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Unsymmetric Pentacene- and Pentacenequinone-Fused Porphyrins:
Understanding the Effect of Cross- and Linear-Conjugation
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Unsymmetric pentacenequinone-fused (cross-conjugated) and pentacene-fused (linear-conjugated) porphyrins were
designed and synthesized. The cross-conjugated (AM;—AMj,) and linear-conjugated (AMs—AM,,) porphyrins displayed strikingly
different sets of optical and electronic properties, both of which are unusual and nontypical of porphyrins. MCD, DFT, and TDDFT
calculations suggest that multiple charge transfer states exist in both z-conjugated systems, which contributes to the complex
absorption and MCD spectra of these molecular systems. The general Gouterman’s four-orbital model used to explain porphyrin
spectroscopy led to contradicting theoretical and experimental data, and is thus not applicable for these molecular systems. The “2 +
4” and “3 + 37 active spaces have been deduced and have proven effective to interpret the absorption and MCD spectra of the
pentacenequinone-fused (cross-conjugated) and pentacene-fused (linear-conjugated) porphyrins, respectively. Spectroelectrochem-
istry of AM;—AM,, revealed broad and intense IR absorptions in the range of 1500—2500 nm, illustrating the exceptional ability of
these pentacene-fused systems to accommodate positive charges. A pronounced metal effect was observed for pentacene-fused
porphyrins. While pentacene-fused Ni(I) porphyrin (AMg) demonstrated an abnormal ability to stabilize pentacene with a half-life
of >28.3 days, the half-life of the free base and Zn(II) counterparts were normal, similar to those of pentacene analogues. This work
provides important and useful information on guiding new material designs.

pentacene, cross- and linear-conjugation, MCD spectroscopy, m-extended porphyrin, TDDFT calculation,
UV—vis spectroscopy, cyclic voltammetry

extended structures display remarkable electronic and optical
properties, which have never been reported for other molecular
systems.

Our group has been engaged in developing synthetic
methods to fuse larger PAHs at porphyrin f, -positions.**™*
B, p-Fusion offers a unique geometry and topology for PAHs
not accessible through meso, f-fusion, opening new doors to

m-Extended structures have received intense attention due to
their relevance in various topics in chemistry, physics, and
materials science.”” z-Extended porphyrins fused with
polycyclic aromatic hydrocarbons (PAHs) are especially
attractive as they are reminiscent of “nanographenes” doped
with heteroatoms. 7#-Extended porphyrins possess a unique
combination of photophysical, optoelectronic, and physico-

chemical properties, which are of broad interest in various May 2§, 2022
areas ranging from biomedicine to organic electronics.”’~'* 7- July 12, 2022
Extended porphyrins can be classified into two categories: July 12, 2022
meso, f-fused and f, f-fused. Although synthetically challeng- July 29, 2022

ing, both meso, p-PAH-fused and f, f-PAH-fused porphyrins
have been successfully achieved (Figure 1).>7* These #-
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M= Ni(ll), Zn (11), 2H

Cross-conjugated system

Linear-conjugated system

M = Ni(ll), half-lfe: > 28.3 days in benzene
M = Zn(1l), halffe = 1.2 days in benzene (28.8 h)
M = 2H, half-ife = 1.3 days in benzene (31.2 h)

Figure 1. Selected examples of large PAH-fused porphyrins.

construct m-extended systems in materials science. In a
previous publication, we prepared pentacenequinone- and
pentacene-fused porphyrin dimers.*> Despite their similar D,
symmetry, the pentacenequinone- and pentacene-fused
porphyrin dimers displayed strikingly different electronic and
optical properties, both of which are unprecedented and very
interesting. In particular, the pentacene-fused nickel porphyrin
dimer exhibited abnormally high stability, which was >60 times
more stable than that of the corresponding pentacene.*’

The unusual properties of these pentacenequinone- and
pentacene-fused porphyrin dimers prompted us to investigate
the underlying factors governing the observed redox and
optical behaviors. The first questions to be answered are the
following: Will other pentacenequinone- and pentacene-fused
porphyrins display similar properties? How does cross-
conjugation (pentacenequinone-fused) and linear-conjugation
(pentacene-fused) perturb the spectroscopy differently?
Importantly, stability issues have been one major challenge
for longer acenes to overcome. Will fusion of Ni(II) porphyrin
to acenes potentially become an effective strategy to tackle this
challenge? Cross- con]ugated chromophoric systems have been
rarely investigated. 647 Through answering these questions, we
hope to provide information on new principles for materials
design.

In this work, we introduce a new series of monopentace-
nequinone- and monopentacene-fused porphyrins (Figure 1),
which possess an effective C,, symmetry in comparison with
their dimer analogues of D,;, symmetry.”’ Studies on these 7-
extended structures using UV—vis and florescence spectros-
copies, cyclic voltammetry (CV), and spectroelectrochemistry
reveal unprecedented optical and electronic properties, which
sharply contrast their dimer analogues.”> Magnetic circular
dichroism (MCD) spectroscopy, DFT and TDDFT calcu-
lations were carried out to understand the electronic
transitions of these compounds as well as the correlations
between cross-conjugated and linear-conjugated systems. In
this work, Zn(1I)-, 2H-, and Ni(II)-pentacene-fused porphyr-
ins have also been made available to investigate the center
metal effect on the stability of the pentacenes.
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In the previous work,”’ we showed that the pentacene-fused
nickel porphyrin dimer exhibited abnormally high stability.
This exceptional stability was mainly attributed to the presence
of the nickel ion.” Attempts to use a Zn(II) pentacenequi-
none-fused porphyrin dimer to prepare the corresponding
Zn(II) pentacene-fused porphyrin dimer did not succeed. We
suspected that zinc could easily be demetalated upon addition
of the phenyl acetylide to the quinone due to ring deformation
and the resulting free-base porphyrin would be deprotonated
by the strongly basic phenyl acetylide. Since there are two
porphyrins fused to the pentacenequinone, the presence of two
negatively charged porphyrins could effectively deactivate the
quinone group toward an addition reaction. In the
monopentacenequinone- and monopentacene-fused porphyr-
ins, the presence of only one porphyrin will relieve the steric
hindrance and thus alleviate the deformation of the porphyrin
ring during the addition reaction. In addition, it is hopeful that
the addition reaction to quinone would not be fully deactivated
with one negatively charged porphyrin.

The synthesis of monopentacenequinone-fused (AM;—
AM;) and monopentacene-fused porphyrins (AM;—AM,)
started with monobenzoporphyrin dicarbaldehyde 1, which
was prepared using a previously reported procedure.
Monobenzoporphyrin 1, cyclohexane-1,4-dione, and benzene-
1,2-dicarbaldehyde were mixed in THF under basic condition
(KOH/MeOH) to give the desired monopentacenequinone-
fused porphyrin AM, in an 84% yield (Scheme 1). Different

Scheme 1. Synthesis of Unsymmetrical Pentacenequinone-
Fused Porphyrins

OHC
5 - 10 oy
Z OHC

Ar. Ar

KOH/MeOH

Dry THF
RT, Overmgm

Ni(OAC),+4H,0

Benzonitrile
110 °C, Overnight
88 % Ar

Zn(OAc),

CHCl3, MeOH
RT,4h
91%

ratios of 1, cyclohexane-1,4-dione, and benzene-1,2-dicarbal-
dehyde were attempted, and the best yield was achieved with a
molar ratio of 1:20:40. Monopentacenequinone-fused porphyr-
ins AM, and AM; were obtained through insertion of Ni(II)
and Zn(II), respectively.

The synthesis of the pentacene-fused po Ehyrins followed
previously reported protocols (Scheme 2).**** The addition of
phenyl acetylene to AM,; was accomplished by adding phenyl
acetylide, produced from the reaction of phenyl acetylene with
n-butyl lithium in THF at —78 °C, to a solution of AM, in
THF under argon atmosphere to form the double addition
product AM,-2H in 72% yield. Reduction of AM,-2H using
SnCl, gave AM; in 93% yield. AM4 was obtained in a similar
manner starting with AM,. The addition product AM,-Ni was
also isolated. The zinc analogue AM, was prepared through the

https://doi.org/10.1021/acsphyschemau.2c00023
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Scheme 2. Synthesis of Unsymmetrical Pentacene-Fused
Porphyrins

AM,, M = 2H AM,-2H, M = 2H (72%)
AM,, M = Ni(ll) AM,-Ni, M = Ni(ll) (86%
AM;, M = Zn(ll)

SnCly+2H,0
3M HCI

Dry DMF
R.T., 5 min

AMg, M = 2H (93%)
AMg, M = Ni(ll) (76%

Zn(OAc),
CHCl3, MeOH
RT,4h
91%

Ar

insertion of Zn(II) into free base AM; under argon
atmosphere.

Single crystals suitable for X-ray analysis were obtained for
AM, (CCDC, 2080553), AM, (CCDC, 2080554), and AM,
(CCDC, 2080555) through vapor diffusion (Figure 2 and

Figure 2. X-ray crystal structure of AM; and AM,. All hydrogen
atoms are omitted for clarity.

Figure S1 in the Supporting Information (SI)). Both the
pentacenequinone component and the porphyrin core of free
base AM, adopt essentially a planar conformation with the
porphyrin core slightly saddled and the pentacenequinone
slightly curved. The pentacenequinone component and the
porphyrin core are also aligned in the same plane. In contrast,
while the pentacenequinone component remains planar, the
porphyrin core of Ni(II) AM, is significantly distorted from
planarity, assuming a ruffled conformation. Although the X-ray
crystal data obtained for Zn(II) AM, is of low quality, the core
structures can be clearly distinguished (see Figure S1 in the
SI). Similar to its free-base analogue AM;, both the
pentacenequinone component and the porphyrin core of
AM; are essentially planar with the pentacenequinone slightly
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twisted at the center cyclohexane-1,4-dione ring. The
pentacenequinone plane and the porphyrin plane of AM; are
also slightly twisted from each other.

It is notable that significant 7—x type stacking is observed
for AM, (Figure 3). Two AM,; molecules are lying on the top

Figure 3. Crystal packing of AM,; and AM,. All hydrogen atoms are
omitted for clarity.

of each other through the pentacenequinone components with
a distance of 3.24—3.38 A, which fits well in the distance range
for 7—rn stacking. The two porphyrin rings are at the opposite
side of each other. The stacking is not entirely cofacial and is
slightly slipped. Despite the largely distorted porphyrin ring,
AM, shows similar packing in the solid state with a slightly
longer packing distance (3.33—3.49 A). These data suggest
that the pentacenequinone component can exert relatively
strong 7—7 interactions.

The UV—vis absorption spectra of pentacenequinone-fused
porphyrins AM,—AM; and pentacene-fused porphyrins AM—
AM,, are compiled in Figures 4 and S, respectively. All three
monoporphyrin-fused pentacenequinones AM;—AM; dis-
played three prominent bands in the Soret band region
spanning from ~320 to ~550 nm. The intensities of these
transitions are almost even, which is in sharp contrast to those
of their pentacenequinone-fused porphyrin dimers showing
nontypical porphyrin absorptions. This unusual splitting
pattern has never been observed in any other porphyrins to
our knowledge.*® It is interesting to note that when
phenylacetylide was added to the quinone groups of AM,
and AM,, the absorption bands of the resulting porphyrins
(AM,-2H and AM,-Ni) showed typical porphyrin absorptions
with one sharp Soret band and several weaker Q bands. It is
apparent that the abnormal spitting pattern observed for the
Soret bands of AM;—AM; can be mainly attributed to the
cross-conjugation in AM;—AMj;. Linear-conjugated pentacene-
fused porphyrins AM;—AM,, showed complex features of the
Soret bands which is not uncommon for porphyrins with

https://doi.org/10.1021/acsphyschemau.2c00023
ACS Phys. Chem Au 2022, 2, 468—481
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Figure 4. UV—vis absorption spectra of AM;—AMj;, AM,-Ni, and
AM,-2H in DCM. Inset: Expanded region for Q bands.

reduced symmetry. Additionally, the electronic interaction
between the porphyrin and pentacene causes absorptions
spanning across most of the visible portion and into the near-
infrared (AMj: Ay = 753 nm, AMg: 4,0, = 773 nm, AM: 4.
= 770 nm) region of the electromagnetic spectrum, which is
expected for m-extended systems. On the other hand, AM;—
AM,, exhibited excessive absorption peaks compared toa
normal 7-extended porphyrin possessing C,, symmetry,”~ ">
suggesting the existence of complex electronic events in the
molecular system. The sharp contrast in the absorption spectra
between the cross-conjugated system and the linear-conjugated
system reflects different effects of electronic perturbations on
the optical properties of these two molecular systems. Further
investigation of the electronic transitions present in these
molecules was necessary to better understand their optical
properties.

Steady state fluorescence spectra of AM,;, AM;, AM;, and
AM,, were measured in benzene (Figure S2 in the SI). Both
pencenequinone-fused porphyrins AM; and AM; exhibited
two strong emission bands with similar intensities in the range
of 550—800 nm. Both emission bands of free base-porphyrin
AM, are red-shifted by ~42 nm as compared with those of
Zn(II) porphyrin AM;. Pentacene-fused porphyrins AMg and
AM;, only showed one major emission band at 767 and 790 nm
with a weak and broad shoulder peak centered at 850 and 871
nm, respectively. Interestingly, in contrast to the cross-
conjugated AM,; and AM; where free-base porphyrin AM,
exhibited red-shifted emission bands relative to those of Zn(II)
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Figure 5. UV—vis/NIR absorption spectra of AMg—AM, in DCM.

porphyrin AMj;, linear-conjugated Zn(Il) porphyrin AM,
showed a more red-shifted emission band than those of free-
based porphyrin AM;. Ni(I) porphyrins AM, and AMy were
nonfluorescent. The fluorescence of pentacene and pentace-
nequinone was obviously quenched by the fused nickel
porphyrin. The optical data of these porphyrins are organized

https://doi.org/10.1021/acsphyschemau.2c00023
ACS Phys. Chem Au 2022, 2, 468—481
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in Table 1. The optical HOMO—LUMO gaps are in the order
of AM (1.65 eV) < AM,, (1.66 eV) < AM; (1.69 eV) < AM,
(1.89 €V) < AM, (2.02 eV) < AM, (2.07 eV).

Table 1. Redox Potentials of the Studied Compounds

redox potential, V (FcH/FcH")

samples Eox E.q
AM,  0.54; 0.62; 1.01 —2.19; —2.09; —1.84; —1.65
AM, 0.43; 0.60 —1.98; —1.75; —1.60
AM,  0.22; 0.42; 0.71; 0.95 —-197; —1.67; —1.31
AM;, 0.19; 0.64; 1.04; 1.49 —1.81; —1.44
AM, 0.14; 0.45; 0.62; 0.97; 1.26 —2.11; —1.83; —1.75; —1.39
AM, 0.08; 0.36; 0.61; 0.93; 1.08; 1.36 —1.85; —1.45

Magnetic circular dichroism (MCD) spectroscopy was utilized
to understand the unusual splitting pattern of the absorption
bands of AM;—AM,. The UV—vis and MCD spectra of
porphyrins AM;—AM; and AM;—AM, are shown in Figures 6
and 7. In the case of metal-free AM,, four MCD Faraday B-
terms were observed at 666, 616, 580, and 549 nm in the Q-
band region. The two lower energy bands have negative
amplitudes, and the two higher energy bands have positive
amplitudes. These transitions correlate well with the
absorption bands at 664, 610, 575, and 537 nm observed in
the UV—vis spectrum of this compound. In the Soret band
region, the most intense transitions at 480, 453, and 423 nm
observed in the UV—vis spectrum of AM; correlate well with
the negative MCD transition at 474 nm, the negative
amplitude shoulder at 450 nm, and the positive amplitude B-
term at 423 nm. In addition, a MCD pseudo-A-term was
observed between 392 and 376 nm (Figure 6). The Q-band
region in the transition-metal complexes AM, and AM; differs
substantially from metal-free AM;. Indeed, in both cases, a pair
of the MCD pseudo-A-terms was observed in the Q-band
region, with the lower energy pseudo-A-term being about two
times more intense compared to the higher energy one (Figure
6). Such behavior (the presence of two MCD pseudo-A-terms
in the Q-band region) has been observed in the case of
bimetallic pentacenequinone-fused porphyrins published by
us.** Moreover, the energies of the main transitions observed
in the Q-band region of the porphyrins AM, and AM; are very
close to those reported for their doubly fused analogues.*” This
observation suggests the similarity of the HOMO—-LUMO gap
in mononuclear porphyrins AM, and AM; and the binuclear
analogue, which might indicate the, at least partial, 7-system
interruption in the later compounds caused by the
pentacenequinone bridge. The MCD signatures of porphyrins
AM, and AM,; in the Soret band region resemble those for the
metal-free AM,. In particular, two lower energy bands in the
UV—vis spectra of AM, (486 and 456 nm) and AM; (489 and
460 nm) are associated with two B-terms of negative
amplitude, while the intense higher energy band (424 nm for
AM, and 422 nm for AM,) is associated with the positive
amplitude B-term in their MCD spectra. In addition, an MCD
pseudo-A-term was observed for both transition-metal
compounds between 395 and 369 nm. It is expected that the
elongation of the porphyrin conjugation using the pentaqui-
none substituent will significantly increase the energy differ-
ence between Gouterman’s pair of e, (x) and e,(y) orbitals (in
traditional D, point group notation).”””° The MCD spectra in
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Figure 6. UV—vis and MCD spectra of porphyrins AM;—AM; in
DCM.

the Q-band region, however, have a negative-to-positive
amplitude sequence (in ascending energy), which is indicative
of the AHOMO > ALUMO relationship (AHOMO is the
energy difference between the a,, and a,, MOs in Gouterman’s
notation, and ALUMO is the energy difference between the
e(x) and ¢,(y) MOs in Gouterman'’s notation).>' ~>°

The Q-band region in the pentacene-fused porphyrins
AM;—AM, is significantly more red-shifted compared to that
in the pentacenequinone-fused porphyrins AM;—AM; (Figure
7). For instance, the lowest energy transition in all compounds
was observed between 755 and 781 nm. This band is
associated with a very weak MCD B-term with a negative
amplitude. The energy of this weak MCD B-term correlates
well with the position of the lowest energy transition observed
in the UV—vis spectra of AM;—AM,. The next MCD signal
belongs to the pseudo-A-term centered around 690—705 nm.
Unlike in the case of the pentacenequinone-fused systems
AM,—AM;, the pseudo-A-term was observed for the metal-free
and transition-metal complexes AM;—AM,,. The center of this
pseudo-A-term correlates well with the UV—vis transitions
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Figure 7. UV—vis and MCD spectra of porphyrins AM;—AM, in

DCM.

observed at 688 (AMj), 705 (AMg), and 704 (AM,) nm.
Another significantly stronger pseudo-A-term was observed in
the MCD spectra of porphyrins AMs—AM, between 500 and
560 nm. In general, the intensity of the MCD signals in
porphyrins AMs—AM,, in the 600—800 spectral envelope is
significantly lower compared to the intensity of the MCD
bands observed for the porphyrins AM;—AM; in the Q-band
region. Such a dramatic decrease in the intensity was also
observed in the (doubly-fused by pentacene) bisporphyrins
reported earlier.”” Interestingly, the lowest energy band
position in the porphyrins AM;—AM),, is nearly constant (AE
~ 400 cm™) and correlates well with an absorption band at
730 nm observed in the UV—vis spectrum of the metal-free
bisporphyrin fused by the pentacene bridge. That being said,
the red-shifted low-energy bands in shorter z-systems of AMs—
AM,, (compared to the bisporphyrin analogue) is unexpected.
The most resolved MCD spectrum in the Soret band region
was observed for AM, (Figure 7). In this case, the four most
prominent bands observed in the UV—vis spectrum at 491,
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460, 43S, and 418 nm correlate with two MCD pseudo-A-
terms centered at 489 and 417 nm and two B-terms observed
at 461 and 439 nm. Again, the MCD spectra in the Q-band
region of porphyrins AM;—AM, have a negative-to-positive
amplitude sequence (in ascending energy), which is indicative
of the AHOMO > ALUMO relationship in these com-
pounds.”' >

Taking into consideration the potential redox activity of the
pentacene or pentacenequinone fragments, it was interesting to
investigate the redox properties of AM,—AM; and AM;—AM,,
systems. The summary of the electrochemical data is shown in
Table 1, with the representative examples outlined in Figure 8.

W

P

05 1 -15 -2

Potential (V)

1001A

1 I

Potential (V)
Figure 8. Representative examples of CV and DPV data for AM,

(top) and AM,, (bottom) in DCM/0.1 M TBAP system. All potentials
are referenced to the Fc/Fc" couple.

For each compound, multiple oxidation and reduction
processes were observed. In the case of the pentacenequinone
compounds, three reversible oxidation processes were
observed for AM; and AM, while two reversible and two
irreversible processes were observed for AM;. The first
oxidation potential for AM;—AM; spans with a 320 mV
range. Three to four reduction processes were observed in
AM,—AM; systems. Up to six oxidation processes were
observed for the porphyrins AM;—AM,, with the first three
being reversible. The first oxidation potential in AMs—AM,, has
a significantly smaller central ion dependency than AM,;—AM;.
Since our DFT calculations discussed below are indicative that
the HOMO in AM;—AM, is ~80% localized on the pentacene
fragment, such a small dependency on the central metal ion is
not surprising. Multiple reduction processes were also
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observed in AMg—AM,, with the first reduction potential being
nearly constant.

The formation of a relatively stable charge-separated state
upon the photoinduced electron transfer process is key for the
performance of porphyrins AM;—AM; and AM;—AM, in
light-harvesting modules of organic solar cells. Since these
porphyrins are thought to be used as electron donors, the
formation and stability of their respective cation-radical forms
generated upon a single-electron oxidation condition with
controlled potential realized under the spectroelectrochemical
conditions were investigated in detail. The single-electron
oxidation of the transition-metal centered AM, and AMj,
results in the reduction of intensities of the Soret- and Q-
band regions and the appearance of new bands at 664 and 901
nm (AM,) or 699, 753, 854, and 961 nm (AM;, Figure 9). The
cation-radical species formed under spectroelectrochemical
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Figure 9. Oxidation of neutral AM;—AM; to [AM,—AM;]*- cation-
radicals under spectroelectrochemical conditions in DCM/0.3 M
TBAP system.
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conditions are stable and can be almost quantitatively reduced
back to the neutral compounds under spectroelectrochemical
conditions (Figure S3 in the SI). The oxidation of the metal-
free porphyrin AM, under spectroelectrochemical conditions
also results in the appearance of new NIR bands at 813 and
916 nm (Figure 9). However, reduction of the formed radical-
cation species back to the neutral porphyrin is not quantitative
and regenerates only ~70% of the starting material (Figure S3
in the SI). The overall spectroscopic signatures of the cation-
radical species [AM,—AM,]*” are typical for the cation-
radicals of the traditional tetraarylporphyrins.”*™>’ In agree-
ment with the DFT calculations, this indicates a lack of
interaction between the outer anthraquinone fragment and the
naphthalene-f,f-fused porphyrin. Thus, the quinone carbonyl
fragment interrupts the s-conjugation, and the overall
spectroscopy of AM;—AM; can be viewed as similar to the
naphthalene-f,$-fused porphyrin.

On the contrary, the single-electron oxidation of the
pentacene-fused porphyrins AMs—AM,, reveals the different
spectroscopic signatures (Figure 10). In particular, a rise of two
very intense (~20000—50000 M~ L™!) transitions between
1500 and 2500 nm was observed in each case. The relative
intensities of these NIR bands have a clear central-metal
dependency with approximately equal intensities observed for
AM;, a significantly stronger lower energy transition for AM,
and the opposite trend for AM,. Based on our DFT
calculations, the HOMO in AM;—AM, is delocalized over
both the porphyrin (~20%) and pentacene (~80%) cores,
suggesting a significant degree of conjugation between the two
chromophores. Thus, it is not surprising to see lower energy
transitions in [AM;—AM,]" cation-radicals that have a larger
degree of conjugation compared to [AM;—AM;]*. However,
the large intensity of these bands needs to be carefully explored
using modern computational approaches and is a subject of a
currently detailed investigation in our laboratories. Again, both
transition-metal complexes can be quantitatively reduced from
[AM¢—AM,]" cation-radicals to the neutral AM¢—AM,
(Figure S4 in the SI). However, similar to the case of
[AM,]*, reduction of [AM;]* under spectroelectrochemical
conditions does not lead to the quantitative recovery of the
neutral AM;. Indeed, in addition to the expected peaks at 755,
491, and 417 nm, we have observed a significant increase of the
431 nm peak that, unlike in the case of the pure neutral AMj,
has a higher intensity than the 417 nm band.

As mentioned above, the UV—vis and MCD spectra of AM,—
AM; and AM;—AM, porphyrins and previously reported
dinuclear porphyrins bridged by pentacene and pentacenequi-
none are rather unusual. The complexity of the experimental
spectra can be reflective of the presence of two NH tautomers
in solution (metal-free compounds only),**~* simultaneous
conformational isomerism,®~”" or the nontraditional elec-
tronic structure of these compounds. In order to explain the
optical and magnetooptical properties of AM;—AM; and
AM;—AM, porphyrins, we have conducted an extensive set of
DFT and TDDFT calculations on the compounds of interest.
First, we optimized the geometries and calculated the energies
of conformational isomers as well as NH tautomers using the
B3LYP exchange-correlation functional coupled with either the
6-31G(d,p) or 6-311G(d) basis set. In addition, DFT and
TDDFT calculations with the MO06 exchange-correlation
functional were conducted for “twisted” and “bent” con-

https://doi.org/10.1021/acsphyschemau.2c00023
ACS Phys. Chem Au 2022, 2, 468—481


https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00023/suppl_file/pg2c00023_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00023/suppl_file/pg2c00023_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00023/suppl_file/pg2c00023_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00023?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00023?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00023?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00023?fig=fig9&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.2c00023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

[0
[&]
C
]
_e
o
(7]
o)
<€
500 1000 1500 2000 2500 3000
Wavelength (nm)
[0]
(&)
C
]
_e
o
»
o]
<C
500 1000 1500 2000 2500 3000
Wavelength (nm)
[0}
(8]
C
©
_e
[e]
(2]
o)
<

1000 1500 2000 2500 3000
Wavelength (nm)

500

Figure 10. Oxidation of neutral AM;—AM, to [AM—AM,]*- cation-
radicals under spectroelectrochemical conditions in DCM/0.3 M
TBAP system.

formations of AM, and AMg to explore our computational
protocol’s validity and general trends. It was found that the
energies and nature of the frontier orbitals are close for the two
basis sets used. DFT calculations with both basis sets also
indicate that the only one (the NH tautomer with two NH
protons located on the short N—N axis) out of two possible
NH tautomers in AM; and AMj is energetically favorable, and
thus, only this tautomer was considered. This is typical for
metal-free extended porphyrins, phthalocyanines, and ana-
logues.”” Next, we found that both “twisted” (twisted
porphyrin’s z-system and planar pentacene/pentacenequinone
fragment) and “bent” (both porphyrin and pentacene/
pentacenequinone fragments are planar but have a small
angle between them) conformations (Figure 11) are very close
in energy and are stable, while the expected classic fully planar
conformation in AM;—AMj; and AM;—AM, is the transition
state (at least one small negative frequency was predicted by
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Figure 11. DFT-optimized conformations of AM.

DFT). The HOMO in AM;—AM; resembles the classic
Gouterman’s ay, (in a standard D,;, symmetry notation) orbital
that is coupled with the appended naphthalene fragment of
pentacenequinone (Figure 12). The porphyrin ring contribu-
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Figure 12. DFT-predicted frontier MOs for “bent” conformations of

AM, (MO06 exchange-correlation functional).

tion to the HOMO is ~80%. This is not typical for the tetra-
(meso-aryl)porphyrins for which a Gouterman’s a,,-type
HOMO is expected.””~”> However, taking into consideration
the nearly degenerate energies of the a;, and a,, MOs in tetra-
(meso-aryl)porphyrins and the conjugation of the additional 7-
system of the pentaquinone at the f, f-position of the
porphyrin ring, it is not surprising to see the a,,-type MO
being the HOMO in AM;—AM;. The HOMO-1 in AM,—
AM; is localized entirely on the porphyrin 7-system and
resembles Gouterman’s a,, orbital. Taking into consideration
the dominant contribution of the porphyrin 7-system into the
HOMO and HOMO-1 in AM,—AM,;, it is safe to use the
DFT-predicted energies of these two orbitals to define
AHOMO, which is needed for MCD spectral analysis in
these compounds.”’ > The LUMO region for porphyrins
AM,—AM; is somewhat complicated by the interactions
between the porphyrin and pentacenequinone n-systems.
Indeed, two pairs of orbitals (LUMO/LUMO+3 and LUMO
+1/LUMO+2) emerge as the combination of the pentacene-
quinone MOs and porphyrin-centered Gouterman’s e,(x)/
e,(y) pair. The first combination leads to the predomlnantly
~60%) pentacenequinone-centered LUMO and predom-
inantly (~65%) porphyrin-centered LUMO+3. The second
combination results in the predominantly (~75%) porphyrin-
centered LUMO+1 and predominantly (~60%) pentacene-
quinone-centered LUMO+2. If the simplistic way of
calculating ALUMO is considered (i.e., the energy difference
between the LUMO and LUMO+1), then AHOMO >
ALUMO and the negative-to-positive MCD band sequence
(in ascending energy) is expected in the MCD spectra of
AM,—AM;, which, at first glance, agrees with experiment. If
the ALUMO is calculated using the energy difference between
the LUMO+1 and LUMO+2 as two MOs that are dominated
by the porphyrin contribution, then AHOMO < ALUMO and
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the positive-to-negative MCD band sequence (in ascending
energy) is expected in the MCD spectra of AM,—AMj, which,
at first glance, disagrees with experiment. As will be discussed
below, our TDDFT calculations reveal a significant deviation
from such a simplistic description. The DFT-predicted
occupied, predominantly pentacenequinone-centered MOs
are significantly more stable compared to the frontier
porphyrin-centered MOs, which, as expected, are reflective of
the electron-deficient nature of the pentacenequinone. The
difference between the energies of frontier MOs for the
“twisted” and “bent” conformations of AM,;—AM; is negligibly
small (Figure 13).
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Figure 13. DFT-predicted energy level diagram using the MO06
exchange correlation functional. Label “L” represents either
pentaquinone or pentacene fragment.

The DFT-predicted HOMO in the pentacene-fused
porphyrins AM;—AM, is ~80% pentacene-centered with
only ~20% contribution from the porphyrin’s a,,-type orbital,
which is reflective of the strong electron-donating properties of
the pentacene fragment (Figure 14). The presence of the
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Figure 14. DFT-predicted frontier MOs for “bent” conformations of
AM, (MO6 exchange-correlation functional).

pentacene-centered MO in the HOMO region is also
responsible for the richer redox properties observed for the
porphyrins AM;—AM,, compared to the porphyrins AM,—
AM;. The HOMO-1 in all complexes is predominantly
porphyrin-centered and has a,, character. The HOMO-2 is
the localized a,,-type porphyrin-centered orbital in all cases.
The DFT-predicted nature of the LUMO in AM;—AM, is also
~90% localized at the pentacene fragment, while the LUMO+1
and LUMO+2 orbitals are ~90% localized at the porphyrin
ring and resemble Gouterman’s e, pair or the orbitals. The
DFT-predicted energies of the a,,/a,, pair in AM;—AM, are
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close to those predicted in AM,—AM, (Figure 13). Again, if
the simple approach for calculating the AHOMO/ ALUMO
ratio is used (HOMO-1/HOMO-2 for AHOMO and
LUMO+1/LUMO+2 for ALUMO), DFT calculations predict
the AHOMO < ALUMO ratio that seemingly contradicts the
experimental MCD data.

To gain deeper insight into the properties of the optical and
magnetooptical transitions observed in the porphyrins AM,—
AM; and AM—AM,,, we have conducted TDDFT calculations
on the nickel complexes AM, and AMy using the B3LYP and
MO6 exchange-correlation functionals on both “twisted” and
“bent” conformations (Figure 15 and Figure SS in the SI). In
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Figure 15. TDDFT-predicted UV—vis spectra of AM, and AM, using
the M06 exchange correlation functional.

general, TDDFT predicted spectra for the porphyrin AM,
correlate well with the experimental data. First, from the
TDDFT calculations, it is clear that the conformational change
between “twisted” and “bent” structures does not significantly
alter the energies, intensities, and nature of the TDDFT-
predicted spectra. This is not surprising as the energies of these
two conformations are very close to each other. Next, results
for the TDDFT calculations with the B3LYP and MO06
exchange-correlation functionals are close to each other with a
small high-energy shift for the predicted vertical excitation
energies observed in the case of the M06 calculations, which is
expected’®”” as the latter functional has a higher percentage of
Hartree—Fock exchange. Thus, in order to simplify further
discussion, only the M06 TDDFT results will be discussed
below. The first two excitations predicted by TDDFT with
significant intensity for AM, (excited states S and 6) are
dominated by the HOMO (~80% porphyrin-centered ay,-type
MO) — LUMO+1 (~75% porphyrin-centered e (x) -type
MO) and HOMO (~80% porphyrin-centered a,,- type MO)
— LUMO (~40% porphyrin-centered e,(y)-type MO) single-
electron excitations, respectively. Since ~60% of the electron
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Table 2. TDDFT-Predicted Properties for Selected Excited States for AM, and AM¢ Using the M06 Exchange Correlation

Functional and Twisted Geometry

contributions

H-L+1 (66%), H-1-L (12%), H-24—>L+5 (8%), H-1-L+3 (6%), H->L+2 (2%)
H-L (60%), H-1-L+1 (27%), H>L+3 (10%), H-1-L+2 (2%)

H-1-L (46%), H>L+2 (28%), H-L+1 (20%), H-1-L+3 (3%)

H-3-L (55%), H-4—L+1 (18%), H-2—L (6%), H-3>L+3 (5%), H-5—>L (4%), Ho>L+5 (2%), H-4—>L+2

H-1-L (54%), H->L+1 (37%), H-2—L+2 (4%), H-1->L+1 (4%)
H-L+1 (52%), H-1-L (42%), H-1-L+1 (3%), H-2—>L+2 (3%)
H-L+2 (61%), H-2—L (32%), H-1-L+2 (3%), H2—L+1 (3%)
H-1-L+1 (64%), H2—L+2 (21%), H—>L+1 (8%), H-3—>L (3%)
H-2-L+1 (59%), H-1-L+2 (19%), H-L+2 (14%), H-2—L (3%)

H-4-L (46%), H-3—L (28%), H->L+3 (9%), H-3—>L+1 (7%), H-6>L+1 (5%)

H-L+3 (68%), H-6—>L (9%), H-3—>L+1 (6%), H-1->L+1 (4%), H-6—>L+1 (4%), H-3—>L (2%)
H-1-L+2 (44%), H-2—>L+1 (19%), H-5—>L (19%), H-9—L (14%)

H-6—L (36%), H->L+3 (19%), H-3—L+1 (14%), H-2—L+2 (12%), H-6—>L+1 (5%), H-3—L (4%), H-4—

H-2-L+2 (57%), H-1-L+1 (21%), H-6—L (12%), H-3—>L+1 (4%), H-6—>L+1 (3%)

excited energy, wavelength, oscillator
state cm” nm strength, f
AM,
S 16 886 592 0.0741
6 17 165 583 0.2589
7 19 564 511 1.6350 H-1—L+1 (52%), H—L (36%), HoL+3 (6%)
8 20478 488 0.2417
9 21734 460 0.3151 H—L+2 (55%), H-1-L (38%), H-1-L+3 (4%)
10 22432 446 0.3597 H—L+3 (50%), H-1-L+2 (26%), H-1-L+1 (19%)
12 23916 418 0.5698 H-1-L+2 (60%), HoL+3 (32%), H-2—L (3%)
13 24 426 409 0.7892 H-1-L+3 (80%), HoL+2 (10%), HoL+1 (3%)
16 25814 387 0.2549
(2%)
AM;
1 10405 961 0.3551 H-L (100%)
S 15179 659 0.0265
6 15999 625 0.0609
9 17612 568 1.2570
10 19 527 512 0.0983
11 19913 502 0.5291
12 21697 461 0.0817 H-3-L (50%), H-4—L (43%)
13 22243 450 0.0660
14 22942 436 0.0303
15 23014 435 1.8150
16 23397 427 0.7892
L+1 (3%), H-4—L (3%), H-1-L+1 (2%)
17 23 589 424 0.9630
20 24302 411 02199 HoL+4 (94%), H-1->L+4 (4%)
21 24 896 402 0.0385 H—-L+5 (65%), H-1-L+5 (31%)

density in LUMO is pentacenequinone-centered, the latter can
be considered as substantially charge-transfer (porphyrin-to-
pentacenequinone) in character (Table 2). Both excited states,
however, resemble, to some extent, Gouterman’s Q-band
transitions.””*° More importantly, these excited states were
predicted to be only ~280 cm™" apart (592 and 583 nm), and
thus, this explains extremely well the observation of the MCD
pseudo-A-term observed at 609 nm. TDDFT calculations
predict that three prominent bands in the Soret region
(experimentally observed between 490 and 420 nm) can
originate from six excited states. The experimentally observed
band at 486 nm in AM, correlates well with the very strong
TDDFT-predicted one at 511 nm (excited state 7), which is
dominated by the HOMO—1 (~100% porphyrin-centered a,,-
type MO) — LUMO+1 single-electron excitation. The
experimental absorption at 456 nm correlates well with the
energies of TDDFT-predicted excited states 9 and 10 (460 and
446 nm, respectively). These are dominated by the HOMO —
LUMO+2 and HOMO — LUMO+3 single-electron excita-
tions, respectively. Finally, the experimentally observed band at
424 nm correlates well with the TDDFT-predicted (418 and
409 nm) excited states 12 and 13, which are dominated by
HOMO-1 — LUMO+2 and HOMO-1 — LUMO+3 single-
electron excitations. The overall shape of the experimental
UV—vis and MCD spectra in AM, is reflective of the “2 + 4”
orbital active space that consists of two close-energy spaced
HOMO-HOMO-1 and four close-energy spaced LUMO—
LUMO+3 orbitals, which form eight excited states that are
dominated by single-electron excitations from/to these orbitals
(Table 2). HOMO and HOMO-1 resemble the classic
Gouterman’s a;, and a,, MOs, while LUMO—-LUMO+3 MOs
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are reflective of the linear combination of the Gouterman’s e
set and two MOs of the pentacenequinone. Thus, the classic
Gouterman’s four-orbital model**” is not applicable for the
description of the UV—vis and MCD spectroscopy of the AM,
porphyrin. However, the TDDFT calculations provide a very
reasonable explanation of its spectroscopy.

The situation becomes more complex in the case of reduced,
pentacene-fused porphyrin AMg (Figure 15). In this case, for
the description of the UV—vis and MCD spectra, one needs to
consider “3 + 3” (HOMO—-HOMO-2 and LUMO-LUMO
+2) orbital active space. Moreover, since the HOMO and
LUMO are heavily localized on the pentacene fragment, one
would expect the presence of the low-energy 7—z* transition
localized on the pentacene. Indeed, TDDFT predicts that the
first excited state in AMg should have a significant intensity and
originates exclusively from the HOMO — LUMO single-
electron excitation (Table 2). In agreement with this
prediction, the MCD signal associated with the relatively
strong ~780 nm band in the UV—vis spectra of AMy—AM,
porphyrins is very weak (Figure 7). The next two relatively
weak transitions were predicted at 659 and 625 nm by TDDFT
calculations and are dominated by the HOMO—-1 — LUMO
and HOMO — LUMO+1 single-electron excitations, making
them heavily charge-transfer in nature. These two transitions
can be responsible for a weak MCD pseudo-A-term observed
at ~680 nm in the spectra of AMy and AM,. A very strong
band predicted by the TDDFT calculations at 568 nm is
dominated by HOMO — LUMO+2 and HOMO-2 —
LUMO single-electron excitations (Table 2). This excited
state, again, has a predominant charge-transfer character and
correlates well with the MCD B-term observed between 618
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and 585 nm in the spectra of AMg and AM,,. The next pair of
relatively intense transitions was predicted at 512 and 502 nm.
These are dominated by HOMO-1 — LUMO+1 and
HOMO-2 — LUMO+1 single-electron excitations, respec-
tively. These are centered at the porphyrin core and might be
responsible for the MCD pseudo-A-term centered at ~560 nm
in the spectra of AMg and AM.,. Finally, TDDFT calculations
predict that the 400—450 nm spectral envelope in the UV—vis
and MCD spectra of AMy should be dominated by three
excited states (excited states 15—17, Table 2). The excited
states 15 and 17 have clear porphyrin-centered n—n*
excitation nature, while the excited state 16 has a significant
charge-transfer character. More importantly, excited states 10
and 15 and 11 and 17 form two pairs (a,, — eg(x)/eg(y) for the
excited states 10 and 15 and a,, — ¢,(x)/e,(y) for the excited
states 11 and 17), which is characteristic for bacteriochlorines,
thus highlighting a strong perturbation of the porphyrin’s 7-
system by conjugation with the pentacene fragment. Overall,
the classic Gouterman'’s four-orbital model is not applicable in
the description of the UV—vis and MCD spectra of
pentacenequinone- or pentacene-fused porphyrins. To a large
extent, the spectroscopy of the pentacenequinone-fused
porphyrins can be explained using the “2 + 47 active space,
while the spectroscopy of the pentacene-fused porphyrins can
be explained using the “3 + 3” active space.

The stability of AM;—AM, was examined through photo-
degradation in an oxygenated benzene solution with a 0.01
mM pentacene concentration under ambient light irradiation
(Figures S6—S8 in the SI). The decomposition half-life was
determined through monitoring of the disappearance of the
most red-shifted absorption band over time. The halflife of
Ni(II) pentacene-fused porphyrin AMy was estimated to be
>28.3 days. In sharp contrast, its free base and Zn(II)
analogues AM; and AM, displayed a much shorter
decomposition half-life. The half-life of AMg was measured
as 1.3 days (31.2 h), and the halflife of AM, was found to be
1.2 days (28.8 h). Despite their decreased stability compared
with that of AMj, the stability of AM and AM,, are similar to
the most stable pentacene BPE-P (33 h, Figure 1). Given that
one electron-rich pyrrole is fused to the pentacene in these
pentacene-fused porphyrins, AM;—AM, are more like
pseudohexacenes. AM;—AM, are still much more stable than
the corresponding hexacene. These data suggest that the center
metal of porphyrin plays a critical role in determining the
stability of these fused systems, confirming our earlier study
that Ni(II) porphyrin creates a short-lived intermediate charge-
transfer state blocking the photodegradation pathways and
thus significantly stabilizing the fused pentacenes.

Largely 7-extended systems represent an exciting research in
frontier science. Conjugated systems incorporating two or
more chromophores are challenging to achieve. Through
utilizing a Pd(0)-catalyzed cascade reaction of acrolein and
dibromoporphyrins, unsymmetric pentacenequinone- and
pentacene-fused porphyrins have been obtained. Although
they have similar symmetry, the cross-conjugated (AM;—AM;)
and linear-conjugated molecular systems displayed strikingly
different electronic and optical properties, both of which are
unusually complex and nontypical of porphyrins. While AM,—
AM; showed abnormal splitting patterns and large absorption
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ranges spanning from 250 to 550 nm for the “Soret” band,
AM;—AM,, displayed narrow and doubly split Soret bands with
a large number of unexpected absorptions in the Q-band
region (500—800 nm). CV revealed rich redox profiles for both
the cross-conjugated and linear-conjugated m-extended por-
phyrins with up to six oxidation processes observed for AMs—
AM,. Both AM,;—AM; and AM;—AM, formed stable radical
cations under spectroelectrochemical conditions, suggesting
the exceptional ability of these cross- and linear-conjugated 7-
extended systems to accommodate charges. [AM;—AM,]"
cation-radicals exhibited exceptionally strong absorption
bands in the IR region between 1500 and 2500 nm. While
the low energy transition can be attributed to the large 7-
extension, the huge intensity of these bands remains elusive
and is worthy of further investigation. MCD and TDDFT
calculations suggest that the existence of multiple charge
transfer states contributes to the complex spectra of AM,—
AM.,. The classical Gouterman’s four-orbital model created for
porphyrin systems was not suitable to interpret and understand
the complex spectra of AM,—AM,. The UV—vis and MCD
spectra of pentaquinone- and pentacene-fused porphyrins were
successfully resolved through “2 + 4” and “3 + 3” active spaces,
respectively.

Ni(II) pentacene-fused porphyrin (AM,) displayed unusu-
ally high stability similar to the Ni(Il) pentacene-fused
porphyrin dimer,”” and is significantly more stable than the
relevant pentacene and hexacene derivatives. In contrast, when
the center metal of the porphyrin was replaced with free-base
and Zn(II), the stability of AMg and AM, dropped to levels
similar to those of pentacene derivatives. This work proves that
incorporation of Ni(II) porphyrin is an effective strategy to
stabilize longer acenes. Ni(II) porphyrin-fused heptacene and
nonacene are currently being prepared in our laboratory. The
effects of the center metal of porphyrins and the substituent
highlight the high tunability of these materials. This work has
demonstrated that fusion of acenes and other polycyclic
aromatic hydrocarbons (PAHs) at porphyrin f3, fB-positions
could become a powerful tool to construct novel classes of
largely m-extended organic materials, providing new oppor-
tunities in basic science and applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00023.

Experimental procedures, '"H and *C NMR and other
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