities of the four
Gouterman orbitals. NO, groups result in the greatest splitting of the LUMO pair. We show that on using
strong EWGs, opposite electron donating groups result in a ALUMO > 0, which red-shifts the Q band and
introduces a strong dipole. With the nitro and formyl EWGs, ALUMO becomes greater than AHOMO,
resulting in a complex electronic structure of the Q band, recognizable by a negative A term suggesting a
design objective for future photosensitizers.

(MOs).*® The highest occupied MO (HOMO) for tetrapyrroles
is identified by the [ = 4 orbital angular momentum quantum

Natural tetrapyrroles exhibit remarkable and often astounding
chemical and photophysical properties, for example, see the
many reviews in “The Handbook of Porphyrin Science”.! In
particular, the photophysics of tetrapyrroles dominates all
life.>* The aromaticity of the 18 & electrons results in a « elec-
tronic structure, which, in very basic terms, involves a series of

both occupied (n) and unoccupied (n*) molecular orbitals

Stillman Bioinorganic Group, Department of Chemistry, The University of Western
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number that is associated with a principle quantum number
of n = 4 of the 18 & electrons. Nominally, for the CieHi6>™
parent of the 18 = electron tetrapyrrole, the HOMO and
HOMO-1 of symmetry e, will be degenerate, each component
with four nodes (at 450 to each other) and the lowest unoccu-
pied molecular orbital (LUMO) and LUMO+1 will also be a
degenerate e, pair but with five nodes each (Fig. 1). The intro-
duction of the four-fold axis of the tetrapyrrole breaks the
degeneracies of the e, orbitals into a;, and a,, orbitals
defined by even angular momentum values, [ = 2, 4, 6, etc.
Typically for symmetric tetrapyrroles, the e, orbitals with odd-
numbered angular momentum, [ = 1, 5, 7, etc., remain degen-
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Fig.1 The nodes for the HOMOs (4 nodes) and LUMOs (5 nodes) for a
metallated porphyrin with an 18 = electron aromatic ring, shown with
grey dotted lines. The HOMO pair has an M| value of +4 while the
LUMO pair has an M| value of +5. The blue and green shading shows
the electron density of the occupied = MOs while the red and yellow
shading shows the electron density map of the unoccupied n* MOs.

erate. For porphyrins, a;, and a,, are often found to be acci-
dentally degenerate, but this depends on the peripheral dec-
oration. A split in these two orbitals usually result in the a,,
being the highest occupied orbital.” Critically important is the
orientation of the nodes for the HOMOs and LUMOs as the
orientation of the nodal planes has significant consequences
for the optical and redox properties of both the natural and
the synthetic porphyrins. Nature tunes the redox properties of
the = ring, the energy of the first excited state (S;), and also the
redox properties of the centrally coordinated metal to carry out
a range of roles including the photochemistry of chlorophyll,®
the ligand binding of heme b,” and the enzymatic chemistry of
p450,'° as three examples. Nature achieves this through peri-
pheral decoration, axial coordination of the metal, and the
electrostatic environment of the ring. Of these many natural
roles, the development of synthetic analogues of tetrapyrroles
for photochemistry is perhaps of greatest current technological
interest, with applications in solar cells'""'* and photodynamic
therapy.”® For both these applications, the key requirement is
a molecule with an intense and red absorbing lowest excited
state.

The spectroscopic properties of tetrapyrroles, particularly in
this study, the porphyrins, have been interpreted as being pri-
marily dependent on the two highest occupied and two lowest
unoccupied MOs."* Using fairly limited computational
resources compared with today, Martin Gouterman and his
group over a 20 year period were able to demonstrate how the
relative energies of these four orbitals explained the spectra of
tetrapyrroles, for example, porphyrins, chlorins, and phthalo-
cyanines. The blue region band (S, — S,), termed as the B or
Soret band, originates from the allowed transitions between
the four orbitals. The lowest energy absorption band in the red
region (S, — S;) arises from forbidden transitions and is
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termed as the Q band.*® In a symmetric molecule, the first
excited state, S;, is a degenerate state comprising Q, and Q,
components, which gives rise to a symmetric, positive Faraday
A term in the MCD spectra. While it is true that these four
frontier orbitals contribute significantly to the Q band of the
simpler rings, the introduction of peripheral substitutions that
interact with the = system can change the electronic structure
significantly and dramatically change the orbital contributions
to the Q band. It is these subtle modifications that can be
used to tune the energies and oscillator strengths of the Q
band of tetrapyrroles for technological advantages in solar
energy conversion'”™"” and photodynamic cancer therapy.'**®

Applications in both solar energy conversion and photo-
dynamic therapy need a band in the red region to carry out
electron transfer or singlet oxygen production, respectively.
Tetrapyrroles, particularly porphyrins, can exhibit a dramati-
cally increased absorption oscillator strength in the red region
with the appropriate substituents. In other words, they can be
tuned to exhibit a red-shifted and intense Q band. This can be
achieved with peripherally substituted phthalocyanines
because the aza-substitution of the four methine bridges in
the ring selectively affects the a,, molecular orbital of the
HOMO degenerate pair more than the a,, orbitals, introducing
a significant energy split of over 2 eV. The splitting of the two
usually degenerate orbitals breaks the selection rule that leads
to the Q band being forbidden and allows borrowing of inten-
sity from the fully allowed B band. Further red shifts of the Q
band of phthalocyanines can be achieved with peripheral sub-
stituents that reduce the LUMO-HOMO gap by, for example,
extensive delocalization using aromatic groups.'*>* We have
previously reported the connection between Exomo-omo-1)
(AHOMO) and the Q band oscillator strength and the connec-
tion between E;ymo-nomo and the Q band energy.”® For both
parameters, we reported a reasonably linear trend between the
experimental data and the computational results.

While synthetic phthalocyanines do provide a strongly
absorbing and red-shifted Q band, for example the linked por-
phyrin arrays of Kim and Osuka®* and the porphyrin tapes of
Tsuda and Osuka,”’ these molecules themselves are often
poorly soluble, aggregate easily, and are expensive to make and
purify in the bulk required for commercial applications.
Nature has provided many guides to the tuning of porphyrins
for specific tasks, particularly, the chlorophylls’ roles in
photosynthesis.>?**2® A key feature in the chlorophylls’ elec-
tronic structure is how the few atoms of specific peripheral
substituents of the = ring break the degeneracy of both the
LUMO and HOMO pair.>® These two properties result in the
lowering of the LUMO energy from the introduction of a large
ALUMO and also a concomitant increase in the magnitude of
the AHOMO. The splitting of both the LUMO pair and HOMO
pair results in an intense and red Q band.

In this paper, we describe the analysis of the optical pro-
perties of B-substituted zinc porphyrins using magnetic circu-
lar dichroism (MCD) spectroscopy to both identify the pres-
ence of an extensively split LUMO pair and support the results
of computational analysis of the electronic states. The compu-

This journal is © The Royal Society of Chemistry 2017
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tational analysis provided the interpretation of the underlying
reasons that both the HOMO and LUMO degenerate pairs split
in energy as a function of specific substitutions. The results
highlight the requirement for nonsymmetric delocalization on
the pyrrole rings as a means of splitting the LUMO pair, which
leads to a preferred red-shifted Q band. The combination of a
red and intense Q band, a panchromatic response, and the
transfer of electrons will result in efficient photosensitizers.
We explore the effect of simple electron withdrawing and
donating groups to reduce the HOMO-LUMO gap and to facili-
tate the electron displacement onto the frontier orbitals using
a series of synthesized push-pull porphyrins and designed
fictive molecules.

Materials and methods

The porphyrins shown in Fig. 2 were a gift from Prof. Hong
Wang, Miami University, Ohio, and their synthesis and charac-
terization have been previously described.*® The compounds
were used as supplied. The sample solution was prepared by
dissolving each compound in dichloromethane (DCM).
Baseline corrections for MCD and UV-visible absorption spec-
troscopy were carried out using a 1 cm quartz cuvette contain-
ing DCM. The sample solutions were transferred into the same
cuvette for measurement.

Absorption and emission spectra

Absorption spectra were recorded on a Varian Cary 500 absorp-
tion spectrometer (Varian, Toronto, Canada), and emission

Fig. 2 Structures of compounds 1-4. The porphyrins were substituted
with dimethoxybenzo and an acetamido (1), a nitro (2), a proton (3), or a
benzoylamino (4) group at the j position on the opposite pyrrole. The
four pyrroles are labeled |, 11, 1lI, and IV.

This journal is © The Royal Society of Chemistry 2017
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spectra were recorded on a PTI Quanta Master instrument
(PTI, London, Ontario, Canada) with a xenon lamp. All
measurements were carried out at room temperature.

MCD spectra

MCD spectra were recorded on a Jasco J-810 CD instrument
(Jasco Inc., New Jersey, USA) using a 1.4 T permanent magnet
(Olis Inc., Georgia, USA). MCD spectra are characterized by
three band morphologies:*"** the Faraday A term for tran-
sitions to a degenerate excited state, the Faraday B term for
transitions to nondegenerate excited states, and the Faraday C
term for transitions from an orbitally degenerate ground state.
For the compounds described in this paper, only A and B
terms were observed because the ground states were all orbi-
tally nondegenerate. However, when the symmetry is lower
than D,y, pseudo A terms comprising equal and opposite B
terms will be the only morphology actually measured.

Fig. 3 shows the three different band morphologies pre-
dicted for the effect of reduced electronic degeneracies as a
function of peripheral substitution of the porphyrin ring.
These experimental morphologies, while inherent in the orig-
inal descriptions of the MCD spectral band shapes,** were
described specifically by Michl in 1978.>* Normally, for most
tetrapyrroles, the degenerate Gouterman HOMO pair will split
to different extents with either a;, or a,, as the HOMO. The
LUMO pair remains degenerate. This splitting pattern, Case A,
will result in strong positive A terms with a negative-to-positive

Case A:
s AHOMO > ALUMO
22
ALUMO =0 e
Cox Cay
S1
B band * A, terms
Qband an Lerm
P % (Q:Q“ ) ®,8) (Derivative
oo ' shape)
AHOMO ~ 0 .
0
Case B:
ALUMO — Y AHOMO > ALUMO
i McD
& ! ey el |5
— 3 i B, terms
- E (Gaussian
I 4 . shape)
3 % _
AHOMO 5,
Case C:
AHOMO < ALUMO
awwvo —
= I McD
8| |e,
eEV
5y * B, terms
E (Gaussian
a. U — QV
h ! ay, Q, _ shape)
AHOMO 5,

Fig. 3 Origins of the Q band MCD spectral morphologies of zinc por-
phyrins as a function of the four Gouterman MOs. (A) Degenerate
LUMO/LUMO+1 and split HOMO/HOMO-1, (B) split LUMO/LUMO+1
and split HOMO/HOMO-1 but ALUMO < AHOMO, (C) split LUMO/
LUMO+1 and split HOMO/HOMO-1 but ALUMO > ALUMO. Note that
the energy splitting is not to scale.
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sign pattern sequence with increasing energy. Case B rep-
resents the situation where both the LUMO and HOMO degen-
eracies are broken but AHOMO is greater than ALUMO. This
is typical for very low symmetry porphyrins, and a pair of equal
and oppositely signed B terms will be observed. The B term
magnitudes will be weaker as the energy separation of the x,y
components increases, but the sign pattern will remain
unchanged. The sign sequence will again depend on the sign
pattern of the A term parent. In Case C, geometrical and elec-
tronic effects split the LUMO pair significantly, so that ALUMO
becomes greater than AHOMO. Under these conditions, a posi-
tive-to-negatively signed A term, or pair of B terms, will be
measured with increasing energy. This inverted A term (a nega-
tive A term or pair of B terms) means that the angular momen-
tum of the excited state is less than that of the ground state and
so the state is very unusual for an aromatic molecule.

Computational methods

The models of the four compounds were drawn using the
Scigress Modelling software.*® The Gaussian G09 program®”
was used to carry out DFT ground state geometry optimi-
zations and TD-DFT single point excited state calculations.
The CAM-B3LYP functional and 6-31G(d,p) basis set were used
for both DFT and TD-DFT calculations.

Results
The optical data of compounds 1-4

Fig. 4 shows the absorption, MCD, and emission spectra of the
B-substituted porphyrins 1-4 shown in Fig. 2. In addition,
Fig. 4 shows the calculated TD-DFT spectra to be discussed
below, to allow a direct comparison with the experimental data.
The absorption spectra of all four compounds are typical of
those of tetra-aryl Zn-porphyrins (e.g. zinc tetraphenylporphyrin,
ZnTPP),* in which, the Q band (Qq) is significantly weaker
than its higher energy vibronic component (Q,;,) and overall, is
less than ca. 10% of the intensity of the B band, reflecting the
forbidden nature of the Q band.”® As we will see below, the
origin of this very small (in fact approaching zero) oscillator
strength is the accidental degeneracy of the two highest occu-
pied orbitals and, therefore, the structure represented by the
parent 18 1 C;¢H;¢>~ polyene where the oscillator strength of
the first excited state, fg; = 0.> The energies and electronic sur-
faces of the HOMO pair and LUMO pair for compounds 1-4 are
shown in Fig. 5 and 6. The Q band of 2 is red-shifted by over
20 nm compared with 1, 3, and 4, with Q, at 614 nm.

The MCD spectra of 1, 3, and 4 (top row in Fig. 4) also
follow the pattern for tetra-aryl zinc porphyrins exhibiting the
expected sequence of two positive A terms aligned with the Q
band (Qgo) and the higher energy vibronic band (Qyp). For 1
and 4, the MCD spectra indicate that Qg is actually split into
its Qc and Q, components (shown in Fig. 4). Using 1 as an
example, the negative 608 nm peak in the MCD spectrum
corresponds to the 607 nm absorption band (Q,) and the posi-
tive 593 nm MCD band corresponds to the absorption at
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590 nm (Q,). The vibronic band at 566 nm is also observed to
be a composite of multiple transitions. Note that because the
MCD band shape is observed to be like an A term but Q, and
Q, are split, the shape is referred to as a “pseudo A term”
where it is composed of equal and opposite B terms (Fig. 3).
The split Q, and Q, components observed in the absorption
spectra are mirrored by the calculations, where two separate
states are seen under the very weak Q band (row four in Fig. 4).
The MCD spectrum of compound 2 is quite different as it is
dominated by a negative A term (or pseudo A term) in the Q
band region (Fig. 3). The B band region also shows the pres-
ence of negative A terms in the overall band envelope with the
positive band at 476 nm. As mentioned above, the absorption
spectra of all four compounds are similar and do not provide
an indication of the difference in the electronic structure that
results in a reversal on the angular momentum change
between the ground and excited states in just compound 2. We
will discuss the geometric and electronic origins of this
angular momentum change below.

Row three in Fig. 4 shows the emission and excitation
spectra of all four compounds. As for the MCD spectral data,
the emission spectral data of compounds 1, 3, and 4 are
typical of those of tetra-aryl-Zn porphyrins, with a pair of
strong bands that mirror the Q, excited state and ground state
vibrations. However, the peripheral substituents of compound
3 enhanced the ground state vibronic structure, making emis-
sion to the ground state vibration (663 nm) more intense. The
emission of 2 is unlike the emission of the other species in
that the 650 nm band is stronger than the 704 nm band and
both are very weak. Also, there is a significant Stokes shift
between the absorption and emission (~25 nm) whereas the
Stokes shifts of the other compounds are ca. 5-6 nm. In
addition, the excitation spectrum of 2 does not match the
absorption spectrum closely, which suggests that the excited
state may be relaxed. This is important because the MCD
spectra also indicated that the excited state is different when
compared with those of 1, 3, and 4.

With respect to the visible absorption spectra of 1-4, the
ratio of the B/Q relative intensities based on the TD-DFT calcu-
lated oscillator strengths, f, agree well with the relative intensi-
ties observed in the experimental spectra of approximately
10:1. The TD-DFT calculations overestimate the S; and S,
energies so the theoretical spectra were red-shifted manually
to better match the experimental spectra as there is no ambi-
guity in the experimental assignments. ZINDO/s calculations
would give a much better match to the experimental Q band
energy. However, ZINDO/s calculations only consider the
valence orbitals of the ring atoms, so the energies and the
numbers of higher energy transitions that are more greatly
influenced by core orbitals, starting with the B band (S,), are
incorrectly calculated.

The electronic structures of compounds 1-4

The results of the DFT and TD-DFT calculations are shown in
Fig. 5 and 6, with the TD-DFT calculated absorption spectra
shown in row 4 in Fig. 4. The energy levels of the orbitals

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Energies of HOMO-5 to LUMO+5 with the electron density surfaces of the four Gouterman orbitals for the four compounds.

above and below the HOMO and LUMO largely control the the electron density surfaces of HOMO, HOMO-1, LUMO, and
optical and redox properties of tetrapyrroles. We have plotted LUMO+1. Table 1 shows the values of the HOMO-LUMO gap,
HOMO to (HOMO-5) and LUMO to (LUMO+5), together with AHOMO, and ALUMO. The four Gouterman orbitals of 1, 3,
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Fig. 6 Major transitions between the four Gouterman MOs that give
rise to the two Q band states from TD-DFT calculations. Black lines are
transitions that contribute to the lower excited state, Q_;, and red lines
show transitions that contribute to the upper excited state, Q,;. Each of
the states can involve both positive and negative contributions from the
two LUMOs and the two HOMOs. The solid lines represent positive con-
tributions (+ in Table 2) and the dotted lines show transitions that con-
tribute via a negative phase (- in Table 2).

Table 1 Energy gap values, in eV for compounds 1-4

ev 1 2 3 4

LUMO-HOMO 4.467 4.566 4.582 4.465
AHOMO 0.212 0.033 0.131 0.207
ALUMO 0.127 0.141 0.068 0.118

and 4 are split by an average of 0.18 eV for the HOMO pair and
0.1 eV for the LUMO pair. This difference in the energies of
the four frontier MOs arises from the reduction of symmetry
due to the p-substituents and their sensitive location on the
aromatic ring periphery of the pyrrole rings. Compound 2 is
unusual in which the ALUMO is four times greater than the
AHOMO and its AHOMO is less than that of ZnTPP (0.07 eV).
The surfaces shown in Fig. 5 provide an excellent view of
the electron distribution and show the nodal planes that ident-
ify the four Gouterman orbitals. For all four compounds, unu-
sually for a porphyrin, the a,, orbitals, with nodes through the
pyrrole nitrogen and methine bridges, lie above the a,,.
Another significant feature is that the lowest energy e, orbital
for 1, 3, and 4 has nodal planes through pyrroles I and III. For
2, the same orbital is LUMO+1. It is clear from the surfaces
that the fused dimethoxybenzo group plays an important role
in the electron distribution of the HOMO and LUMO orbitals.

This journal is © The Royal Society of Chemistry 2017
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The single acetamido (1), the nitro (2), and the benzoylamino
(4) groups at the p position on the opposite pyrrole only con-
tribute to the a;, orbital, which is the HOMO in these com-
pounds. In each of 1-4, there is only a single benzo group.
Because 3 also has a;, as the HOMO, this indicates that the
effect of the orbital energy is due to the presence of the
dimethoxybenzo groups, resulting in a AHOMO of 0.13 eV.
This can be compared with the AHOMO of 1.01 eV for zinc
tetrabenzporphyrin (ZnTBP), and of 0.07 eV for ZnTPP (vide infra,
Fig. 9), suggesting that the influence of the benzo group is
actually mildly donating to the a;, orbital, which results in it
being the HOMO. On the other hand, for 2, the introduction
of the NO, group is clearly strongly electron withdrawing
because the energies of all four orbitals are stabilized, and the
AHOMO reduces to 0.03 eV. This is important because this
makes the AHOMO significantly less than the ALUMO
(Table 1). We should note that the peripheral substituents can
interact with the four Gouterman MOs in such a way that the
nodal patterns clearly shown here are selectively lost.'®'”

Origins of the optical spectra

Fig. 6 shows the electronic transitions between the four MOs
that give rise to the Q and Qy states. The lower energy state is
labeled as Q_; and arises from the transitions indicated by the
black lines. The upper state is labeled as Q. and its transition
composition is shown using red lines. Table 2 provides the
molecular orbital contributions to the states. While the two
states in 1, 3, and 4 show the typical combinations of tetraaryl-
porphyrins involving two contributing transitions, each state
in 2 unusually involves four transitions. The calculated optical
spectra shown in row four in Fig. 4 are all very similar, with
the B and Q bands both consisting of two states each, with the
relative intensities typical of tetraarylporphyrins. The optical
spectra show no indication of the more complex nature of the
excited state contribution for 2.

Table 2 Molecular orbital contributions to Q_; and Q.1

State energy Transition
Compound State (nm) Transition composition
1 Q_y 551.93 248 — 251 0.42190
249 — 250 0.55830
Qi1 541.40 248 — 250 —0.48243
249 - 251 0.50623
2 Q_y 546.06 244 — 246 0.39536
244 — 247 —0.28872
245 — 246 0.32534
245 — 247 0.38236
Qi1 532.94 244 — 246 —0.32584
244 — 247 —0.36435
245 — 246 0.41095
245 — 247 —0.28845
3 Q_y 543.55 233 — 236 —0.44622
234 — 235 0.53385
Qi1 532.69 233 — 235 0.48435
234 - 236 0.49898
4 Q_y 553.08 264 — 267 0.41949
265 — 266 0.55194
Qi1 542.73 264 — 266 —0.47570
265 — 267 0.50330
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The electronic structures of fictive compounds

Five fictive compounds, labeled F1-F5 (Fig. 7), were designed
with push and pull substituents to study the effect of NO, on
the pyrrole B-position. By substituting both p positions on
opposite pyrroles, F1 mimics compound 2 in which both sides
are electron withdrawing, although NO, is a far more powerful
withdrawing group than the dimethoxybenzo group. For F2,
one pyrrole was replaced with the electron donating NH, to
achieve a push-pull functionality. For F3 and F4, one pyrrole
was substituted with two NH, groups and the opposite pyrrole
was substituted with formyl (CHO) and carboxylic acid (COOH)
groups, respectively. The formyl group is an important substi-
tuent in chlorophyll and carboxylic acid groups are the most
commonly used anchor group for dye-sensitized solar cells.>®
Finally, F5 was modelled to examine the effect of having the
push-pull functionality on the meso- vs. p-position. A similar
study has been reported previously when four CF; groups were
substituted on the meso- versus f-positions.>”

Fig. 7 shows the energies of the four MOs for the five fictive
compounds. The MO energies of zinc porphyrin (ZnP) are also
shown for comparison. Being a symmetric molecule with a D,y
symmetry, ZnP exhibits a degenerate pair of LUMOs and a
nearly degenerate pair of HOMOs. When the electron with-
drawing groups are present on opposite pyrroles (F1), the
LUMO pair is seen to split significantly while the HOMO pair
remains nearly degenerate. Replacing the pull-pull functional-
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ity in F1 with the push-pull functionality in F2, the value of
the AHOMO remained relatively the same but the magnitude
of the ALUMO became smaller (0.907 eV versus 0.505 eV).
When NO, was exchanged for CHO and COOH as weaker elec-
tron withdrawing groups, the ALUMO was seen to decrease
while the AHOMO increased. Interestingly, even though
COOH (F4) is considered to be more electron withdrawing
than CHO (F3), it had a smaller effect on the splitting of the
LUMO and LUMO+1 (0.208 eV versus 0.437 eV). This may be
because the optimized structure of F4 had the COOH groups
slightly tilted from the plane of the ring whereas the CHO
groups in F3 were planar. The slight tilt probably lowered the
extent of n conjugation onto the COOH groups, resulting in a
smaller AHOMO and ALUMO. Compounds F1-F3 exhibit a
relatively rare relationship of the ALUMO > AHOMO. The syn-
thesis of compounds with the ALUMO > AHOMO will exhibit
a reversed sign pattern in their MCD spectra, as observed for
compound 2. Placing the push-pull functionality on the meso-
position (F5) brought the LUMO pair back to near degeneracy.
This means that the pyrrole p-position, which is along the x
and y polarization axis, is a better substitution location for
breaking the degeneracy of the LUMO pair. Compound F1,
with the largest ALUMO, also has the smallest HOMO-LUMO
gap which is expected since the stabilization of the LUMO
brought it closer to the HOMO, and therefore, its Q band will
be the most red-shifted compared to the other fictive
molecules.

NO, NH; NH, NH;
NO, NH, NH, NH,
O,N NH,
H o)
0. O,N
N 2 S d
O,N ON H™ S O™ oH
0- ZnP F1 F2 F3 F4 F5
1 -1.254 . AXET -1.350 -1.456
-1.254 — —
2 2425 pen -1.583 -1.510
= -2.188 -
3 3
% -3.332
o= 74
w
6 609 6.357 B -6.235
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Fig. 7 The structure, energy level diagram, and values of two HOMOs and two LUMOs in eV for the fictive molecules F1-F5. The frontier MO ener-

gies of ZnP are shown for comparison.
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Electron density surfaces of fictive compounds

The electron density distribution of the fictive compounds for
the four MOs is shown in Fig. 8. For all the compounds, the
electron density is observed on the donating groups in the
HOMO and on the withdrawing groups in the LUMO. The elec-
tron density differences between the excited and ground states
are shown in the last row of Fig. 8. It is easy to see from these
images that following photoexcitation, the electron density is
moving from the donor group (cyan) to the acceptor group
(purple). This is a required property for a photosensitizer in
dye-sensitized solar cells.

Discussion

In the quest for an intense red-shifted absorption band to
allow for efficient energy conversion® and singlet oxygen pro-
duction, a large number of synthetic tetrapyrroles have been
reported.” Synthetic approaches have included extensive conju-
gation, symmetry reduction, and push-pull substituents to

LUMO+1

LUMO

HOMO

HOMO-1

Density
difference

Pexc ~ Pground
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lower its energy and intensify the Q band. In each of these
strategies, the intention is to change the Q band. Extensive
conjugation reduces the HOMO-LUMO gap (e.g
naphthophthalocyanine) and red shifts the Q band.”®
Symmetry reduction splits the HOMO and HOMO-1 which
increases the oscillator strength.>®> Push-pull substituents
facilitate the electron transfer to the semiconductor in solar
cells. Combining the red shift and intensification of the Q
band, panchromatic absorption, and charge transfer to the
semiconductor, are the four factors necessary for an efficient
photosensitizer."* The p-substitution in push-pull porphyrins
is an attractive synthetic approach to destabilize the specific
orbitals to achieve the desired red-shifted Q band and intro-
duce a strong dipole moment.”***”7*° By studying a series of
Zn porphyrins, 1-4, synthesized with combinations of simple
electron withdrawing and electron donating groups on the
B-position, we used MCD spectroscopy to probe the differences
in their electronic structure. The computational aspects are
vital for the design of effective photosensitizers because elec-
tron charge transfer is a necessary property and arises from an

Fig. 8 The electron density surfaces of the four MOs for F1-F5. The last row shows the density difference between the excited and ground states.
Cyan represents where the electron is coming from and purple represents the direction in which the electrons are moving as a result of the

excitation.

This journal is © The Royal Society of Chemistry 2017
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unequal electron distribution on MOs as a result of differential
substitution. Molecular designs for effective charge transfer
requires electron distribution information. To anchor the
computational results, we analyzed the experimental results to
ensure that we had reliability. We designed fictive molecules
that exploited the split between the LUMO and LUMO+1
(ALUMO), which like chlorophyll, would reduce the
HOMO-LUMO gap, thereby red-shifting the Q band.*

Assessment of the computational results

Computational data can provide an understanding of the
underlying electronic structure that results in the observed
optical and redox properties. The difficulty in assessing the
quality of computational results, particularly for use in a
predictive role for the five fictive compounds described above,
lies in overcoming and identifying the inaccuracies in the
predicted properties.

The energies of the two UV-visible region n—-n* porphyrin
bands (the Q and B bands) and their respective oscillator
strengths are readily measured and can also be easily calcu-
lated using TD-DFT methods. However, the accuracy of the
predicted spectral bands for tetrapyrroles is not good, with the
Q band energy (S, — S;) often overestimated, placing the
absorption band of 40-100 nm to the blue of the observed
Q band. In the presence of additional states, such as vibronic
or charge transfer, this makes assigning the predicted band to
a specific observed band often ambiguous. MCD spectra
greatly assist the assignment accuracy by allowing the observed
band to be characterized as having n—-n* origins from the band
morphologies (the 4, B, or C terms). In 2005, we addressed the
problem of inaccuracies in the computational band energies
for the Q and B bands by assembling optical and compu-
tational data from 18 porphyrins and phthalocyanines® using
the MCD spectral properties to confidently identify the Q and
B bands. We then reported the trends in the observed spectro-
scopic values as a function of calculated parameters. These
trends provided a firm and wide-ranging foundation for under-
standing the connection between the electronic structure of
these tetrapyrroles and their experimentally determined
properties. We can use these trends to assess the reliability of
the computational results for novel and fictive porphyrins.
However, the computational methods used in 2005 are not the
same as today. For the figures described next we have recalcu-
lated the computational data using the same functional and
basis sets used for the four novel and five fictive porphyrins
that are part of this present study (Walters and Stillman
unpublished).

The goal of red-shifted Q bands: observed Q band energies
trend linearly with the HOMO-LUMO gap

In Fig. 9A we compare the experimental Q band energy data
for compounds 1-4 and the estimated Q band energy data for
F1-F5 to the 10 legacy compounds as a function of their
respective HOMO-LUMO energy gaps in eV. The use of the
observed Q band as a function of the HOMO-LUMO energy
gap removes the underlying errors in the calculation that may
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Fig. 9 (A) Observed Q band energy versus the calculated HOMO-

LUMO gap. (B) Calculated Q band oscillator strength, f, against the
calculated AHOMO. The ten legacy compounds are plotted as black
circles. Red circles represent compounds 1-4 and blue triangles rep-
resent the fictive molecules, F1-F5.

arise and introduce bias into the calculated data. The porphyr-
ins and phthalocyanines used for the trend are complexes with
purely extended = conjugation. The observed Q bands of 1-4
lie quite well on the trend line as shown in Fig. 9A, suggesting
that the calculated HOMO-LUMO gap matches with the experi-
mental Q band energy no matter what the substitution.
However, for application purposes, compounds 1-4 are not
likely to achieve a high power conversion efficiency in solar
cells because they have a large HOMO-LUMO gap that corres-
ponds to a high energy Q band.

We included the five fictive molecules (F1-F5) using just
the calculated HOMO-LUMO gap energies and placing the
estimated Q band energy on the trend line. The slightly lower
energy of F3 versus F2 suggests that formyl substitution might
red-shift the Q bands more than the NO, substitution with the
push of NH,. Molecule F1, where both sides are electron with-
drawing, exhibited the largest ALUMO and the smallest
HOMO-LUMO gap which would result in the most red-shifted
Q band. Having withdrawing groups on opposite sides also
creates strong equal and opposite dipoles and this additional
dipole moment can possibly enhance the electron displace-
ment onto the semiconductor.

The goal of strongly absorbing Q bands: calculated oscillator
strengths trend linearly with the AHOMO

Fig. 9B assembles the trend between the calculated oscillator
strengths (f) and AHOMO, of the 10 legacy molecules, 1-4,

This journal is © The Royal Society of Chemistry 2017
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and F1-F5. A non-zero value for the AHOMO implies a split-
ting of the nominally degenerate pair of MOs from the
Ci6H16> parent polyene. Again, the updated calculation of the
10 legacy molecules provides the same linearity in the trend:
the increasing AHOMO dramatically increases the Q band
absorbance.”® While determining the experimental values for f
is not difficult for strongly absorbing tetrapyrroles, it is
difficult to obtain reliable data for the weakly absorbing tetra-
phenyl compounds represented by 1-4 and F1-F5 because the
absorbance is so low. Thus, we have used the calculated values
for all the compounds in Fig. 9B. It is clear, however, from the
optical data of 1-4, that the absorbance of the Q bands is very
low, so the calculated values in 9B are likely to be very good
estimations of the experimental data. The key conclusion from
9B is that the peripheral substitution of 1-4 does not signifi-
cantly split the accidental degeneracy of the two top-filled
MOs, and that the Q band absorbance will then be very weak.
The meso tetraphenyl substitutions offset the presence of the
pyrrole nitrogens so that for ZnTPP, the AHOMO approaches
the zero of the parent polyene. Concomitantly, the Q band
absorbance (f) drops to close to zero with the Q band located
primarily from the MCD spectrum.

How do the calculations compare with the experimental data
of the p-substituted porphyrins?

Fig. 10A shows the trend in the observed vs. calculated Q band
energies for the 10 legacy molecules and compounds 1-4. The
linearity in the legacy data is convincing, while the TD-DFT
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view of the plot for compounds 1-4, showing how the experimental Q
band of 2 does not fit the trend line.
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calculations over emphasize the S1 energy, resulting in blue
shifted Q band predictions, the error is systematic so the trend
line is linear. On the other hand, the data for 1-4 consistently
lie off the trend line. This might suggest that TD-DFT calcu-
lates the effect of having electron withdrawing and electron
donating groups around the porphyrin ring in a manner that
is different from a purely conjugated system. Fig. 10B shows
expanded views of the correlation between the observed and
calculated Q band energies of 1-4, now identifying that 2 lies
well off the possible linear trend of 1,3 and 4. In the absence
of other experimental data, we cannot at this point generalize
but we believe that the NO, moiety’s interaction with the
n system, which resulted in the change in the n electronic
structure, is responsible for the inaccurate calculation.
Our conclusion is further supported by the effect the NO,
substitution has on the two lowest unoccupied n* orbitals,
nominally, the degenerate pair of e, LUMOs.

Splitting the two lowest unoccupied MOs: ALUMO

The calculations reported in Fig. 5 for 1-4 and Fig. 7 for F1-F5
show that each of the porphyrins with the electron withdraw-
ing groups on the p-positions have a ALUMO > 0. Typically for
tetrapyrroles, the ALUMO is essentially zero, for example, ZnP
in Fig. 7 and all the legacy compounds in ref. 25. It is not sur-
prising that the pair of HOMO orbitals might differ in energy
in view of the low symmetry of the molecules with substi-
tutions in electron density sensitive locations. However, it is
unusual for the degenerate pair of LUMOs to split in energy.
Here the influence of the electron withdrawing nature of the
NO, group in the f-position, which lies along the x and y
polarization axis of the porphyrin, clearly causes substantial
interference with the n* orbitals. Uniquely, of the four push-
pull porphyrins, only 2 exhibits a red shifted Q band, an
inverted, negatively signed A term, and unusual emission pro-
perties (Fig. 4). The calculations, Fig. 5, show that only for 2,
the ALUMO is greater than the AHOMO. This inversion of the
splitting, and indeed, the unusual presence of the split LUMO
pair of orbitals, may be the cause of the systematic errors of
the TD-DFT calculations. It is possible that TD-DFT does not
cope well with an electronic structure where the LUMO pair is
split greater than the HOMO pair. For all compounds except
for 2, the order of the Q band wavelength obtained by TD-DFT
matches well with the order observed in the experimental data.
The calculated Q band wavelength for 2 was significantly more
blue-shifted than that of the other three compounds whereas
the observed Q band for 2 was the most red-shifted compared
to those of 1, 3, and 4.

Negative A term from MCD spectroscopy: proof of a split
LUMO

Fig. 11 shows the A/D values for 1-4 and ZnTPP as a function
of the difference in the AHOMO and ALUMO energies from
the DFT calculations. A/D represents the difference in angular
momentum between the ground and excited states. The A and
D magnitudes were estimated from the MCD peak to the
trough and the absorbance maximum for the same solution.
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Fig. 11 Experimental A/D values as a function of AHOMO-ALUMO. "A”
was measured from the peak to the trough of the MCD Qg band and is
in units of AA__r/T and “D" was measured from the Qg absorption band
maximum for the same solution used in the MCD spectrum. The
AHOMO and ALUMO values are shown in Table 1. Subtraction between
these two represents the difference in splitting of the two orbital pairs.

This is not nearly as precise as using the method of
moments*® but is close to the values from band shape fitting
when the spectra are well resolved from other bands. For 1, 3,
4, and ZnTPP, the ALUMO is less than the AHOMO which is
typically observed for metalloporphyrins. The trend shows how
as the AHOMO-ALUMO approaches zero, the MCD +A4/D
magnitude diminishes for 3 then inverts for 2. The trend is
convincing. The A/D value of —1.15 Bohr magneton for 2 is not
hard to understand as the LUMO angular momentum is
nominally +5 vs. +4 for the HOMO pair, so for the MCD A/D to
invert, the LUMO angular momentum must be quenched to a
much greater extent. Because there are, to our knowledge, no
similar series that can be used for comparison, this figure rep-
resents the first experimental data that include MCD data from
a series of like-compounds stretching from +A4/D to —A/D.

Analysis of f-substitution using electron density surfaces of
occupied MOs

One of the most important datasets obtained from the DFT
calculations is the mapping of the electron density for each
MO. For tetrapyrroles, the nodal patterns provide a direct indi-
cator of the aromatic n system. We compare the electron
density surfaces here for the occupied MOs and below for the
unoccupied ©* MOs. The surfaces indicate the influence of the
peripheral decoration on the stability of the n system. Because
the aromatic system is dominated by the angular momentum,
especially for the HOMOs, the surfaces show where low sym-
metry effects of the substituents will result in electronic dis-
turbances that will likely change the ground state angular
momenta. Starting with 1-4, we readily see from the energies
that except for 2, the nominally degenerate e, pair of MOs are
split significantly and the single highest occupied MO is the
a;, orbital. The a;, orbitals are not particularly sensitive, there-
fore, to the tetratolyl substituents or to the metal (Fig. 1).
However, the a;, orbitals are sensitive to the substituents on
the B-positions of the pyrroles. In addition, the density of the
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fused benzo group is included as in a benzoporphyrin, but the
two methoxy substituents only contribute a small amount of
density. This may be because there is not much delocalization
onto those substituents. The electron withdrawing groups on
the opposite pyrroles in 1, 2 and 4 are also included in the a;,,
density, introducing a significant axis of density stretching
from the benzo group to the acetamido, nitro, and benzoyla-
mino groups. The HOMO-1 in 1-4 is the a,, partner of the e,
pair, now stabilized by the electron withdrawing properties of
the p groups and the tolyl substituents on the methine bridge,
as these are all now part of the electron density with the four
nodes passing through the bonds, Fig. 1. The effect of the elec-
tron withdrawing groups, however, reduces the density on the
ring, which means that for 2, the a;, and a,, orbitals become
essentially degenerate. The ramification of these effects for
these two Gouterman orbitals is that the Q band absorbance
(and the calculated oscillator strength) of 1, 3, and 4 is greater
than that of 2, as shown in Fig. 4. The nitro group only
appears with a significant density of seven MOs below the
HOMO. However, as we see below, the nitro group fully con-
tributes to the LUMO (MO 246 in Fig. 5).

A similar analysis of the HOMO and HOMO-1 surfaces of
the five fictive compounds, F1-F5, reveals that the strength of
the withdrawing group has a major effect on the energies of
a;y and a,,. Because the nodes for a;, lie on the pyrrole nitro-
gen and methine bridges, its energy is heavily dependent on
the substituent on the f-position. For F1 and F2, the presence
of a strongly withdrawing NO, group pulls the electron density
from the ring and lowers the energy of a;, below that of a,,
The weaker withdrawing groups of formyl (F3) and carboxylic
acid (F4) still pull the electron density from the ring, but not
enough to lower the energy of a,,, below a,,.

Analysis of -substitution using electron density surfaces of
unoccupied MOs

The electron densities of the LUMOs for 1, 3, and 4 are very
similar, clearly showing the 5 nodes associated with the
Gouterman LUMO pair. The dimethoxybenzo group is associ-
ated with LUMO+1. For 2, the NO, and dimethoxybenzo
groups form a single MO for the LUMO, which accounts for
the complexity of the Q band state shown in Fig. 6. Like the
LUMO electron density surface of 2, Fig. 5, the LUMO surfaces
for the five fictive molecules all show a strong electron density
on the electron withdrawing groups. The effect is that the
HOMO/HOMO-1 to LUMO transitions of F1-F5 and 2 will
involve a greater extent of charge transfer onto the electron
withdrawing groups than in 1, 3 and 4, as shown in the
density difference surfaces (Fig. 8).

Conclusion

Spectral data allow the assessment of the computational ana-
lysis in showing that the presence of NO, in the p-substitution
position splits the LUMO pair, thereby reducing the HOMO-
LUMO gap and introducing the dipole moment, all properties

This journal is © The Royal Society of Chemistry 2017
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needed for a photosensitizer. The trends in the HOMO-LUMO
gap and the AHOMO confirm the reliability of the compu-
tational results. The inverted A term in the MCD spectrum of
the nitro-benzo porphyrin (2) is correlated with the ALUMO
being greater than the AHOMO which is interpreted to mean
that the angular momentum of the first excited state is less
than that of the ground state; an unusual situation for a
porphyrin. The experimental data for 1-4 anchor the inter-
pretive results from the computational analysis. Based on the
confidence in the analysis of 1-4, we designed five fictive mole-
cules to test the effect of strongly electron withdrawing and
electron donating groups opposite to each other. The compu-
tational studies showed in detail the predicted properties and
the fact that the presence of the NO, group strongly influenced
the degeneracy of the LUMO and LUMO+1. An effective charge
transfer is needed in photosensitizers to transfer the ground
state electron to the semiconductor.
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