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ABSTRACT: Solid-state Mössbauer spectra of a highly soluble (μ-oxo)bis[tetra(tert-butyl)(phthalocyaninato)iron(III)] complex 1
((PctBuFe)2O) consist of two doublets that represent bent geometry in μ-oxo(1) (1a, ΔEQ = 0.43 mm/s, T = 10 K) and linear
geometry in μ-oxo(2) (1b, ΔEQ = 1.40 mm/s, T = 10 K) isomers with the ratio between two isomers depending on the purification
method. Both isomers were found to be diamagnetic and transform entirely to the 1a isomer in solution. The room- and low-
temperature magnetic circular dichroism (MCD) spectra of 1a μ-oxo(1) show one Faraday A- and one B-term between 670 and 720
nm, which correlate with the 690 nm band and 709 nm shoulder observed in the UV−vis spectrum of this compound. UV−vis and
MCD spectra of 1a are almost independent of the temperature. Both 1a and 1b are diamagnetic between room temperature and 4 K.
Electrochemical experiments show up to three oxidations and up to four reduction processes in 1a. Its oxidation under
spectroelectrochemical or chemical (in the absence of oxygen-containing oxidants) conditions in non-coordinating solvents results in
the formation of broad NIR bands around 1195 nm (first oxidation) and 1264 nm (second oxidation). The MCD spectra of the
redox-active species show a Faraday B-term signal with negative amplitude in this region and are very different from those in the
monomeric PctBu(1−)FeIIIX2 complexes 5X (X = Cl− or CF3CO2

−). The pyridine adduct of 1a ((PyPctBuFe)2O; 2Py) is
paramagnetic (μB = 2.19, g = 2.11, and J = −6.1 cm−1) and has a major peak at 627 nm of its UV−vis spectrum, which is associated
with a MCD pseudo A-term. Density functional theory (DFT) and time-dependent DFT (TDDFT) calculations, along with the
exciton coupling theory, were used to explain the unusually red-shifted intense transitions in 1a as well as the H-aggregate-like
spectra of the pyridine adduct 2Py.

■ INTRODUCTION
Rich coordination chemistry, coupled with easy access to
different oxidation and spin states of iron porphyrins and their
analogues such as phthalocyanines, is responsible for a large
interest in these compounds.1−18 Iron complexes of
phthalocyanines are among the most effective systems involved
in the catalytic oxidation of a variety of organic substrates such
as alkanes, alkenes, aromatic hydrocarbons, and phenols
because of their high chemical and thermal stabilities as well
as relatively low cost.5 The catalytic activity of iron
phthalocyanine (PcFe) and its substituted analogues (PcRnFe)

(R is a substituent and n = 4 or 8) in chemical,
electrochemical, and photochemical reactions is well docu-
mented.5,19−26 Moreover, as it was shown recently by several
research groups, iron phthalocyanine dimers of general formula
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(PcRnFe)2X (X = O or N) can also catalyze numerous
oxidation reactions of organic substrates.27−39 More impor-
tantly, it was demonstrated that the (PcRnFe)2N dimer can
catalyze the oxidation of methane at mild conditions.40,41 The
parent (PcFe)2O complex has been known for several decades
and, depending on the purification method, can form bent μ-
oxo(1) and linear μ-oxo(2) isomers (with respect to the Fe−
O−Fe angle, Figure 1) that have different Mössbauer
parameters and magnetic properties.6,42−53 However, purifica-
tion and characterization of these isomers (and thus,
verification of their magnetic properties) is hindered by the
low solubility of the (PcFe)2O complex in common organic
solvents. Peripheral functionalization of the (PcFe)2O complex
leads to the formation of highly soluble derivatives of general
formula (PcRnFe)2O (n = 4 or 8)54,55 that were shown to
catalyze a variety of oxidation reactions under homogeneous
conditions.27−30 Unlike unsubstituted μ-oxo(1) and μ-oxo(2)
isomers, based on the earlier reports by Lukyanets and co-
workers55 as well as Hanack and co-workers,54 it seems that
soluble derivatives of the (PcFe)2O complex are diamagnetic at
room temperature. Moreover, their redox properties as well as
spectroscopic signatures of the redox-active species generated
under anaerobic conditions in the absence of coordinating
solvents have never been explored. Before discussing the
catalytic reaction mechanism that involves the (PctBuFe)2O
complex in the next report, the following questions will be
addressed in this paper: (i) Why do the UV−vis spectra of the
parent and functionalized (PcRnFe)2O complexes have a red-
shifted Q-band while all other similar phthalocyanine μ-oxo
dimers possess a blue-shifted Q-band? (ii) Why are the UV−

vis spectra of μ-oxo(1) and μ-oxo(2) isomers the same while
their Mössbauer spectra are different? (iii) What are the
magnetic properties of μ-oxo(1) (1a) and μ-oxo(2) (1b)
forms as well as their axially coordinated (PyPctBuFe)2O
counterpart (2Py)? (iv) What are the spectroscopic signatures
of the species oxidized under anaerobic conditions obtained by
the oxidation of the (PctBuFe)2O core in non-coordinating
solvents?

■ RESULTS
Spectroscopy, Electrochemistry, and Spectroelectro-

chemi s t r y . The (μ - o x o )b i s [ t e t r a ( t e r t - b u t y l ) -
(phthalocyaninato)iron(III)] complex (1)54,55 was chosen as
a platform for the current investigation (Figure 1) as the
presence of eight tert-butyl groups in the system dramatically
increases its solubility in common organic solvents and
decreases the tendency toward aggregation, which is well-
known for phthalocyanines.1 Depending on the preparation
and purification protocols, the Mössbauer spectra of 1 consist
of a different ratio of μ-oxo(1) and μ-oxo(2) isomers (labeled
below as 1a and 1b, respectively; see Figures 2 and S1 and
Table 1). In the case when the metalation reaction on metal-
free phthalocyanine was conducted in N,N-dimethylaminoe-
thanol, 1b isomer would dominate as the reaction product (as
determined by Mössbauer spectroscopy; see Figure 2).
However, when complex 1 was prepared from 4-tert-
butylphthalonitrile without the solvent or in nonpolar aromatic
high boiling point solvent (o-dichlorobenzene (o-DCB) or 1-
chloronaphthalene), 1a isomer would dominate as the reaction

Figure 1. General reaction scheme with labeling conventions.
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product (as determined by Mössbauer spectroscopy; see
Figure S1). As indicated in Table 1, the ratio differs between
9:91 and 51:49 (1a/1b), and a similar simultaneous presence
of both 1a and 1b was also observed earlier by Hanack and co-
workers1 for this compound and the other substituted
analogues of general formula (PcRnFe)2O (n = 4 or 8).54

Superconducting quantum interference device (SQUID)
magnetometry data are suggestive that all samples of 1
(independent of the 1a/1b ratio) are diamagnetic between 4 K
and room temperature. No electron paramagnetic resonance
(EPR) signal was found for 1 at room temperature or 77 K in
toluene. As expected, the 1H NMR spectrum of the starting
complex 1 resembles the spectrum of regular diamagnetic
tetrasubstituted phthalocyanines and is in accord with the
existence of this compound as a mixture of all possible
positional isomers, which is in good agreement with the
previously reported data on this compound.54,55

The room-temperature UV−vis spectrum of 1 in toluene is
shown in Figure 3 and consists of a high-intensity Q-band
observed at 688 nm with a prominent shoulder at 712 nm and
a B-band at 363 nm followed by a band at 312 nm. The
spectrum shape remains the same in all non-coordinating

solvents, i.e. benzene, toluene, hexane, chloroform, 1,2-
dichlorobenzene (o-DCB), and dichloromethane without any
appreciable solvatochromic behavior. Overall, the UV−vis
spectrum of 1 closely resembles those reported for the
unsubstituted (PcFe)2O

6 and substituted (PcRnFe)2O com-
pounds.54 Both Q- and B-bands in 1 correlate with the Faraday
A-terms in the magnetic circular dichroism (MCD) spectrum
of 1 centered at 686 and 359 nm, respectively (Figure 3), while
the prominent shoulder observed at 712 nm in the UV−vis
spectrum of 1 correlates with the Faraday MCD B-term at 719
nm. The shape of the UV−vis spectrum does not change
significantly over the +20 to −55 °C temperature range
(Figure S2). Similarly, the low-temperature MCD spectrum of
1 has the same shape as the room-temperature spectrum,
although the visibility of the low-energy B-term significantly

Figure 2. Mössbauer spectra of solid-state 1 (mixture of 1a and 1b,
(A); 10 K); frozen toluene solution of the same sample of 1
(effectively 1a, (B); 50 K); frozen solution of 1 after the addition of
10 μL of pyridine (2Py, (C); 10 K). All spectra are referenced to α-
Fe. Red and green lines represent the individual doublet components.
Blue line is a cumulative line for the simulated spectra.

Table 1. Mo ̈ssbauer Parameters for Selected Iron(III)
Phthalocyanine μ-Oxo Dimers and PcRn(1−)FeCl2

compound T, K δ, mm/sa ΔEQ, mm/s ref

(PctBuFe)2O μ-oxo(1), 1a 290 0.24 0.46 this work
(tw),
solid

(PctBuFe)2O μ-oxo(1), 1a 77 0.34 0.41 tw, toluene
(PctBuFe)2O μ-oxo(1), 1a 50 0.38 0.44 tw, toluene
(PctBuFe)2O μ-oxo(1), 1a 10 0.33 0.48 tw, solid
(PctBuFe)2O μ-oxo(2), 1b 290 0.15 1.38 tw, solid
(PctBuFe)2O μ-oxo(2), 1b 10 0.24 1.40 tw, solid
(PctBuFe)2O μ-oxo(2), 1b 293 0.13 1.31 54, solid
(PctBuFe)2O μ-oxo(2), 1b 90 0.22 1.38 54, solid
(PcFe)2O μ-oxo(1) 295 0.25 0.42 6, 47, solid
(PcFe)2O μ-oxo(1) 77 0.36 0.44 47, 51,

solid
(PcFe)2O μ-oxo(1) 4.2 0.37 0.44 6, 47, solid
(PcFe)2O μ-oxo(2) 295 0.18 1.05 56, solid
(PcFe)2O μ-oxo(2) 77 0.25 1.26 56, solid
(PcFe)2O μ-oxo(2) 4.2 0.26 1.25 56, solid
[(Py)PctBuFe]2O, 2Py 10 0.17 1.74 tw, Py
[(Py)PcFe]2O 4.2 0.18 1.73 57, solid
[(4-MePy)PcFe]2O 295 0.12 1.81 57, solid
[(4-MePy)PcFe]2O 77 0.19 1.75 57, solid
[(4-MePy)PcFe]2O 4.2 0.20 1.76 57, solid
[(Pip)PcFe]2O 4.2 0.19 1.61 57, solid
[(1-MeIm)PcFe]2O 4.2 0.17 1.58 57, solid
PctBu(1−)FeCl2 293 0.17 2.39 tw, solid
PctBu(1−)FeCl2 88 0.25 2.45 tw, solid
Pc(1−)FeCl2 ? 0.35 no

ref
2.15 58, 59,

solid
Pc(1−)FeCl2 77 0.20 2.57 60, solid

aAll isomer shifts are referenced to α-Fe.

Figure 3. Room-temperature UV−vis and MCD spectra of 1 in
toluene.
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improves (Figure S3). The lack of change of the MCD spectral
profile between room temperature and 200 K is indicative of
the diamagnetic ground state in complex 1, which is a result of
strong antiferromagnetic coupling between two high-spin (s =
5/2−5/2) iron(III) centers. This agrees with the NMR and
magnetochemistry data. Similar to magnesium or zinc
phthalocyanine cation radicals,61−64 it also suggests that the
MCD spectra of 1 can be described using Faraday A- and B-
terms. This is in stark contrast to the earlier reported (by
Stillman and co-authors) MCD spectra of [Pc(2−)-
FeIII(CN)2]− 65 and Pc(1−)FeIIICl2

66 complexes that have a
strong temperature dependence and were described using
MCD C-terms. 1H NMR, UV−vis, and MCD spectra of
complex 1 recorded for samples with different ratios of 1a and
1b were found to be identical. If one assumes that 1a has bent
and 1b has linear geometries, as suggested earlier for the
unsubstituted (PcFe)2O complex,6,56 different UV−vis and
MCD spectra should be expected, which is not the case. In
order to resolve this controversy, we have recorded Mössbauer
spectra of different samples in frozen toluene (Figures 2 and
S1). We found that, independent of the initial 1a/1b ratio
observed in the solid state, only the 1a isomer is observable in
a frozen solution. According to density functional theory
(DFT) calculations discussed below, the bent structure of 1a is
energetically slightly more stable than the linear structure of
1b. Thus, it is not surprising to see that the linear 1b in
solution transforms to the bent 1a, and the UV−vis, MCD, and
NMR spectra of 1 in solution are reflective of the 1a isomer.
Titration of toluene or hexane solution of 1a with pyridine

leads to the transformation of its initial Q-band around 690 nm
into a new band centered at 626 (toluene) or 621 nm (hexane)
(Figure 4). This transformation correlates well with the

previous observations of Lukyanets and co-workers54 as well as
Hanack and co-workers55 on 1a. It is also consistent with
similar data on the parent (PcFe)2O

57 and is reflective of axial
coordination of two pyridine molecules to 1a with the
formation of 2Py (Figure 1). Solutions of 2Py undergo a
slow transformation to PcFeIIPy2 complex 3 (which can be
easily monitored by the appearance of the intense Q-band at
660 nm and metal-to-ligand charge transfer (MLCT) band at
414 nm, Figure S11).67−69 The transformation in the toluene/
pyridine system is completed in few hours and a similar
timescale for the unsubstituted (PyPcFe)2O complex was
reported by Ercolani and co-workers.70,72,73 The rate of such a
transformation depends on the concentration of pyridine and
polarity of the solvent. Taking into consideration the
transformation of 2Py to 3 and the typical timeframe for an

MCD experiment, it is difficult to record a pure MCD
spectrum of 2Py that will not be contaminated by a small
amount of 3. Nevertheless, from the MCD spectra of 2Py
(Figure 5), it is clear that the most intense band between 620

and 630 nm is associated with the MCD pseudo A-term like
signal and the weak band around 695 nm is associated with an
MCD B-term. The Soret band in 2Py is observed at 327−330
nm and is associated with another MCD pseudo A-term.
Although 2Py is not stable in solution for a prolonged time, it
can be isolated in an almost pure form in the solid state.57

Indeed, fast evaporation of the reaction media results in the
formation of the sample that consists of 94% 2Py and only 6%
of the starting diamagnetic 1a. The Mössbauer spectrum of this
sample (Figure 2C) has a characteristic (for the low-spin (s =
1/2) hexa-coordinated Fe(III)) doublet57 with parameters
shown in Table 1. The magnetometry data on 2Py are shown
in Figure 6 and are suggestive of the formation of the weakly
antiferromagnetically coupled Fe(III)−O−Fe(III) (s = 1/2 − s
= 1/2) species. The fitting parameters (using a spin
Hamiltonian with the PHI code) give the room-temperature
value of the magnetic moment of μB = 2.19 and g = 2.11. The
antiferromagnetic exchange constant J is −6.1 cm−1. These
values are in good agreement with the data reported by

Figure 4. Transformation of 1a into 2Py in toluene solution.

Figure 5. UV−vis and MCD spectra of 2Py in hexane. The shoulder
at 655 nm in the UV−vis spectrum and the signal at 662 nm in the
MCD spectrum belong to the PcFePy2 complex slowly formed from
2Py (Figure 1).

Figure 6. Magnetic moment of 2Py as a function of temperature. PHI
program71 was used for modeling of the coupling in 2Py (see
Experimental Section for details).
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Ercolani and co-workers on the low-spin antiferromagnetically
coupled unsubstituted (LPcFe)2O complexes (L is organic
amine or N-heterocycle; μB = 1.86−2.16; and J = −5.5 to −6.3
cm−1).57 The ultimate structure of these compounds was also
previously reported for the unsubstituted analogue by Ercolani
and co-authors (the X-ray structure of [(1-MeIm)PcFe]2O).70

The redox properties of (PyPcFe)2O were studied by
Ercolani and co-workers in pyridine,72 while the electro-
chemical behavior of the parent (PcFe)2O has not been
evaluated because of its low solubility in nonpolar solvents. On
the contrary, the high solubility of 1a in common organic
solvents allowed us to study its redox properties in two non-
coordinating solvents (dichloromethane (DCM) and o-DCB)
using either 0.1 M tetrabutylammonium perchlorate (TBAP)
or 0.05 M tetrabutylammonium tetrakis(pentafluorophenyl)-
borate (TFAB) as the supporting electrolyte. The latter
electrolyte is known for its low ion-pairing strength, which
allows better separation between the oxidation waves.68 First,
we found that the influence of the supporting electrolyte on
the observed redox processes in 1a is rather small (Figure 7
and Table 2).

For instance, in both DCM/0.1 M TBAP and DCM/0.05 M
TBAF systems, three oxidation and four reduction processes
were observed. The first two oxidation processes are reversible
and separated by 320 (DCM/0.1 M TBAP) or 290 (DCM/
0.05 M TFAB) mV. Such nearly constant separation between
the Ox1 and Ox2 processes is rather surprising as one might
expect that such a separation will be significantly larger for the
TBAF electrolyte due to its low ion-pairing ability. The third
oxidation process in DCM is irreversible. Out of four observed
reduction processes in 1a, only the first reduction process is

reversible (Figure 7). In a o-DCB/0.1 M TBAP system, two
reversible oxidation processes were observed, while out of
three reductions, only the last process is irreversible (Table 2).
The electrochemistry of 2Py in Py/0.1 M TBAP correlates well
with the previous report by Ercolani and co-workers on the
unsubstituted (PyPcFe)2O complex.72 In particular, two
oxidation processes at +0.43 and +0.83 V correlate well with
the earlier reported oxidation potentials (Table 2), while the
smaller oxidation wave observed at +0.64 V can be attributed
to the first oxidation process in the PcFePy2 (3) complex,
which slowly forms during the transformation of 2Py into 3
during the electrochemical experiment.73 In addition, two
reduction processes were observed at −0.73 and −1.16 V,
while the third process has a significantly larger current that
Ercolani attributed to the transformation of the dimeric
structure into the monomeric one.72 Based on the recent
crystallographic structure of the PyPcFe−O−FePc(THF)
complex,74 one might expect that the dissolvation of 1a in
tetrahydrofuran (THF) will result in the formation of 2THF
(Figure 1). The electrochemical data on 2THF is indicative of
three oxidation processes (with the first process being
reversible) along with three irreversible reduction processes
(Figure S4) with the potentials shown in Table 2.
The stepwise oxidation of 1a under spectroelectrochemical

conditions in a DCM/0.15 M TFAB system is shown in Figure
8. During the first oxidation process, the Q- and B-bands at

Figure 7. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) data for 1a in the DCM/0.05 M TFAB system
at room temperature. Red and blue lines represent individual
oxidative and reductive scans, respectively. Black line represents a
cumulative CV.

Table 2. Redox Potentials for Oxidation and Reduction Processes in Iron(III) Phthalocyanine μ-Oxo Dimersa

complex solv. electr.b Ox3 Ox2 Ox1 R1 R2 R3 R4 refc

(PctBuFe)2O μ-oxo(1), 1a DCM TFAB 1.03 0.74 −0.45 −0.80 −1.06 −1.31 tw
DCM TBAP 1.82irr 1.13 0.81 −0.60 −0.97 −1.21 −1.41 tw
o-DCB TBAP 1.05 0.65 −0.80 −1.14 −1.43 tw
THF TBAP 1.31 0.99 0.73 −0.54 −0.94 −1.34

[(Py)PctBuFe]2O, 2Py Py TBAP 0.83 0.43 −0.73 −1.16 −1.47irr tw
[(Py)PcFe]2O Py TBAP 0.87 0.47 −0.59 −0.95 72, 73

aAll potentials reported in this table are versus saturated calomel electrode (SCE). bElectrolyte. 0.1 M TBAP or 0.05 M TFAB were used in the
experiments. ctw = this work.

Figure 8. First (top) and second (bottom) oxidation of 1a under
spectroelectrochemical conditions in a DCM/0.3 M TBAP system.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c00897
Inorg. Chem. 2023, 62, 10203−10220

10207

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00897/suppl_file/ic3c00897_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00897?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c00897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


688 and 359 nm, respectively, lose their intensity, while new
bands at 316, 532, 838, and 1195 nm appear in the spectra.
One might assume that the low-energy band observed at 1195
nm in [1a]+• represents the intervalence charge-transfer
(IVCT) transition between the one-electron oxidized and
neutral phthalocyanine ligands.75−77 However, the spectro-
scopic signatures for the second oxidation process questioned
this assignment. Indeed, during the second oxidation process,
the low-energy band at 1195 nm undergoes a red shift to 1264
nm, the initial band at 531 nm shifts to 545 nm, and the band
at 316 nm transforms into a transition at 328 nm. The new
bands observed in [1a]2+ at ∼840 and ∼1000 nm correlate
well with the UV−vis spectrum of [PctBuZn]22+ species.61 A
significant change in the absorption profile between 1a and
[1a]+/[1a]2+ is indicative of oxidation of the phthalocyanine
macrocycle rather than iron(III) ion oxidation; however, the
accurate assignment of the low-energy near-infrared (NIR)
band will require further investigation.
Overall, the two-electron oxidation process is ∼90%

reversible. Indeed, the oxidized [1a]2+ species can be reduced
back to the initial μ-oxo dimer 1a under spectroelectrochem-
ical conditions with ∼90% yield (Figure S5). A similar
transformation of 1a was observed in a o-DCB/0.3 M TBAP
system. We were able to chemically oxidize 1a to [1a]+ using
AgOTf as an oxidant with the final UV−vis and MCD data
shown in Figure 9. No further oxidation of [1a]+ to [1a]2+ was

observed and we failed to find a different oxidant that can
reproducibly accommodate this transformation. Similar to the
double-decker lanthanide phthalocyanines of general formula
Pc2Ln, the low-energy band observed in the 1000−1700 nm
region is associated with the MCD B-term of negative
intensity, while the 533 nm band is associated with the
MCD B-term of positive intensity.78 However, in the case of
neutral Pc2Ln complexes, the low-energy band in the 1000−
1700 nm region was assigned as an IVCT transition between
the Pc(2−) and Pc(1−) ligands, which may or may not be the
case for [1a]+. The MCD pseudo C-term observed at 822 nm
was attributed to a small monomeric impurity originating from
the PctBu(1−)FeCl2 complex (5Cl) with a phthalocyanine
cation-radical (the MCD spectra of the unsubstituted analogue
of 5Cl were described by Stillman and Ough).66 Indeed, when
green PctBuFeCl 4Cl (obtained by the reaction of 1a and HCl
vapors) was oxidized under spectroelectrochemical conditions,
it formed the red 5Cl complex, which has characteristic bands

at 535 and 838 nm (Figure 10). A similar transformation was
observed upon the chemical oxidation of 4TFA (formed by the

treatment of 1a with trifluoroacetic acid (TFA)). The MCD
spectra of 5Cl and 5TFA are shown in Figures 11 and S6.

Our results discussed above are very similar to UV−vis and
MCD spectra of the [Pc(1−)FeIIICl2] complex reported earlier
by Stillman and Ough.66 In particular, the low-energy band at
836 nm in 5Cl is associated with the strong temperature-
dependent MCD C-term, while the transition at 526 nm is
associated with the MCD B-term of positive amplitude. Their
room-temperature and 88 K Mössbauer spectra of 5Cl are very
close to those observed for our unsubstituted phthalocyanine
analogue [Pc(1−)FeIIICl2] complex (Table 1 and Figure S7).
The 77 K EPR spectrum of the [1a]+ complex has a
characteristic (for the phthalocyanine cation radical) signal
with a g = 2.00 value (Figure 9). A similar free-radical signal
was recently observed by Kenney and co-workers upon single-
electron oxidation of the (RO-PcSi)2O dimer.79 However,
although such a signal can be explained by the formation of the
[Pc(2−)FeIII-O-Pc(1−)FeIII]+ complex with two strongly
antiferromagnetically coupled s = 5/2−5/2 Fe(III) centers,
we cannot be absolutely sure that this signal reflects the
formation of [1a]+ as the minor degradation of phthalocyanine
ligand can also give a similar spectroscopic signature at this
temperature. The lack of Fe(IV) centers in [1a]+• was further
confirmed by its Mössbauer spectrum (Figure S12). Although
because of a week-long transportation, this sample is
contaminated with the degradation product, no characteristic
for Fe(IV) doublets with low (∼−0.1 to 0.0 mm/s) isomer
shift was observed in the spectrum. The first oxidation process
under spectroelectrochemical conditions for 2THF is shown in
Figure S8. The initial UV−vis spectrum has three major low-

Figure 9. UV−vis and MCD spectra of [1a]+• in DCM.

Figure 10. Oxidation of 4Cl to 5Cl under spectroelectrochemical
conditions in the DCM/0.3 M TBAP system.

Figure 11. UV−vis and MCD spectrum of 5Cl in DCM.
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energy peaks observed at 695, 659, and 626 nm. The 695 band
corresponds to the initial 1a in THF, while the band at 626
reflects the formation of the 2THF complex. Thus, the UV−vis
spectrum of 1a in THF in the presence of 0.3 M TBAP is
reflective of 1a ⇋ “X” ⇋ 2THF equilibrium in which species
“X” has an unknown nature (potentially (THF)PcFe-O-PcFe
complex). Nevertheless, oxidation of these species under
spectroelectrochemical conditions is reversible and results in
the formation of a 529 nm band, which is similar to that
observed in [1a]+•.
DFT and Time-Dependent DFT (TDDFT) Calculations.

In order to further elucidate the electronic structures of 1a and
1b and elaborate on the optical and magnetooptical properties
of dimers 1a, 1b, and 2Py, we have conducted density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations on these compounds. The choice of the exchange-
correlation functional (ECF) used in calculations is discussed
in detail in the Supporting Information and is based on the
requirements expected for phthalocyanine μ-oxo dimers and
double-decker Pc2Ln and [Pc2Ln]− complexes.80−84 For the 1a
and 1b complexes, geometry optimizations with the
HISSbPBE ECF suggest that the lowest energies correspond
to the broken-symmetry calculations in which two s = 5/2
iron(III) centers are antiferromagnetically coupled via the μ-
oxo bridging atom. The high-spin and open-shell calculations
result in significantly higher-energy structures, which agrees
well with the diamagnetism of 1a and 1b (Table S2). This
correlates well with the previous report by Sorokin and co-
authors on 1b.35,39 However, in our hands, frequency
calculations reveal that the linear 1b structure is not a local
minimum for all four ECFs mentioned above. The single
negative DFT-predicted frequency associated with the linear
structure 1b transforms it into bent 1a. The DFT-predicted
energy difference between 1a and 1b is only 0.72 kcal/mol for
the HISSbPBE ECF. Such a small difference is within the range
for crystal packing forces (and/or additional dispersion forces
caused by peripheral tert-butyl groups) and can explain why
the linear structure 1b can be stabilized in the solid state but
not in solution. DFT-predicted geometries for 1a and 1b have
iron centers pushed away from the phthalocyanine plane
toward the oxygen atom. The bent structure of 1a has
phthalocyanine ligands in a staggered conformation and the
lowest energy structure of linear 1b has two phthalocyanine
ligands close to the staggered conformation. Contrary to
dimers 1a and 1b, geometry optimization with the HISSbPBE
ECF on dimer 2Py converges only to linear geometry, which
agrees well with the experimental spectroscopy, magneto-
chemistry, and X-ray crystallography.70 Moreover, in agree-
ment with the magnetic susceptibility data, the energy of the
paramagnetic triplet state formed by two low-spin iron(III)
centers is lower than the energies of the antiferromagnetically
coupled diamagnetic state or open-shell singlet (Table S2).
The iron centers were predicted to be close to the in-plane
geometry, and two phthalocyanine ligands are located in a
staggered conformation. The antiferromagnetic coupling
constant for 1a (−97 cm−1) was predicted to be significantly
larger than that in 2Py (−14 cm−1), which, on the qualitative
level, agrees with the experimental data. The DFT-predicted
Mössbauer quadrupole splittings for 1a (0.47 mm/s) and 2Py
(1.92 mm/s) are also in good agreement with the experimental
data (Table 1).
With reasonable geometries of dimers 1a and 2Py in hand,

we ran an array of TDDFT calculations on these systems using

wB97X ECF (see the Supporting Information for details). The
choice of this long-range corrected ECF is not surprising as
one might expect that both π → π* and charge-transfer (CT)
transitions should play a significant role in the nature of the
excited states in 1a and 2Py. The DFT-predicted energy
diagrams for 1a and 2Py are shown in Figure 12, while the

compositions of the frontier orbitals are outlined in Figure 13.
The MO isosurfaces for the frontier orbitals are shown in
Figures 14 and S9. The total DFT-predicted spin densities for
the lowest energy structures of 1a and 2Py are shown in Figure
S10 and are reflective of anti- (1a) and ferromagnetic (2Py)
coupling in these systems.
The TDDFT-predicted UV−vis spectra of 1a and 2Py in

comparison with the experimental data are shown in Figure 15.
The data for both compounds correlate well with the
experimental data. In the case of bent dimer 1a, TDDFT
calculations predict three major transitions in the low-energy
region (Table S3). Excited state 5 is predicted at 721 nm and
dominated (∼63%) by HOMOα,β → LUMOα,β single-electron
excitations. Since the HOMO/LUMO pairs with the same
polarization (α- or β-set) have ∼60/40% distribution on
opposing phthalocyanine ligands, this excited state has a
significant interligand charge-transfer (ILCT) character (i.e.,
Pc(1) → Pc(2) and Pc(2) → Pc(1) single-electron
excitations). Thus, excited state 5 is responsible for the low-
energy MCD B-term observed at 719 nm in the MCD
spectrum of 1a. On the other hand, predicted at 650 nm,
excited states 9 and 10 form the classic pair of phthalocyanine-
centered Q-bands that are dominated by the classic Gouter-
man’s85−87 a1u → eg (in the traditional D4h symmetry notation)
single-electron excitations localized on the same phthalocya-
nine ligands (i.e., Pc(1) → Pc(1) and Pc(2) → Pc(2) single-
electron excitations). These two excited states are responsible
for the MCD A-term, experimentally observed at 686 nm, in
the MCD spectrum of 1a. Thus, our TDDFT calculations for
the first time, explained the experimentally observed MCD B-
to A-term sequence (in ascending energy) in the low-energy
region. The TDDFT-predicted energy of the Q-band in 1a is
also red-shifted compared to that predicted for 2Py, which
again agrees well with the experimental data. In the case of the
triplet state of dimer 2Py, TDDFT calculations predict a more

Figure 12. DFT-predicted energy diagram for 1a, 1b, and 2Py.
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complex structure for the low-energy region of UV−vis and
MCD spectra (Figure 15). However, the three most intense
transitions again correlate well with the experimental data. In
particular, excited state 15 ( f = 0.177, 693 nm) has a significant
charge-transfer (Fe(1,2)/O → Pc(1,2)) character and is
dominated by HOMO − 3β/HOMO − 2β → LUMO + 5β/
LUMO + 4β single-electron excitations. This excited state is

responsible for the experimentally observed MCD B-term in
this region. Excited states 20 and 22 ( f ∼ 0.4; 613 and 604 nm,
respectively) belong to classic Gouterman’s Q-band transitions
that are dominated by the intraligand a1u → eg (in the
traditional D4h symmetry notation) single-electron excitations
localized on the same phthalocyanine core. The TDDFT-
predicted Q-band in 2Py is shifted to a higher energy

Figure 13. DFT-predicted compositions of frontier orbitals.

Figure 14. DFT-predicted images of select frontier orbitals (α-set; for full set of images, see the Supporting Information).
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compared to those in 1a, which agrees well with the
experimentally observed blue shift in H-type phthalocyanine-
based dimers. In agreement with the experimental data,
TDDFT calculations predict the presence of the MCD B-
term at lower energy than the Q-band centered MCD pseudo
A-term in 2Py. In agreement with the experimental data, the B-
term/A-term energy splitting is larger in 2Py (∼2000 cm−1)

compared to the same energy splitting in 1a (∼1500 cm−1). In
theory, one might expect that the UV−vis and MCD spectra of
bent 1a and linear 1b might be close to each other. Thus, we
also conducted TDDFT calculations on the linear 1b at the
same level of theory. Indeed, TDDFT calculations predicted a
degenerate Q-band in 1b (651 nm; f = 0.66) close to that
predicted in 1a (650 nm; f = 0.63). However, in a higher-
symmetry 1b (D4 point group), no nondegenerate transitions
were predicted at the lower energy than the Q-band. Similar to
Ishikawa’s group calculations on Pc2Sn and [Pc2Ln]− systems,
only one pair of degenerate excited states (705 nm; f = 0.0001)
was predicted in this spectral envelope. This pair of transitions
cannot explain the presence of an intense shoulder at 710 nm
in a solution of dimer 1 and also cannot explain the presence of
a strong MCD B-term associated with this experimental band
as degenerate states in the diamagnetic phthalocyanine
chromophore should lead to the observable A-term in the
MCD spectrum of 1.

■ DISCUSSION
The experimental data discussed above on μ-oxo complexes
1a, 1b, and 2Py can be summarized as follows: (i) bent μ-oxo
dimer 1a is the only isomer present in solution, while both
bent 1a and linear 1b can be isolated in the solid state; (ii)
both 1a and 1b are diamagnetic compounds, which implies a
strong antiferromagnetic coupling between their two high-spin
iron(III) centers; (iii) the first and the second oxidation
processes in 1a are phthalocyanine-centered as confirmed by
spectroelectrochemical data; (iv) 2Py is a paramagnetic
complex with two weakly antiferromagnetically coupled low-
spin Fe(III) centers; (v) TDDFT calculations correctly predict
a low-energy shift of the Q-band in 1a compared to 2Py. The
remaining question is: What is the fundamental reason for the
red-shifted Q-band in 1a and blue-shifted Q-band in 2Py when
compared to the Q-band in monomeric PcFeX complexes? In
the other words, why does 1a behave as J-type, while 2Py
behaves as H-type aggregates? The Kasha classification88 of H-
and J-aggregates is solely based on the Coulombic
intermolecular coupling and is successfully applied for the
explanation of the aggregation processes in main-group and
transition-metal phthalocyanines.89 According to a simple

Figure 15. Experimental and TDDFT-predicted UV−vis spectra of 1a
(top) and 2Py (bottom).

Figure 16. (A−C) Defined angles and distances for two dipole-coupled transitions as discussed in the text. (D) Fe−Fe (DFT) distance in 1a. (E)
Overlap between two phthalocyanine cores for r12 = 3.52 Å and α1 = α2 = 0. (F) r12 distance needed to avoid the overlap between two
phthalocyanine cores for α1 = α2 = 0.
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exciton coupling theory, the Coulomb coupling between two
phthalocyanine chromophores “1” and “2” can be predicted
using eq 1a or 1b (below), with the angles and distances
defined in Figure 16 (E± is the lower or upper energy band and
Em is the Q-band energy in the monomer)88−90

=

±

±E E

r
(sin( ) sin( ) cos( ) 2 cos( ) cos( )
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2

1 2 1 2

12
3

(1a)

= ±±E E
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2

12
3 1 2

(1b)

Originally, Kasha88 recognized two types of aggregation
species (i.e., H- and J-aggregates) based on the relative
orientation of the S0 → S1 transition dipole moment (μ) and
the angle (α, Figure 16A). In the case of J-aggregates, α is less
than the “magic angle” of 54.7°, and the transition dipole
moments maintain a “head-to-tail” orientation with a negative

Coulomb coupling. The Coulomb coupling in the J-dimer
results in the formation of two delocalized excited states that
are split by 2|Jc| (Figure 17; note the initial stabilization offset
caused by the van der Waals interaction energy). These two
states are constructed by the in- and out-phase of two local
excited states. The symmetric (in-phase) excited state has an
enhanced transition dipole moment (with respect to the
monomer) and is responsible for the red shift in the J-dimer,
while the out-of-phase state is optically inactive (dark) because
of the cancellation of the transition dipole moment.88,89 In the
case of the H-dimer, the in-phase state has a higher energy
because of the positive Coulomb coupling, which results in a
blue shift absorption band with respect to the monomer
(Figure 17). When the transition dipole moments in two
parallel chromophores are not aligned in a parallel or
antiparallel manner, the additional angle β (Figure 16B)
between the transition dipole moments should be taken into
consideration using eq 1a or 1b. Taking into account the
orthogonality of the doubly degenerate transition dipole
moments in phthalocyanine molecules, the resulting splitting

Figure 17. Top: two-dimensional (3D) profiles for the Coulomb coupling between two phthalocyanine chromophores as a function of slip angle α
for two parallel macrocycles (left) positioned at a 3.53 Å Fe−Fe distance (black and red curves) or variable 3.53−17.3 Å Fe−Fe distance that
avoids overlap between two macrocycles (blue and magenta curves, see Figure 16E,F for explanation); middle: Coulomb coupling as a function of β
angle for two chromophores with α1 = α2 = 90°; right: Coulomb coupling for two chromophores as a function of the Fe−O−Fe angle. In all cases,
the solid lines represent allowed and dashed lines represent forbidden transitions. Bottom: 3D plot for Coulomb coupling between two
chromophores with 3.53 Å Fe−Fe distance and Em = 15 250 cm−1 as a function of α and β angles.
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between 0 and 45° is shown in Figure 17. Finally, for the bent
orientation of two chromophores, the angles are defined as
shown in Figure 16C. The overall Coulombic profiles for
selected cases are shown at the top of Figure 17, while the
complete three-dimensional (3D) profile for such interactions
is graphed on the bottom part of Figure 17.
The majority of phthalocyanine μ-oxo dimers possess a M−

O−M angle36,39 close to 180°,91−95 which is also the geometry
that was observed for the [(1-MeIm)PcFe]2O complex
reported by Ercolani and co-authors.70 Thus, the use of a
simple exciton coupling theory88−90 described by eq 1a or 1b
and shown in Figure 17 predicts the blue shift of the Q-band in
paramagnetic (PyPcFe)2O. The blue shift of the Q-band was
also confirmed by the TDDFT calculations that predicted that
the low-energy out-of-phase transitions are forbidden, and the
in-phase transitions predicted at 613 and 604 nm are the only
ones allowed. However, as discussed below, a simple exciton
coupling theory cannot predict the presence of the bands
observed at lower energy than the blue-shifted Q-band in this
compound (Figure 15). Simple exciton coupling theory also
failed to predict the red-shifted Q-band in (PcFe)2O and
(PctBuFe)2O complexes at bent DFT-optimized geometry.
Indeed, TDDFT calculations show that the Q-band observed
in UV−vis and MCD spectra originates from the higher-energy
in-phase doubly degenerate transition, so the bent μ-oxo dimer
1a still should demonstrate H-aggregate behavior.
In order to explain the presence of both low- and high

energy transitions (with respect to the Q-band energy in the
monomeric analogues) in [Pc2Ln]− and Pc2Sn double-decker
phthalocyanines, Ishikawa and co-workers developed an
elegant model that takes into consideration charge-transfer
(CT) transitions between two closely spaced cofacial
phthalocyanine chromophores.96−99 In the localized orbital
basis, the interaction between local excitations within the
individual Pc ligands “Pc1” and “Pc2” in the dimer generates
two exciton-coupled (EC) excited states

| = {| ± | }±EC
LE LE

2

Pc1 Pc2

(2)

where LE represents the configurations expressing excitations
localized on the individual phthalocyanine ligand. According to
CI LCAO calculations conducted by Ishikawa and co-workers,
the allowed EC+ component should have a high intensity that
is dominated by the expected configuration outlined in eq 3
(which quantifies the exciton coupling between two
chromophores outlined in eq 1aa,b)

| =
{| +| }+6e 2a EC

6e 2a 6e 2a

2g 1u
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g
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1u
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(3)

Similarly, charge-transfer configurations in the cofacial
phthalocyanine dimer give rise to two charge-resonance
(CR) states

| = {| ± | }±CT
CT CT

2

Pc2 Pc1 Pc1 Pc2

(4)

where CT represents the charge-transfer configurations
expressing excitations that involve electron transfer between
two phthalocyanine ligands. According to CI LO calculations
conducted by Ishikawa and co-workers, the allowed CR+

component should have a lower intensity than the EC+ excited

state that is dominated by the expected configuration outlined
in eq 5
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(5)

The energy of the allowed CR+ state is higher than that of CT+,
and the energy difference between these two states decreases
when the distance between two phthalocyanine ligands
increases.
In the delocalized MO basis, the interaction between

HOMOPc1,Pc2 and LUMOPc1,Pc2 results in the formation of
four MOs
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where a and b are the HOMO and j and k are the LUMO on
Pc1 and Pc2, respectively. In this case, the single-electron
excited states are
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Both exciton and charge-transfer components are present in
each of these wavefunctions and further configurational
interactions should be considered for the final excited-state
intensities. Both methods provide the same quantitative
picture: (i) The two low-energy bands with the higher-energy
component being more intense. (ii) The energy difference
between two bands decreases with increasing interplanar Pc1−
Pc2 distance. (iii) Both excited states are degenerate and
should lead to two observable MCD A-terms in the low-energy
region. The two predicted MCD A-terms were indeed
observed in Pc2Sn

96 and [Pc2Ln]− (for the heavy Ln ions)
complexes;97−99 however, in the case of 1a and 2Py, no visible
second low-energy MCD A-term was observed experimentally.
This could be because of its low intensity (indeed, the TDDFT
calculations indicated that this excited state should have an
oscillator strength >0.001) or its closeness to the second
higher-energy higher-intensity transition that is dominated by
the EC+ component in the LO basis. Indeed, no MCD A-term
was observed in the red-tail region of the Q-band in the
[(RO)PcSi]2O μ-oxo dimers with a Pc−Pc distance of ∼3.3 Å
reported by Kobayashi and co-workers.100 Moreover, Ishika-
wa’s model does not explain the red-shifted Q-band in 1a and
the presence of the MCD B-terms in the low-energy regions of
1a and 2Py.
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The red shift of the Q-band in (PcFe)2O and (PctBuFe)2O
complexes can have two reasons. The simple reason is a larger
stabilization of van der Waals energy between two
phthalocyanine macrocycles in bent 1a as compared to linear
(PyPctBuFe)2O (2Py, Figure 18). Indeed, the blue shift of the
Q-band from the monomeric Pc tBuFeCl (4Cl) to
(PyPctBuFe)2O dimer 2Py is ∼935 cm−1 (∼0.12 eV). Similarly,
the red shift of the Q-band from the monomeric PctBuFeCl
(4Cl) to bent (PctBuFe)2O dimer 1a is only ∼520 cm−1 (∼0.06
eV). If one would assume that the van der Waals interaction
between two phthalocyanine ligands in 1a is ∼3−5 kcal/mol
stronger (1 kcal/mol is ∼350 cm−1) than the corresponding
interaction in dimer 2Py, then the red shift of the Q-band in 1a
would be possible to observe (Figure 18). In order to evaluate
the van der Waals interaction energies in 1a and 2Py, we have
replaced the Fe−O−Fe fragment in 1a and 2Py by four
protons. In addition, the interaction energies for 2Py were
calculated in the presence and absence of the axial pyridine
ligands. The overall trends predicted by DFT calculations seem
to be independent of the basis set and exchange-correlation
functional used (Table S4). The data clearly suggest that the
energies of noncovalent interactions between two phthalocya-
nine macrocycles should be higher in the linear 2Py than in the
bent 1a. Thus, the energy diagram shown in Figure 18 is highly
likely incorrect and cannot be used for the explanation of the
Q-band’s red shift in 1a.
An alternative explanation for the red-shifted Q-band in 1a is

the presence of additional transition(s) with lower than Q-
band energies that cause the charge-transfer-induced perturba-
tion of H-aggregate energies. The charge-transfer-induced H-
aggregate behavior in perturbative and resonance regimes was
described in detail by Spano’s group.101−106 Following Spano
and co-workers, the energy shift of the allowed transition in J-
and H-aggregates is reflective of the competition between the
traditional Coulombic and CT-mediated intermolecular
interactions that are simply quantified by JC and JCT,
respectively (JC is the Coulomb coupling and JCT is the
coupling caused by the CT). If JC + JCT > 0, then an H-type
behavior will be observed for the dimer, while if JC + JCT < 0, J-
type behavior is expected. Taking into consideration that signs
of JCT and JC are independent from each other, one might

expect that each dimer could fall under HH, HJ, JH, and JJ
categories (with the first letter identifying JCT and the second
letter identifying JC contributions).101−106 Indeed, the red-
shifted H-aggregates have been observed and explained using
this model.
This qualitative framework discussed above is expected to be

more complex for 1a and 2Py because of two additional items.
First, while TDDFT calculations predict only one intense band
with the Pc(1)/Pc(2) → Pc(2)/Pc(1) CT character between
out-of-phase and in-phase Q-band transitions for bent 1a, three
bands with significant intensities and CT character were
predicted for 2Py in the same spectral region. Thus, in the
latter case, it is logical to use ΣJCT instead of JCT. The second
complication comes from the presence of an additional Fe−
O−Fe superexchange coupling pathway. To the best of our
knowledge, the contribution of such coupling to the overall
behavior of H- and J-aggregates has yet to be considered or
quantified. Based on the magnetic susceptibility data, the
antiferromagnetic coupling constants for bent 1a and linear
2Py differ dramatically (a large coupling constant is required
for the diamagnetic ground state in 1a, while a small coupling
constant was observed for paramagnetic 2Py) and thus, we can
expect that the magnitude of JSE (JSE is a superexchange-
mediated coupling) would also be very different for these
complexes. When such coupling is considered, one might
expect that the overall H-type and J-type behavior will reflect a
JC + ΣJCT + JSE > 0 or JC + ΣJCT + JSE < 0 balance, respectively,
where the sign of each term is independent from the other two
terms.
From our simple geometric and DFT considerations on 1a

and 2Py, we are confident that the value of JC for both dimers
is positive (the blue shift of the Q-band is expected). The Q-
band position of the allowed in-phase transition in 2Py (627
nm) is very close to that observed for linear [(R1O)PcR2nSi]2O
and (PcAl)2O μ-oxo dimers, which, in a crude approximation,
meaning that the contribution from the ΣJCT and JSE terms in
this compound is rather small. In this case, the JC-term
dominates and the observed blue shift of the Q-band can be
described by classic Kasha’s theory.88 This is apparently not
the case for bent 1a. In order to have a JC + ΣJCT + JSE < 0
relationship and thus red-shifted Q-band, the negative (ΣJCT +

Figure 18. Formation of the red- and blue-shifted H-aggregates as a function of van der Waals stabilization energy. In both cases, Coulomb
coupling is the same, but the van der Waals stabilization energy for the red-shifted H-aggregate is significantly larger than for the blue-shifted H-
aggregate.
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JSE) contribution should be on the order of 2000 cm−1. Both
terms for 1a should be very different from those for 2Py and
thus one should not be surprised by the different magnitude of
the ΣJCT and JSE terms. Currently, there is no simple way to
estimate these terms computationally. However, TDDFT
calculations take into consideration all π−π* and CT
transitions by definition and as discussed above, support our
point of view. Indeed, TDDFT correctly predicts a blue shift
for complex 2Py and a red shift for complex 1a. TDDFT also
correctly predicted a nondegenerate CT excited state at lower
than Q-band energy in 1a that correlates with the UV−vis and
MCD data on this compound. Finally, TDDFT correctly
predicted several CT transitions for 2Py with energies lower
than the Q-band.

■ CONCLUSIONS
Similar to previous reports, Mössbauer spectra of solid-state
samples of the (PctBuFe)2O complex consist of two doublets
that represent diamagnetic bent 1a and linear 1b isomers. The
ratio between two isomers depends on the purification
method. Once frozen in a non-coordinating solvent, the
Mössbauer spectrum consists of 1a, but not 1b, which explains
the identical UV−vis and MCD spectra of 1 once dissolved in
the non-coordinating solvent. The UV−vis and MCD spectra
of 1a have a negligible temperature dependence. The MCD
spectrum of 1a has one Faraday A- and one B-term between
670 and 720 nm, which correlate with the 690 nm band and
709 nm shoulder observed in the respective UV−vis spectra of
this compound. Up to three oxidation and four reduction
processes were observed within the CV and DPV of 1a.
Oxidation of 1a in non-coordinating solvents gives rise to
broad NIR bands around 1195 nm (first oxidation) and 1264
nm (second oxidation). A Faraday B-term with negative
amplitude was observed in the NIR region. The UV−vis and
MCD spectra of [1a]+ and [1a]2+ are very different from those
in monomeric PctBu(1−)FeIIIX2 complexes 5X (X = Cl− or
CF3CO2

−). 2Py is paramagnetic (μB = 2.19, g = 2.11, and J =
−6.1 cm−1) and has a major peak at 627 nm in its UV−vis
spectrum, which is associated with an MCD pseudo A-term.
DFT and TDDFT calculations were used to explain the
unusually red-shifted Q-band region in 1a as well as the H-
aggregate-like spectra of 2Py. Analysis of the spectra of 1a and
2Py using Kasha’s and Spano’s exciton coupling theories is
suggestive of the mixing of low-energy π−π* and CT
transitions in the low-energy region.

■ EXPERIMENTAL SECTION
Materials. All solvents were purchased from commercial sources

and purified using standard procedures. All phthalocyanine-based
compounds described herein were prepared as described previ-
ously.45,61 We found that the 1a/1b ratio depends on the reaction
solvent used. In the case when the metalation reaction was conducted
in N,N-dimethylaminoethanol and the reaction mixture was
precipitated by adding water prior column chromatography on basic
Al2O3 (using toluene−hexane as eluent), the 1b isomer would
dominate as the reaction product (as determined by Mössbauer
spectroscopy; see Figure 2). However, when complex 1 was prepared
without a solvent or in a nonpolar aromatic high boiling point solvent
(o-dichlorobenzene or 1-chloronaphthalene) and directly loaded on
column with basic Al2O3, 1a isomer would dominate as the reaction
product (as determined by Mössbauer spectroscopy; see Figure S1).
Mo ̈ssbauer Spectroscopy. 57Fe Mössbauer spectra were

collected either at 10 K or room temperature. 57Fe Mössbauer
spectroscopy experiments were performed in zero field in a

transmission geometry with a 10 GBq 57Co-in-Rh source and either
WissEl or NGRS-4 constant acceleration drive. All spectra were
calibrated relative to α-Fe or sodium nitroprusside at room
temperature. A nonlinear least squares analysis was applied to 57Fe
Mössbauer spectra for fitting. Each Fe-site was characterized by a
Lorentzian lineshape doublet and an isomer shift whose energies were
set by the appropriate nuclear transitions. In-house-produced codes or
Mossfit software were used for the data analyses. Relative
uncertainties for the fitted spectra are ΔIS = 2% and ΔQS = 1%
for all samples.

Magnetism. Magnetometry experiments were performed on
samples using a Quantum Design Magnetic Properties Measurement
System (MPMS XL-5). Instrument calibration was performed using a
Pd standard (National Bureau of Standards Reference Material 765).
Samples were mounted in sealed NMR tubes, and the solvent’s
susceptibility was subtracted from the data presented. Measurements
were performed in a 1 T field.

In the case of the binuclear molecule with two interacting
paramagnetic centers, the general isotropic exchange Hamiltonian
has one exchange and two values

=H JS S2 1 2 (8)

The solution for S1 = S2 = 1/2 basis set (e.g., 2Py) using Hamiltonian
(eq 8) leads to the Bleaney−Bowers equation for magnetic
susceptibility (eq 9)107
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where χ = J/kT.
Electrochemical Measurements. The electrochemical data were

collected using a CH-620 analyzer with platinum working, platinum
auxiliary, and Ag/AgCl pseudo-reference electrodes. Ferrocene was
used as an internal standard for the studied compounds and the
reported potentials were corrected to the FcH/FcH+ couple. These
potentials then were corrected to SCE. All electrochemical experi-
ments were conducted using either a DCM/0.1 M tetrabutylammo-
nium perchlorate (TBAP) or DCM/0.05 M tetrabutylammonium
tetrakis(pentafluorophenyl)borate (TFAB) system.

Spectroelectrochemical Measurements. Spectroelectrochem-
ical experiments were performed using a Jasco V-770 UV−vis−NIR
spectrophotometer in tandem with a CH Instruments CH-620
electrochemical analyzer that was operated using the bulk electrolysis
mode. The data were collected using a custom-made 1 mm cell, a
platinum mesh working electrode, platinum auxiliary electrode, Ag/
AgCl pseudo-reference electrode, and either a DCM/0.3 M TBAP or
DCM/0.15 M TBAF system.

Computational Aspects. All calculations were run using
Gaussian 16.108 HISSbPBE109 with Wachter’s full-electron basis
set110 (Wf) for iron and the 6-311G(d) basis set111 for the other
atoms were used for all geometry optimizations. Vibrational
frequencies were calculated to ensure all geometries were local
minima. Time-dependent density functional theory (TDDFT) with
BP86,112,113 BP86-D3,112−114 BP86-D3BJ,112−115 tHCTHhyb,116

B97,117 B97-D3,114,117 B3LYP,118 B3LYP-D3,114,118 B3LYP-
D3BJ,114,115,118 X3LYP,119 APDF,120 PBE0,121 SHEPBE,122

OHS2PBE,123 PBEhPBE,121 B98,124 B97-1,125 B97-2,126 M06,127

M06-D3,114,127 M05,128 N12,129 MN12SX,130 MN12L,131 wB97,132

wB97x,133 CAM-B3LYP,133 wB97XD,134 SOGGA11X,135 and
HISSbPBE109 was tested on for the compound reported herein.
Single-point calculations using the same parameters as the TDDFT
calculations were also performed. All calculations were run in solution
using the PCM model,136 with dichloromethane (DCM) as the
solvent. In each case, the peripheral tBu groups were shortened to
methyls to minimize computational cost. QMForge137 was used for
the molecular orbital composition analyses.

We used Yamaguchi’s formula138 for the evaluation of coupling
constant J in 1a and 2Py as it covers both weak and strong coupling
limit and was successfully applied in the modeling of a large array of
dinuclear complexes using DFT methods139
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where EHS and EBS are DFT energies of the high-spin and broken-
symmetry calculations and ⟨Ŝ2⟩ values are the total spin angular
momenta expectation values for Kohn−Sham determinants.
UV−Vis and MCD Spectroscopy. All UV−vis spectra were

collected on a Jasco V-770 spectrophotometer and MCD spectra were
measured with a Jasco J-1500 CD spectrometer using a Jasco MCD-
581 electromagnet operated at 1.0 T or permanent magnet operated
at 1.6 T. The completed MCD spectra were measured at 10 °C in
parallel and antiparallel orientations with respect to the magnetic field.
The MCD spectra were recorded in terms of mDeg = [θ] on the y-
axis and were converted to molar ellipticity via Δε = θ/(32 980Blc),
where B is the magnetic field, l is the path length (cm), and c is the
concentration (M).140 For detailed explanation of the Faraday A-, B-,
and C-terms, including pseudo A-terms when applied to porphyr-
inoids including phthalocyanines, readers can refer to excellent
reviews published by Stillman and co-workers.140,141
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