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ABSTRACT: We report a systematic investigation of a series of
Ag(IT) and Ag(II) complexes of porphyrins and their analogues
using UV—vis magnetic circular dichroism (MCD) spectroscopies
and theoretical calculations. Ag(Il) and Ag(II) octaethyl- and
tetraarylporphyrins show the usual sign sequence in the Q-band
region (ie., negative to positive intensities with increasing energy)
of their MCD spectra, indicative of the AHOMO > ALUMO
relationship (AHOMO is the energy difference between Michl’s a
and s orbitals, and ALUMO is the energy difference between
Michl’s -a and -s pair of MOs). In contrast, Ag(Il) complexes of
BB -pyrrole-modified porphyrins (with an effective chlorin-type 7-
system) and Ag(III) corroles have sign reverse features in the MCD spectra of their Q-band region (AHOMO < ALUMO
relationships). The Ag(III) complex of N-confused porphyrin shows the AHOMO > ALUMO relationship in the neutral state and
the AHOMO < ALUMO relationship in the protonated form.

S ilver porphyrins have been known for decades since the
initial report of the EPR spectrum of silver deuteropor-
phyrin IX dimethyl ester in 1961." One of the unique features
of these systems is the accessibility of both Ag(II) and Ag(III)
oxidation states in which the silver ion remains in the square-
planar porphyrin coordination environment.”'" Since their
discovery, silver porphyrins have been investigated, e.g., for
electrocatalytic and biomedical applications."'~'* The silver
complexes of porphyrin isomers and analogues, such as N-
confused porphyrins,”~'” core-modified porphyrins,'®'” and
corroles,”® " have received significantly less attention.””>*
Modification of the porphyrin skeleton alters the electronic
structure of the porphyrin isomers and analogues; we have
been investigating these systems for the past decade using
magnetic circular dichroism (MCD) spectroscopy.”>~** MCD
spectroscopy is a powerful method to allow the unambiguous
assignment of the relative energy differences in the porphyrin-
centered frontier orbitals. In particular, when asymmetry is
incorporated into the porphyrin macrocycle, an inversion of
the magnitude of the AHOMO versus the ALUMO is
observed, as described by Gouterman'’s four-orbital*™*° and
Michl’s perimeter models.*®*”™*° In these models,
AHOMO*™* is the energy difference between the Gouter-
man’s porphyrin-centered a;, (“a” orbital in Michl’s perimeter
model) and a,, (“s” orbital in Michl’s perimeter model)
orbitals in the standard Dy, point group notation, while
ALUMO*™ is the energy difference between the Gouter-
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man’s porphyrin-centered ey(,) and e, orbitals (“-a” and “-s
orbitals in Michl’s perimeter model) in the standard D,;, point
group notation. For the sake of clarity, we will continue to use
this standard notation for all low-symmetry porphyrinoids
discussed in this paper. In standard 4-fold symmetric main-
group or transition-metal porphyrins, the ALUMO is zero (the
€y(x) and e,y orbitals are degenerate because the effective
symmetry of these systems is Dy, or C,,), and the AHOMO is
nonzero, which results in the typical AHOMO > ALUMO
relationship. In lower-symmetry porphyrins and analogues
such as the chlorins and bacteriochlorins, the LUMO and
LUMO+1 are nondegenerate. In many cases, a AHOMO <
ALUMO energy relationship is observed; it is expressed as the
so-called reversed sequence of the readily observed MCD B
terms in the Q-band region.*****~**

The square-planar geometry in both Ag(II) and Ag(IIl)
porphyrinoids provides a unique chance to investigate the
influence of the parent or modified porphyrin skeleton on the
electronic structure of Gouterman’s and Michl’s frontier
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Figure 1. Structures of Ag(II) and Ag(III) porphyrinoids studied in this work.

orbitals. Indeed, Au(III) porphyrinoids can be either tetra- or
pentacoordinated (which affects the energies of frontier MOs),
while polarization ability of Cu(1I) and Cu(IIl) in porphyr-
inoids is significantly higher than in the respective silver
analogues. To the best of our knowledge, there also has been
no systematic study of the MCD spectra of “regular” Ag(II)
and Ag(Ill) porphyrins. Indeed, the MCD spectra of such
systems were only reported by McCaffery for Ag"OEP* and
Furuta and coauthors for a single neutral Ag(III) doubly N-
confused porphyrin.”’

Thus, we compare here the MCD spectra and electronic
structures of a series of literature-known Ag(II) and Ag(III)
complexes of porphyrins, chlorin, N-confused porphyrin,
skeletal-modified porphyrins, and corrole (Figure 1) in order
to elucidate the influence of backbone modification on the
electronic structure of these systems. All of these complexes
have a porphyrinoid ligand in its neutral state coupled with
Ag(II) or Ag(I1I) centers.'®

The UV—vis and MCD spectra of Ag"OEP and [Ag"'OEP]*
complexes are typical of the OEP-based metal compounds with
effective D,;, symmetry (Figure 2A,B).”" In particular, four
clear MCD Faraday A terms at ~555, ~522, ~407, and ~333
nm are observed for these compounds. The slightly higher-
energy shift of doubly degenerate Qy_o (~555 nm) and Q,_,
(~522 nm) bands for the [Ag"OEP]" complex is reflective of
the stabilization of its HOMO as well as LUMO and LUMO+1
orbitals, upon oxidation of the silver center; this finding is
further discussed in the DFT section below. It is also worth
noting that the A term associated with the Qg_, transition in
the MCD spectrum of the [Ag™OEP]* complex is significantly
stronger than the A term observed for the Soret band at ~407
nm.
The MCD spectrum of the Ag'T'PP complex is also
reflective of its effective 4-fold symmetry and is dominated by
the MCD A term associated with the Soret band centered at
419 nm (Figure 2C). The Qy_, (568 nm) and Qy_; (535 nm)
bands are also represented by two MCD A terms of
significantly reduced (compared with the Soret band)
intensities. The presence of MCD A terms in all of these
silver complexes confirms the degeneracy of the porphyrin-
centered Gouterman’s e, pair of MOs. ™%
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In contrast, the MCD spectrum of the Ag"™'Corr complex is
reflective of its lower symmetry (Figure 2D). Corrole is a ring
contracted porphyrinoid with a direct pyrrole—pyrrole link.
This porphyrinoid is trianionic and stabilizes silver in the +3
oxidation state. In particular, the Q, (585 nm) and Q, (559
nm) bands in its UV—vis spectrum are associated with two
MCD B terms at 582 and 558 nm, respectively. This
observation of positive to negative (in ascending energy)
MCD B terms is reflective of AHOMO < ALUMO
relationship in this complex. In the Soret band region, an
MCD pseudo-A term centered at 425 nm is associated with the
Soret band at 422 nm observed in its UV—vis spectrum. Again,
two closely spaced MCD B terms have a positive-to-negative
(in ascending energy) sequence. The overall shape of the
MCD spectrum of Ag"'Corr is characteristic of the M™Corr
complexes with meso-tetraryl-substituted pattern reported thus
far 3536:52,53

The silver chlorin (Ag"(OMe),TPC) and silver chlorin-like
chromophores (Ag"TPL)'*** also have positive-to-negative
(in ascending energy) MCD B terms, which is reflective of the
AHOMO < ALUMO relationship in these complexes. In both
of these systems, the porphyrin skeleton is modified at one of
the pyrrole units that breaks the overall symmetry of the ring.
In the case of the Ag"(OMe),TPC complex, Q, (598 nm) and
Q, (574 nm) bands in its UV—vis spectrum are associated with
two MCD B terms observed at 599 and 572 nm, respectively,
and are well-separated from each other (Figure 2E). This is not
the case for the lactone-containing Ag"TPL complex, in which
positive and negative MCD B terms are closely spaced (595
and 577 nm) with both signals associated with the absorption
band observed at 591 nm (Figure 2F). This observation
correlates well with the DFT calculations discussed below,
which are indicative of a much smaller LUMO—-LUMO+1
energy gap in the Ag"TPL complex compared to that in the
Ag"(OMe),TPC complex. The Soret band in the UV—vis
spectra of both chlorine-type complexes is associated with
MCD pseudo-A terms. However, the closely spaced B terms in
this region exhibit an opposite sign sequence. Indeed, it is
positive-to-negative (in ascending energy) in the
Ag"(OMe),TPC complex and negative-to-positive (in ascend-
ing energy) in the Ag"TPL complex.

https://doi.org/10.1021/acs.jpclett.3c01658
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Figure 2. UV—vis and MCD spectra (CH,Cl,) of the Ag(II) and Ag(III) complexes.

The most interesting MCD spectra were observed for
Ag(III) N-confused porphyrin Ag""NCTPP in its neutral and
protonated forms (Figure 2G,H). Indeed, neutral Ag"'"NCTPP
has a single intense band in the Q-band region at 649 nm.
However, the MCD spectrum of this compound possesses two
closely spaced B terms at 648 and 665 nm. The negative-to-
positive sign sequence is indicative of a AHOMO > ALUMO
relationship in this compound, similar to the other symmetric
silver porphyrins. The UV region is dominated by a strong
MCD pseudo-A term centered at 449 nm, which correlates
well with the UV—vis Soret band for this compound. However,
once the outer nitrogen atom is transformed from an imine to
amine type via (reversible) protonation, the MCD spectrum of
the resulting [Ag""'NCTPP-H]* complex changes significantly
(Figure 3). First, two MCD B terms at 694 and 651 nm have
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Figure 3. Transformation of Ag""NCTPP to [A
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positive amplitudes, while the intense B term with a negative
amplitude is observed at 569 nm (Figure 2H). We assign the
Qu_o(x) transition to the absorption at 691 nm, the Qy_;(,)
band to the absorption at 651 nm, and the Qy_o(,) band to the
absorption observed at 569 nm. Thus, simple protonation of
the outer nitrogen atom in the Ag"'NCTPP complex leads to
an inversion of the AHOMO < ALUMO relationship in the
[Ag""'NCTPP-H]* complex. The Soret band region of the
[Ag""NCTPP-H]* complex is again dominated by the MCD
pseudo-A term. However, its negative B term component
intensity is significantly reduced.

We previously reported a similar electronic structural change
in the transition-metal N-confused porphyrins for complexes
with divalent cations that have pyrrole-type outer NH protons
in their neutral forms.>”*® Those complexes have a AHOMO
< ALUMO relationship, which can be reversed upon
deprotonation of the outer NH bond. Overall, it therefore
seems that although the central metal in porphyrins can affect
the energies of the Q and Soret bands, the relative magnitudes
of AHOMO and ALUMO are dictated by the structure of the
porphyrinoid chromophore. The typical porphyrins and N-
confused porphyrins with imine-type outer nitrogen atom have
a AHOMO > ALUMO relationship, while corroles, chlorin-
type porphyrinoids, and N-confused porphyrins with amine
type outer NH units exhibit a AHOMO < ALUMO
relationship.

To further elucidate the electronic structures and excited-
state properties in silver porphyrinoids, we conducted DFT
and TDDFT calculations on these systems using h_}rbrld
TPSSh,”® MO06,”° and long-range separated wB97X’
change-correlation functionals. All functionals provided close
electronic structures and vertical excitation energies for the
target compounds. The M06-predicted energy diagram for all
silver compounds is shown in Figures 4 and S1, while
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Figure 4. DFT-predicted (M06) partial energy diagram for Ag(1l)
and Ag(III) complexes.

representative frontier orbital images are pictured in Figures 5
and S2. In the case of all Ag(IlI) complexes and Ag(Il)
complexes, DFT predicts that the LUMO or f-LUMO has
silver-centered d,>_,> character, respectively with the LUMO+1
and LUMO+2 bemg Gouterman’s poraphyrmmd -based ey,
(Michl’s -a) and ey,y (Michl’s -s) MOs."*~* The HOMO and
HOMO-1 in Ag III) systems are the porphyrinoid-based
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Figure 5. Representative examples of DFT-predicted (MO06)
porphyrin-centered Gouterman’s type frontier orbitals (the isosurface
value is 0.02) and silver-centered d,2_,> orbitals in Ag(II) and Ag(TII)
systems. Michl’s orbital labels are used.

Gouterman’s a,, (Michl’s s) and a,, (Michl’s a) orbitals.*™*

This is also true for the f-set of MOs in Ag(II) systems. The a-
set frontier MOs in Ag(II) complexes have closely spaced
do_y 2, and a,, orbitals. As expected, the OEP-based systems
and chlorin-type complexes have a;, MOs at energies higher
than those of a,, MOs, while the opposite is predicted for
meso-tetraaryl-containing complexes. More importantly, DFT
calculations predict the AHOMO > ALUMO relationships for
the Ag'OEP, Ag"OEP, Ag'T"PP, and Ag"'NCTPP com-
plexes, and the opposite relationship occurs for the remaining
compounds, which is in excellent agreement with the observed
MCD data. The flip of the electronic structure between
AgHINCTPP and [AgIHNCTPP—H]Jr complexes is similar to
that observed in the Ni(II) N-confused porphyrins.*”** These
observations can be explained on a basis of the perturbation
theory discussed earlier by us for singly N-confused
porphyrins®”** and by Kobayashi’s group for double N-
confused porphyrins.”® Indeed, the transformation of the
amine NH ring in the N-confused porphyrin core to imine one
should result in destabilization of Gouterman’s a,, and one of
e, orbitals (s and —s orbitals in Michl’s notation)**™* and
stabilization of Gouterman’s a;, and another e, orbitals
(Michl’s a and —a MOs).

The TDDFT-predicted UV—vis spectra of all target silver
complexes are shown in Figures 6 and S3. UV—vis spectra of
all three “standard” porphyrins (Ag"OEP, [Ag"OEP]*, and
Ag"TFPP) can be easily described using Gouterman’s four-
orbital model,**~* which implies that both the Q and Soret
bands are dominated by aj, a,, — e, single-electron
transitions. TDDFT also predicts correctly that the energy
gap between the Q, and Q, bands in the Ag"TPL complex is
smaller than that in the Ag"(OMe),TPC and Ag"Corr
complexes. Following their electronic structures, the Q, band
is dominated by the a,, — ey, or ey, single-electron

8
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excitations for Ag"TPL and Ag"'Corr complexes, while the a,,,
— ey(y) OF &y, single-electron excitation is responsible for the
appearance of the Q, band in the Ag"(OMe),TPC complex. In
the case of the Ag"NCTTP complex, the Q, and Q, bands are
dominated by the HOMO (a,,) - LUMO+1 and HOMO
(a,,) & LUMO+2 single-electron excitations (LUMO in this
complex has d,2_ character). Both bands are predicted to have
a significant intensity, in agreement with the experiment
although their splitting is slightly overestimated in TDDFT
calculations. In the case of the protonated [Ag"'NCTPP-H]*
complex, the Q, band is dominated by the HOMO (a,,) —
LUMO+1 (eg(x)) single-electron excitation and predicted to
have a relatively high intensity. However, the Q, band, which is
dominated by the HOMO (a,,) = LUMO+2 (ey,) single-
electron excitation, is predicted to have a very low intensity
independent of the exchange-correlation functional used. In
agreement with the experimental data, a larger Q,—Q, energy
gap is predicted for the [Ag""NCTPP-H]* complex compared
to that in Ag""NCTPP. Interestingly, an additional band of
relatively high intensity was predicted with the energy close to
the Q, band in the [Ag""NCTPP-H]" complex (Figure 6).
This band is dominated by the HOMO—-1 (a;,) —» LUMO
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(d;_,?) single-electron excitation and has significant ligand-to-
metal charge-transfer (LMCT) character. Overall TDDFT
calculations correlate well with the experimental data and are
indicative of the operational Gouterman’s four-orbital model in
description of the Ag(Il) and Ag(IIl) porphyrinoids.

In conclusion, we demonstrated that the UV—vis and MCD
spectra as signatures for the electronic structures of Ag(Il) and
Ag(III) porphyrinoids are dominated by the structures of the
chromophore. Porphyrin complexes have a AHOMO >
ALUMO relationship, while the less symmetric chlorin-like
and corrole complexes have a AHOMO < ALUMO
relationship. The protonation of the external nitrogen atom
in N-confused Ag"'NCTPP complex changes the electronic
structure from the AHOMO > ALUMO to the rarer
AHOMO < ALUMO system. DFT-calculated AHOMO and
ALUMO energy gaps were found to be consistent with the
observed MCD sign sequences in the context of Michl's
perimeter model. TDDFT calculations also provided good
agreement between theory and experiment and are indicative
of the validity of Gouterman’s four-orbital model in the
description of the Ag(Il) and Ag(IIl) porphyrinoids studied.
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