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ABSTRACT: The position of the experimentally observed (in the UV—vis and magnetic circular dichroism (MCD) spectra) low-
energy metal-to-ligand charge-transfer (MLCT) band in low-spin iron(II) phthalocyanine complexes of general formula PcFeL,,
PcFeL'L”, and [PcFeX,]*” (L, L/, or L” are neutral and X is an anionic axial ligand) was correlated with the Lever’s electrochemical
E; scale values for the axial ligands. The time-dependent density functional theory (TDDFT)-predicted UV—vis spectra are in very
good agreement with the experimental data for all complexes. In the majority of compounds, TDDFT predicts that the first
degenerate MLCT band that correlates with the MCD A-term observed between 360 and 480 nm is dominated by an e, (Fe, d,) —
by, (Pc, 7*) single-electron excitation (in traditional D, point group notation) and agrees well with the previous assignment
discussed by Stillman and co-workers[Inorg. Chem. 1994, 33, 573—583]. The TDDFT calculations also suggest a small energy gap
for b,;,/b,, (Pc, 7*) orbital splitting and closeness of the MLCT), ¢, (Fe, d,) — by, (Pc, 7%) and MLCT, ¢, (Fe, d,) — b,, (Pc, 7*)
transitions. In the case of the PcFeL, complexes with phosphines as the axial ligands, additional degenerate charge-transfer
transitions were observed between 450 and 500 nm. These transitions are dominated by a,, (Pc + L, 7) — e (Pc, *) single-electron
excitations and are unique for the PcFe(PR;), complexes. The energy of the phthalocyanine-based a,, orbital has large axial ligand
dependency and is the reason for a large energy deviation for B1 a,, (Pc + L, ) — & (Pc, 7*) transition. The energies of the axial
ligand-to-iron, axial ligand-to-phthalocyanine, iron-to-axial ligand, and phthalocyanine-to-axial ligand charge-transfer transitions were
discussed on the basis of TDDFT calculations.

B INTRODUCTION phosphines and phosphites,®”**~*" sulfides and sulfox-
ides,"* % and nitrogen bases®'~7* was studied by Mossbauer,
NMR, UV-vis, and magnetic circular dichroism (MCD)
spectroscopies as well as X-ray crystallography. In 1968, Dale
reported the first paper on the UV—vis spectra of the PcFeL,
and [PcFeX,]*” complexes in which he suggested that the
characteristic absorption band observed between 420 and 455
nm has a strong axial ligand dependency and thus can be

Iron phthalocyanine derivatives and their analogues are known
for their diversity in oxidation and spin states that range
between +1 and +4, and 0 and 5/2, respectively.' ® Not
surprisingly, such rich electronic structure properties, along
with the complex coordination chemistry of iron phthalocya-

nine, resulted in the usage of these platforms as naked eye
7-11

detectors of carbon monoxide and NO, species, oxidative

. . . 12-22
catalysts in transformations of organic molecules, electro- —
catalysts,”* ™ reactive oxygen species activators in catalytic Received:  March 3, 2022 orgaric ity
cancer therapy,”®”” and smart electrode materials for the Published: May 13, 2022 &1
detection of biologically important molecules using electro- 2

chemical techniques.”®™*' The ability of the iron(II)
phthalocyanine to coordinate two axial ligands such as the
ol 32-38 . 39 L1 40—42
isonitriles, nitroso compounds,” carbon monoxide,
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attributed to the metal-to-ligand charge-transfer (MLCT)
transition.> The first MCD work on these compounds was
reported by Thomson and Stillman in 1974.°> In their classic
1994 work,®* Stillman and co-workers studied several PcFeL,,
PcFeL'L”, and [PcFeX,]*” complexes (L, = NHj, piperidine,
N-methylimidazole, imidazole, pyridine, 4-methylpyridine; L’
= NH; and L” = CO; and X = CN") using simultaneous band
deconvolution analysis of the UV—vis and MCD spectra.
Stillman proposed that the first (lowest-energy), axial ligand-
dependent, MCD Faraday A-term observed in the 455—360
nm region is dominated by the ¢, (Fe, d,,/d,,) — 1by, (Pc, 7*)
single-electron transition and mostly reflects the relative energy
of the iron-centered d, orbitals (Figure 1).
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Figure 1. Selected arbitrary energy molecular diagram for the 1A1g
ground state of PcFel,, PcFeL'L”, or [PcFeX,]*” complex showing
symmetry allowed metal-to-ligand charge-transfer (MLCT), ligand-to-
metal charge-transfer (LMCT), phthalocyanine-centered, and inter-
ligand charge-transfer (ILCT) transitions. (Right) Iron-centered
molecular orbitals (MOs), (middle) phthalocyanine-centered MOs,
and (left) axial ligand MOs. All labels except the “¢” symmetry label
for the unoccupied MO in the axial ligands are given for the idealized
Dy, point group. The e label reflects the lower DFT symmetry of the
PcFePy,, PcFe(tBuNC),, and PcFe(NH;)(CO) complexes. Violet
arrows represent XY-polarized transitions that give rise to MCD A-
terms, and green arrows represent Z-polarized transitions that give
rise to MCD B-terms.

Based on electrochemical, spectroelectrochemical, and
chemical oxidation data, we have demonstrated recently that
the energies of the iron(II) d, and d,, orbitals in PcFeL,,
PcFeL'L”, and [PcFeX,]*” complexes have clear correlations
with Lever’s electrochemical E; parameter.”” We also have
shown that in the case of the axial ligands with moderate-to-
strong m-acceptor character, iron-centered occupied MOs can
intercross with the phthalocyanine-centered a;, (in the
common Gouterman’s notation for the D, point group)
orbital, which leads to the situation when the first oxidation
process becomes phthalocyanine-centered.” We also observed
rather unusual and rich UV—vis spectra for the PcFeL,
complexes coordinated with the phosphine axial ligands. Our
previous results pose several interesting questions. If the energy
levels of the phthalocyanine ligand are nearly constant, as
suggested by Lever’s E theory,73_76 will the [PcFeX,]*”
complexes with the axial ligands having large negative Ep
values have the most red-shifted MLCT transitions? As of

8251

now, there are no reports available on the MCD spectroscopy
of the bisaxially coordinated iron(1I) phthalocyanines with
negative values of the XE; L(ax) which are reflective of the
high o-donor strength of the axial ligands. Next, is the first
(lowest-energy) MCD Faraday A-term in the 500—350 nm
spectral envelope always associated with the ¢, (Fe, d,) — 1b,,
(Pc, ) MLCT transition that correlates with the Lever’s E;,
parameters? Finally, although numerical values for the UV—vis
spectra of the PcFeL, complexes with several phosphines and
phosphites as the axial ligands were reported in the
literature,”™*’ no rational explanation of the nature of the
observed transitions between 500 and 450 nm were ever
provided and no MCD spectra for these PcFeL, compounds
were ever reported. To answer the above-mentioned questions,
we have conducted a systematic analysis of the UV—vis, MCD,
DFT, and time-dependent density functional theory (TDDFT)
data on a large range of PcFeL,, PcFeL’L”, and [PcFeX,]*”
complexes (Figure 2), which, along with the earlier data from
Stillman’s and our group, allowed us to rationalize the
spectroscopic behavior of these systems with respect to the
Lever’s E; ligand’s parameter scale.”>” "

Additive models for the correlation between the charge-
transfer transition energies and coordination compounds’
redox potentials are known for more than a half of century.
Early analysis of the relationship between the oxidation
potential or the difference of the first oxidation and the first
reduction potentials and the energy of the charge-transfer
transition was provided by Vlcek, Rabinowitch, Roothaan,
Lever, and other authors.”” % In general, such plots are linear
and can be described by the following equation for the series of
homogeneous complexes’

Ecr = F(Egy — Epear) + Z a; = FAE + const (1)
In the case of the lowest-energy metal-to-ligand charge-
transfer (MLCT) transition that is dominated by the highest
occupied molecular orbital (HOMO) — lowest unoccupied
molecular orbital (LUMO) single-electron excitation (i.e.,
complete absence or small configuration interaction (CI)
between MLCT and the other states of the same symmetry)
without change in the overall spin of the system, AE in eq 1
represents the difference between the first metal-centered
oxidation potential (Eq,;) and the first ligand-centered
reduction potential (Eg.q;) scaled by the factor F, which may
be at unity, but usually deviates from unity because of the
functional dependence upon the electrochemical potentials.
The term ZXa; usually includes molecular and solvent
reorganization energies, electrostatic and entropic contribu-
tions, as well as other effects. In the case of the PcFeL,,
PcFel’L”, and [PcFeX,]*” complexes, eq 1 cannot be used as
the lowest-energy MLCT band (i.e., € (Fe, d,) — le, (Pc, )
in the standard notation for D, point group, Figure 1) is
symmetry forbidden and was not observed experimentally in
the bisaxially coordinated unsubstituted iron(II) phthalocya-
nines. Thus, this transition will not be considered here.
Lever also has shown that when the first reduction potential
of the ligand is unavailable, eq 2 still provides a good linear
correlation between the MLCT energies of the ruthenium or
iron complexes and the Ru(1l)/Ru(Ill) or Fe(II)/Fe(III)
oxidation potential”>'
Eyiicr = FEg,, + const

(2)
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Figure 2. Structures of the axially ligated phthalocyanines featured in this work.
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Figure 3. Experimental UV—vis and MCD spectra of all compounds evaluated in this work. Solvents: [PcFeX,]*” (DMF for X = NCO~, Im~, Tz,
NCS~, and CN™); DMSO for PcFe(DMSO),; dichloromethane (DCM) for all other compounds.

where all variables are the same as for eq 1 with constant F hypotheses. First, eq 2 allows the linear correlation between
being of nonunity value. Eyicr and Egy, as long as the first oxidation process is metal-
Since the Lever’s E; parameters also should directly correlate centered. As we have shown recently, the first oxidation

with the values of Eq, (i.e., energy of the HOMO in the
homogeneous series of the complexes), one would expect that
the MLCT energy should also correlate with the E; values in a

process in the PcFeL, and PcFeL'L” complexes with
moderate-to-strong m-acceptors as the axial ligands, is
phthalocyanine-centered. Thus, a significant deviation is

linear way expected for these compounds in their Eyycp/Eoq plot. On
Evicr = F Z E, + const 3) the other hand, eq 4 can predict the energies of the MLCT
transitions in PcFeL,, PcFeL'L”, and [PcFeX,]*~ complexes

Finally, when applied to the homogeneous series of PcFeL,, for which the Fe(II)/Fe(IIl) oxidation potentials are

PcFeLl'L", and 7[6PCFEX2]2_ complexes, following Lever’s idea unavailable or hindered by the Pc(2—)/Pc(1—) process. In
outlined earlier,™ eq 3 can be rewritten as addition, eq 4 can be used in the analysis of the rather complex
Eypor = FZ E,L(ax) + const @ Uy—vis and.MCD sPectra for PcFer complexes that are

axially coordinated with phosphine ligands as well as the
where XE; L(ax) represents the sum of the E, values of two spectra of [PcFe(CN),]*" as it allows for the estimation of the
axial ligands. Equations 2 and 4 allow for tests of several energy of the ¢, (Fe, d;) — 1b;, (Pc, 7%¥) MLCT band.
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Figure 4. Deconvoluted UV—vis (top) and MCD (bottom) spectra for PcFe(NH;), using either (A) one A-term or (B) two A-terms in the MLCT

region.

B RESULTS

UV-Vis and MCD Spectra. The UV—vis and MCD
spectra of the 15 compounds discussed in this report are
shown in Figure 3. When a comparison is possible with the
MCD spectra of PcFeL,, PcFeL’L”, and [PcFeX,]*” complexes
reported earlier by Stillman and co-workers,”*> our data are in
excellent agreement for the PcFePy, PcFe(Im), PcFe-
(DMSO), and [PcFe(CN),]*” compounds. In general, all
spectra can be roughly partitioned into three spectral
envelopes. The first of which is the Q-band region (spectral
envelope I; 500—750 nm), which for all compounds is
dominated by a very intense Q-band observed between 653
and 672 nm. The energy of this transition is almost
independent of the nature of the axial ligands or solvent
(AEq ~ 400 cm™), which is typical for phthalocyanine-
centered 7—7* transitions with negligible configurational
interaction.'” The energy of the Q-band observed in
PcFeL,, PcFeL'L”, and [PcFeX,]*” complexes correlates well
with the center of the only Faraday MCD A-term observed in
the Q-band region, which confirms the effective fourfold
symmetry of the phthalocyanine macrocycle. In addition, two
vibronic satellites (Qy_, and Qy_,) in spectral envelope I were
also identified by UV—vis spectroscopy. These are associated
with two MCD B-terms of positive amplitude and were
observed earlier by Stillman and co-workers.”"*> We assigned
spectral envelope II to the 400—500 nm region. This region
was traditionally associated with the MLCT (eg (Fe, d,) —
1b,, (Pc, 7*)) transitions.”**"** With respect to spectral
envelope II, the PcFeL,, PcFeL'L”, and [PcFeX,]*” complexes
reported here can be consolidated into several groups. Group 1
(PcFeL,, L = NH;, Im, nBuNH,, Py, P(OBu);, and dimethyl
sulfoxide (DMSO); [PcFeX,]*", X = NCO™, Im™, Tz~, NCS")
complexes have one band in their UV—vis spectrum (often
with a shoulder) in this region, which correlates to some extent
with a single visible MCD A-term. Group 2 (PcFeL,, L =
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PMe;, PBuj, and [PcFe(CN),]*") has several observable bands
in spectral envelope II in their UV—vis spectra. In the case of
the phosphine-coordinated compounds, two MCD A-terms
can be seen in the experimental MCD spectra, while only one
MCD A-term can be seen in the experimental MCD spectrum
of [PcFe(CN),]*” (Figure 3). Finally, group 3 (PcFe(tBuNC),
and PcFe(nBuNH,)(CO) complexes) has no transitions in
spectral envelope II. The third spectral envelope in the UV—vis
and MCD spectra of the PcFeL,, PcFeL'L’, and [PcFeX,]*”
complexes is located in the B-band region (250—400 nm). In
the majority of cases, two main bands were observed in the
UV—vis spectra within the B-band region (Figure 3). These
bands are closely aligned with the two MCD A-terms. Again,
more rich spectra were observed in the case of PcFe(PR;), and
[PcFe(CN),]*~ complexes.

Band Deconvolution Analysis. To interpret the several
overlapping transitions present in their UV—vis and MCD
spectra within the higher-energy charge-transfer region, band
deconvolution analysis was performed for all compounds. In
general, we used an approach very similar to that proposed by
Stillman and co-workers. Each of the signals in the
deconvoluted UV—vis spectrum are energetically aligned with
either a corresponding A- or B-term in the associated MCD
spectrum. Sample deconvoluted spectra for the PcFe(NHj;),
complex in spectral envelopes II and III are shown in Figure 4.

When a comparison is possible (with the PcFe(Im), and
PcFePy, complexes), our data are in close agreement with
those published by Stillman and co-workers.” In the case of
the [PcFe(CN),]*” complex, we used an additional MCD A-
term at around 425 nm to get a better agreement between
theory and experiment. This observation is in agreement with
the 1994 paper by Stillman and Ough.61

DFT and TDDFT Calculations. For electronic structure
elucidation and to substantiate the experimental and
deconvoluted UV—vis and MCD spectroscopy data, DFT

https://doi.org/10.1021/acs.inorgchem.2c00721
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and TDDFT calculations were performed on ten compounds
that have XE; L(ax) values which span between —0.5 and
+1.09 V. The relative energies of the phthalocyanine and iron-
centered orbitals are expected to be dependent on the
exchange—correlation functional used, with particular sensi-
tivity to the magnitude of Hartree—Fock (HF) exchange
involved in a given functional. 106=199 Therefore, the calcu-
lations were performed using the MPWLYP (5% Hartree—
Fock exchange), TPSSh (10% Hartree—Fock exchange), and
O3LYP (11.6% Hartree—Fock exchange) functionals.
Although we focused on the three best-performing (for our
purpose) exchange-correlation functionals, approximately 25
functionals were initially tested on a limited number of iron(II)
phthalocyanine complexes. These functionals were selected for
testing based on our experience with phthalocyanines'®® and
success with using DFT calculations for the prediction of the
redox events in iron(II) phthalocyanines.*’ As expected, the
pure DFT functionals have historically underestimated the
metal orbital energies in phthalocyanine systems, and hybrid
functionals which have 20—42% HF exchange have been found
to unreliably stabilize the d-orbitals of iron relative to the
phthalocyanine core orbitals.

The associated DFT-predicted frontier molecular orbital
images for selected examples [PcFe(NCO),]*” can be found in
Figure S5, and the complete sets are located in Supporting
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Figure 5. Select DFT-predicted frontier molecular orbitals for
[PcFe(NCO),]*” complex calculated using the MPWLYP exchange-
correlation functional.

Information Figure S1. The DFT-predicted energy-level
diagram for all compounds using the MPWLYP exchange-
correlation functional is presented in Figure 6, and those for
the TPSSh and O3LYP functionals can be found in Supporting
Information Figure S2. Within the energy-level diagram above,
the compounds are ordered from low (negative) to high
(positive) values of Y E; L(ax) going from left to right on the
x-axis. In all cases, the phthalocyanine-centered e, (in the
traditional Dy, point group notation) orbitals were identified as
the LUMO and LUMO + 1, in agreement with the
electrochemical data described earlier.* Again, in agreement
with the previous electrochemical and spectroelectrochemical
data,”® iron-centered orbitals were identified as the HOMO in
all complexes except for the cases of PcFePy, PcFe[P-
(OMe);],, PcFe(DMSO),, and PcFe(NH;)(CO) in which
DEFET predicts a phthalocyanine-centered a;, orbital to be the
HOMO (Table 1). It is important to note (as it will be used in
the TDDFT section discussion) that the classic Gouter-
man’s''°~""* phthalocyanine-centered a,, orbital can be mixed
with the o-donor SALC orbital of the axial ligand. As a result,
the axial ligands’ contribution into this orbital was predicted
between 11 and 64% (Supporting Information Table S1). For
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Figure 6. DFT-predicted (MPWLYP) energies of the selected orbitals
for PcFeL,, PcFeL'L”, and [PcFeX,]*” complexes.

instance, in [PcFe(Im™),]*, PcFe(PMe;),, and PcFe-
(DMSO), complexes, the axial ligand contribution to Gouter-
man’s da,, orbital exceeds 50%. Such a large deviation in the
axial ligand contribution to a,, orbital leads to a significant
variation of the Gouterman’s a,, orbital energy (Figure 6).
The TDDFT-predicted UV—vis spectra for all compounds
using the MPWLYP exchange-correlation functional and DCM
solvent are shown in Figure 7, and those for the TPSSh and
O3LYP functionals can be located in Supporting Information
Figure S3. In addition, the TDDFT-predicted spectra in DMF
versus experimental spectra are also shown in Supporting
Information Figure S3. The PcFe(nBuNH,),, PcFe(PBu;),,
and PcFe(nBuNH,)(CO) complexes were not considered as
their TDDFT-predicted spectra should be very close to those
modeled for the PcFe(NH;),, PcFe(PMe;),, and PcFe(NHj;)-
(CO) compounds, respectively. In each case, when compared
to the O3LYP and TPSSh data, the MPWLYP calculations
provided a slightly better general agreement with experiment in
terms of predicted transition energies, intensities, and overall
profile. The TDDFT-predicted properties of the selected
excited states for all complexes are listed in Table 2, while
complete data are present in Supporting Information Table S2.
In agreement with the experimental data, the energy
deviation of the TDDFT-predicted Q-band in the PcFeL,,
PcFeL'L”, and [PcFeX,]*” complexes is small (~500 cm™).
Again, TDDFT calculations confirmed that the Q-band
originates almost entirely from a 1a,, (Pc, 7) — le, (Pc, 7*)
single-electron transition."'*™""* In agreement with the earlier
predictions by Stillman and co-workers,”’ TDDFT calculations
identified the MLCT, and MLCT, bands as predominantly e
(Fe, d;) = 1by, (P, 7*), and ¢, (Fe, d;) — 1b,, (Pc, 7%)
single-electron excitations in character. The TDDFT-predicted
energies of MLCT, and MLCT, have clear axial ligand
dependency across the series (AE = ~9500 and ~9300 cm ™,
respectively). More interestingly, TDDFT calculations pre-
dicted that the MLCT, band in the [PcFe(CN),]*”, PcFeL, (L
= PMe,, tBuNC, P(OMe);, and DMSO), and PcFe(NH;)-
(CO) complexes has a higher energy than the B; band
(predominantly la,, (Pc, 7) — le, (Pc, 7*) in character,
Figure 1), which was not con51dered in the previous spectral
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Table 1. Energies (in eV) of the Selected Frontier MOs in PcFeL,, PcFeL'L”, and [PcFeX,]*” Complexes (MPWLYP

Functional)“

MO/L NCO~ Im™ 1-Tz~ 4-Tz~ NCS™ CN™ NH;
ag d; —0.30 —0.14 —0.09 —-0.29 —0.49 —0.12 —1.43
Zeg —0.50 —0.51 —0.48 —0.57 —0.58 —0.49 —1.12
la,, —0.53 —0.55 —0.53 —0.60 —-0.62 —0.51 —1.16
1b,, —0.74 —0.77 —-0.74 —0.84 —0.84 —0.75 —1.43
1b,, —0.88 —0.89 —0.86 —-0.96 —0.98 —0.88 —1.55
leg —-2.02 —2.03 —1.99 —2.12 —2.17 —2.02 —2.81
€ d, —-3.34 —-3.49 —-3.54 —3.68 —3.69 —3.65 —4.53
ng dxy —-3.67 -3.65 -3.63 —3.78 —-3.91 —3.66 —4.52
la,, =383  —3.85 —3.82 -394 —395 —383 —458
la,, —5.03 —4.69 —4.86 —4.99 —-5.23 —4.57 —5.95

“All MOs are in traditional D, point group notation. For low-symmetry complexes, the average energies for nearly degenerate “e

in the table. The HOMO and LUMO MOs are shown in bold.

Im Py PMe; tBuNC P(OBu); DMSO NH,/CO
-1.19 —1.4S§ -1.38 —1.04 —-1.57 -2.33 —1.59
—1.08 —1.15 —1.15 —-1.15 —1.11 —-1.27 —-1.26
—-1.12 -121 —1.16 —-1.14 —-1.12 —-1.30 —-1.21
-1.39 —-1.52 —1.48 —1.44 —1.41 —-1.62 —1.59
—-1.52 —1.60 -1.59 —1.58 —-1.52 -1.72 —-1.71
—2.76 —2.88 —-2.85 -2.87 -2.79 -3.06 —3.06
—4.50 —4.71 —4.67 —4.96 —4.87 =5.15 —=5.35
—4.50 —4.68 —4.61 —4.82 —4.71 -5.03 -5.16
—4.54 —4.64 —4.62 —4.60 —4.53 —4.78 —-4.76
—5.88 —6.03 -5.29 -5.78 —5.54 —-5.98 —6.13

g” MOs are shown
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Figure 7. Experimental (top) and TDDFT-predicted (bottom) UV—vis spectra of the axially coordinated phthalocyanines using the MPWLYP

exchange-correlation functional.

analyses. Moreover, in the case of the PcFe(DMSO), and
PcFe(NH;)(CO) complexes, the energy of the MLCT, band
was also predicted to be higher than the B, and (in the case of
the latter compound) N bands that are phthalocyanine-
centered.

B DISCUSSION

Before the additive correlations between Lever’s electro-
chemical E; scale’>”® and the energy of the MLCT bands
can be discussed, we need to accurately interpret the MCD and
computational data for the PcFeL,, PcFeL'L”, and [PcFeX,]*~
complexes. First, in our hands, the experimentally observed
and TDDFT-predicted solvatochromic effect for the
[PcFeX,]*” complexes (X = NCO~, NCS~, and CN") in
DCM, DMF, and DMSO is small. The [PcFeX,]*” (X = Im~
or Tz™), PcFeL, (L = PR, tBuNC, P(OBu);, or DMSO), and
PcFe(nBuNH,)(CO) complexes either have insufficient
solubility in counterpart solvents or suffer from aggregation
or low-stability problems in polar or nonpolar solvents and
thus, solvatochromic effects cannot be measured for these
compounds in an accurate way. PcFel, (L = NH;, nBuNH,,
and Im) have a moderate (~400—1300 cm™) solvatochromic
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effect for the MLCT band observed between 420 and 440 nm
(Supporting Information Figure S4). Such a solvatochromic
effect reflects the formation of the intermolecular hydrogen
bond(s) between the axial ligand and the solvent molecules,
and will be discussed in detail (on the basis of X-ray
crystallographic data as well as NMR, and Mossbauer
spectroscopies) in the follow-up paper. Thus for the analysis
provided below, the only data collected by Stillman’s®"*> and
our groups in DCM will be used for all compounds that are
soluble and remain monomeric in this solvent. Since
Na,[PcFeX,] (X = Im~ or Tz~ ) complexes are not stable in
DCM, we will present data obtained in DMF solutions.
Next, the DFT-predicted energies of the frontier MOs imply
that the degenerate, XY-polarized MLCT transitions in PcFeL,,
PcFeL'L’, and [PcFeX,]*” complexes can originate from e
(Fe, d,) — b, 1b,, la,, and lay, (Pc, 7*) single-electron
transitions (in traditional D, symmetry group notation, Figure
1). The bands that predominantly originate from the ¢, (Fe,
d;) = 1b,, (Pc, %) and ¢, (Fe, d;) — 1b,, (Pc, 7*) single-
electron transitions were labeled as MLCT, and MLCT,,
respectively, by Stillman’s group.” The MLCT, band at
~27,000 cm™" that is dominated by the ¢, (Fe, d;) = lay, (Pc,
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7*) single-electron transition was predicted by Sumimoto and
co-authors'"? for the [PcFe(CN),]>~ complex on the basis of
TDDFT (B3LYP/6-31G(d)) calculations. The MLCT, band
energy (e, (Fe, d;) — 1ay, (Pc, 7%)) has not been discussed in
the literature. Stillman and Ough used a 2050 cm™ energy
difference for the ¢, (Fe, d,) — 1b;, (Pc, 7*) and ¢, (Fe, d,;) —
1b,, (Pc, n*) single-electron transitions as a starting point for
their MCD spectral analysis of PcFel,, PcFeL’L”, and
[PcFeX,]*” complexes (Figure 1). This energy difference
originates from the MCD data analysis of the [Pc(—3)Mg]™*
anion-radical complex conducted by Stillman and co-work-
ers.""* The discrepancy between this value (2050 cm™) and,
proposed on the basis of MCD and UV—vis spectral analysis,
the MLCT,—MLCT, energy gap for [PcFe(CN),]*” (~7900
cm™!), PcFe(NH,), (~4300 cm™), and PcFe(NH;)(CO)
(~1200 cm™") was attributed to configuration interaction (CI)
and the presence of the 3d electrons in the iron compounds.®!
Again, this assumption was a very reasonable starting point
taking into consideration the lack of TDDFT calculations
available for these systems in 1994. Our DFT calculations
using three exchange-correlation functionals (MPWLYP,
O3LYP, and TPSSh) as well as the DFT calculations reported
by Sumimoto and co-workers''® using the B3LYP exchange-
correlation functional suggest that the energy difference
between the 1b;, and 1b,, MOs is quite small (0.13—0.16
eV). Unlike LUMO and LUMO + 1 (Pc-centered MOs of €
symmetry) that have a substantial contribution from the iron
d-orbitals, the 1b,,, 1b,,, and 1a,, virtual MOs cannot be mixed
with the metal-centered d-orbitals, although the 1a,, orbital
can mix with the axial ligand orbitals (Figure 1). As a
consequence, one might expect that the DFT-predicted
energies of the LUMO and LUMO + 1 MOs will have a
significant dependency on the exchange-correlation functional
(and specifically the amount of the exact Hartree—Fock
exchange present in the functional) used for the calculations,
while such dependency should be smaller for the 1b,,, 1b,,
and 1la,, virtual MOs. Indeed, when the DFT-predicted energy
differences between the le, and 1b,,, 1b;, and 1b,, and 1b,,
and la,, MOs are plotted against the amount of exact
Hartree—Fock exchange in the functional, it became clear that
the above-mentioned argument is correct. For instance, for the
[PcFe(CN),]*” complex, the energy difference between the le,
and 1b;, MOs has a clear functional dependence and varies
between 1.09 and 1.72 eV for functionals with 0—54% of
Hartree—Fock exchange. On the other hand, it only varies
between 0.12 and 0.24 eV for the energy gap between the 1b;,
and 1b,, MOs, while it is nearly constant for the energy
difference predicted between the 1b,, and la,, MOs
(Supporting Information Figure SS). Even when the traditional
Hartree—Fock calculations for this compound are considered,
the 1b;,—1b,, energy gap remains small (0.34 V). In addition
to a small functional dependency, the DFT-predicted 1b,,—
1b,, energy gap is nearly constant for a given exchange-
correlation functional across the E; axis (Supporting
Information Figure SS), which (ignoring configurational
interactions) implies nearly constant MLCT,—MLCT, energy
gaps in all of the compounds of interest. Our TDDFT
calculations with the MPWLYP, O3LYP, and TPSSh func-
tionals predict a 800—1450 cm™' energy gap between the
MLCT, and MLCT, states in the PcFel,, PcFeL'L”, and
[PcFeX,]*” complexes, which also correlates well with the
1290 cm™ predicted by Sumimoto and co-authors''® for the
[PcFe(CN),]*” compound and Stillman’s estimate of 2050
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cm™' gained from the spectroscopy of the [Pc(—3)Mg]™*
anion-radical.""* A small 1b,,~1b,, energy gap leads to the
following interesting question. The MCD spectra of the
[PcFeX,]*” (X =NCO™, Im~, Tz~, and NCS™) and PcFeL, (L
= NH;, Im, nBuNH,, and Py) compounds, in which the 400—
450 nm MLCT region is well separated, are represented by an
asymmetric dispersion curve in which the visible MCD A-term
is located at a higher energy and an additional signal with
negative amplitude is located at a lower energy (Figure 3). The
energy difference between the negative component of the
visible A-term and lower-energy visible B-term is close to 800
ecm™ in all cases. Similarly, the absorption spectra of these
complexes in the same spectral envelope have a visible
shoulder in the lower-energy side. Again, the energy difference
between the shoulder and the main band is about 800 cm™". In
their analysis reported in 1994, Stillman and Ough
deconvoluted the MCD spectra of PcFel, (L = NH,, Py,
Im, 1-Melm, 4-MePy, and Pip) in this region using one MCD
A-term and one MCD B-term of negative amplitude.’ The
nature of this B-term has not been discussed in the literature;
however, one might argue that it can originate from a Z-
polarized b,, (Fe, dxy) — 1b,, (Pc, 7*) transition mentioned by
Stillman and Ough. In this case, using a simplistic single-
electron approximation, the energy of the d,, orbital should be
higher than that of the d, orbitals and a B-term is expected in
the MCD spectrum (Supporting Information Figure S6).
Alternatively, the low-energy signal of negative amplitude can
originate from the MCD A-term that is closely spaced near the
visible A-term. In this case, two MCD A-terms will represent
two closely spaced MLCT,; and MLCT, excited states
(Supporting Information Figure S6). Our TDDFT calculations
using three different exchange-correlation functionals suggest
that the oscillator strength for the b,, (Fe, d,,) — 1b;, (Pc, 7*)
transition is very small (f = 0-—0.002) compared to the
predicted oscillator strength of the MLCT), transition (f =
0.006—0.14), which does not support the assignment of these
low-energy shoulders as b,, (Fe, d,,) — 1b;, (Pc, 7*) in
nature. Moreover, TDDFT predicts that in the [PcFeX,]*” (X
=NCO7, Im~, Tz, and NCS™) complexes, the energy of the
by (Fe, d,,) — 1b;, (Pc, 7*) transition should be higher in
energy compared to the MLCT,; (Supporting Information
Table S2). This also agrees well with the MCD spectra
assignments of the highly deformed Pc™FcPy, complex
provided by Kobayashi and Fukuda.''® Indeed, these authors
have shown that the MLCT transition originating from the d,,
orbital has a higher energy compared to the MLCT transition
that originates from the d, MOs.

Finally, the relative energies of the MLCT,; and MLCT,
transitions with respect to 7 — 7% transitions originating from
the phthalocyanine core should be considered. Historically, it
was always assumed that the first higher energy (after the Q-
band) MCD A-term is associated with the MLCT,
transition.®"®> However, a previous report by Sumimoto and
co-authors'" as well as our TDDFT calculation suggest that
this is not always the case. For instance, TDDFT calculations
predict that the B, (predominantly 1a,, (Pc + L, 7) — le, (Pc,
7*) single-electron transition) band should have a lower
energy than MLCT, in the [PcFe(CN),]*”, PcFe(PMe,),,
PcFe(tBuNC),, and PcFe[P(OMe;)], complexes (Supporting
Information Table S2). The B, band has XY polarization and is
expected to have an MCD A-term shape. As discussed above,
the 1a,, orbital can mix with the axial ligands, and thus, its
energy has a tendency to fluctuate significantly. As a
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Figure 8. Correlation between XE; L(ax) and the experimental MLCT band position in the UV—vis spectra (A); E; L(ax) and the experimental
crossing point for the visible MCD A-terms (B); and XE; L(ax) and the experimental energies of the MCD A-terms from the deconvolution
analysis (C). According to TDDFT calculations, blue triangles correspond to B; (predominantly 1a,, — leg*) m—m* transitions that have no linear

dependency on XE; L(ax) values.

Table 3. MCD A-Term Centers for the Degenerate Transitions in the PcFeL,, PcFeL'L”, and [PcFeX,]*” Complexes in the

Charge-Transfer Region”

compound
[PcFe(NCO),]> 479 465 377 368
[PcFe(Im),]*" 498 475 392 369
[PcFe(Tz),]*~ 475 459 381 366
[PcFe(NCS),]* 461 442 372 357
[PcFe(CN),]*~ 456 422 399 337
[PcFe(CN),]> 453 396 334
PcFe(NH;), 449 433 355 343
PcFe(NH,), 424 359 341
PcFe(Melm), 422 361 345
PcFelm, 446 425 362 349
PcFelm, 422 361 345
PcFe(nBuNH,), 444 421 357 345
PcFe(MePy), 411 356 336
PcFePy, 430 418 359 344
PcFePy, 411 354 336
PcFe(PBus), 477 438 425 382
PcFe(PMe;), 465 433 406 375
PcFe(tBuNC), 403 392 385 370
PcFe[P(OBu);], 418 379 366 338
PcFe(DMSO), 406 382 373 355
PcFe(NH,)(CO) 369 352 327
PcFe(nBuNH,)(CO) 385 376 366 331

a

tw = this work.

band center (nm) ref
314 tw
322 319 tw
316 313 tw
321 tw
tw

307 279 251 61
311 tw
316 273 253 61
312 271 248 61
314 273 tw
312 270 248 61
314 277 tw
311 277 61
337 307 tw
311 277 61
366 340 308 266 257 249 tw
360 329 302 262 tw
351 333 tw
323 251 tw
330 290 tw
307 278 61
307 279 tw

consequence, the TDDFT-predicted energy of the B, band
deviates significantly from the nature of the axial ligands. In the
case of the PcFe(DMSO), and PcFe(NH;)(CO) complexes,
TDDFT calculations predict several phthalocyanine-centered
degenerate 7—7* excited states with energies lower than the
MLCT, transition (Supporting Information, Table S2). Thus,
extra care should be taken for the accurate assignments of the
charge-transfer bands in the PcFeL,, PcFeL'L”, and
[PcFeX,]*” complexes.

When raw data for the most intense low-energy UV—vis
peaks in region II for the PcFeL,, PcFeL'L”, and [PcFeX,]*”
complexes are plotted against the XE; L(ax) values to probe
the validity of eq 4 (Figure 8A), one can see five clear outliers
coded as blue triangles. These UV—vis bands are associated
with the lowest energy (after the Q-band) MCD A-term and,
according to the TDDFT calculations, should be assigned as B,
(lay, (Pc + L, 7) — le, (Pc, 7*)) phthalocyanine-centered
transitions. Once these points are removed from the
correlation, the correlation coefficient for the linear regression
was 0.962 for all data points or 0.978 for the points in which
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the central iron ion is located in the plane of the
phthalocyanine ligand.

As MCD spectroscopy tends to provide a complimentary
resolution of the UV—vis data, we plotted the Y-axis crossing
points for the visible A-terms observed in the MCD spectra of
the PcFeL,, PcFeL'L”, and [PcFeX,]*” complexes against the
YE,; L(ax) values (Figure 8B). It is obvious that the use of the
energies of crossing points in the correlation analysis is quite
approximate; however, even with such a crude approximation,
several trends can be clearly seen. First, the energy of the MCD
A-term which corresponds to the Q-band at ~15,000 cm™" is
independent of the £E; L(ax) values. This is expected as Q-
band in phthalocyanines is an almost pure 1a;, (Pc, 7) — le,
(Pc, 7*) ligand-centered transition. Next, a unique MCD A-
term at a low energy was observed in the case of the
PcFe(PR;), complexes. According to TDDFT calculations,
this A-term represents the B, band, which is dominated by a
lay, (Pc + L, ) — le, (Pc, %) single-electron contribution.
The energy of the la,, orbital in PcFe(PR;), is highly
destabilized because of the large contribution from the lone
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pair from two phosphine axial ligands. Next, three nearly
parallel correlation lines that have clear axial dependency have
been observed (Figure 8B). All three lines have nearly identical
slopes and are separated by 3000—3300 cm™" from each other.
We label these correlations as MLCT,_,, MLCT;, and MLCT,
in Figure 8B. The rationale for combining the MLCT, and
MLCT, transitions under the same curve is that TDDFT data
from Sumimoto’s'"® and our work are suggestive of the
MLCT,—MLCT, gap in the 725—1700 cm™" range (with the
majority of those predicted at ~1200 cm™"), which is not easy
to clearly resolve in the MCD spectra as discussed above. The
TDDFT-predicted energies of MLCT; and MLCT,, on the
other hand, are better separated from the energies of MLCT)
and MLCT, (see discussion below). Obviously, this
assumption should be treated with caution and is the main
reason why we have deconvoluted the MCD spectra of PcFeL,,
PcFeL'L”, and [PcFeX,]*” complexes in two different ways.
Another important observation from Figure 8B is that the
energies of the MLCT, bands for complexes with high XE;
L(ax) values coalesce with the energies of the phthalocyanine-
centered 7—n* transitions observed at ~31,000 cm™'. The
latter transition is also almost independent of the nature of the
axial ligands, which is a reason for the confident assignment of
the last correlation line for the phthalocyanine-centered 7—7*
transition. Finally, the correlation results for the [PcFe-
(CN),]*” complex imply that the energy of the B, and
MLCT), bands should be close to each other, which agrees well
with our TDDFT calculations.

Of course, the use of the crossing point of the visible MCD
A-terms in the correlation analysis is not the best approach in
providing a complete picture on the electronic structure and
nature of the excited states in PcFel,, PcFeL’'L”, and
[PcFeX,]*” complexes because some of the overlapping A-
terms can visibly appear as a sum of MCD B- and A-terms (see
Supporting Information Figure S6 as an example). This is a
situation observed for the transitions in PcFeL,, PcFeL'L”, and
[PcFeX,]*” complexes in the B-band region where a large
number of bands are closely spaced in energy and heavily
overlap. In this case, as introduced by Stillman and co-workers
for phthalocyanines,’’ simultaneous band deconvolution
analysis of UV—vis and MCD spectra is the best alternative
for more accurate analysis of the excited states. Since TDDFT
predicts that the energy gap between MLCT, and MLCT), is
rather small, we attempted to accommodate this observation in
our analyses (Figure 4B); however, we also conducted a more
traditional deconvolution analysis, similar to that done by
Stillman and co-workers in 1994 (Figure 4A).°* As one can see
from Figure 4, in the former case, two (closely spaced in
energy) A-terms were considered in the first MLCT region,
while in the latter case, the same region was deconvoluted with
a single A-term. The energies of the A-terms predicted by the
deconvolution analysis again correlate well with the ZE; L(ax)
values (Figure 8C and Table 3). There are several A-terms that
were observed with energies that are nearly independent of the
nature of the axial ligands. These can be assigned as
phthalocyanine-centered excited states. The MLCT transition,
on the other hand, has clear axial ligand dependency and
correlation coeflicients close to those observed with the MCD
A-terms crossing points.

The plot of the energies of the MLCT transitions predicted
by TDDFT calculations versus XE; L(ax) values is shown in
Figure 9A. The correlation coefficients for the TDDFT-
predicted MLCT,_; transitions are close to those seen in the
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Figure 9. Correlation between XE; L(ax) and the TDDFT-predicted
MLCT band energies (A; black squares represent data for MLCT),
red circles for MLCT,, blue triangles for MLCT}, and green triangles
for MLCT, transitions); £E; L(ax) and the TDDFT-predicted z—x*
transitions (B; black squares and gold triangles represent excited
states that are dominated by the 7—z* from la,, MO, blue triangles
represent N-band, red circles for L band, and magenta rhombs for B2
band). For numerical values, see the Supporting Information and
Table 2.

MCD plots (Figure 8B) and their slopes are close to the slopes
observed for the fitted MCD data. One visible discrepancy
between the TDDEFT calculations and the MCD-based
position of its A-terms that have a prominent axial ligand
dependency is the energy intervals for the MLCT bands. The
TDDFT calculations predict that MLCT,_; in the PcFeL,,
PcFeL'L”, and [PcFeX,]*” complexes are separated by ~1000
(MLCT,_,) and ~2000 (MLCT,_;) cm™" (Figure 8), which
correlates very well with the respective separation of ~1000
and ~3000 cm™" predicted by band deconvolution analysis and
the ~3000 cm™ interval observed between the first (second
for PcFe(PR;), complexes) and second visible A-terms in the
experimental spectra of these compounds (Figure 3). However,
for most of the compounds, it is difficult to derive the
experimental position of MLCT; from the UV—vis and MCD
spectra because it heavily overlaps with the other transitions,
making the proposed assignment quite speculative. In addition,
the TDDFT-predicted energy interval between the MLCT,
and MLCT, bands is ~10,000 cm™!, while ~3000 cm™ is
expected from the MCD band deconvolution analysis. Yet, the
TDDEFT-predicted energies of the MLCT,_; transitions are
well within expectation for TDDFT calculations, being ~2000
cm™ in error. They are also lower than the typical errors for
the energies of the MLCT transitions in ruthenium(II) and
iron(II) com;)lexes predicted by earlier Lever using eq 2,
~2400 cm™'.”” The linear correlations shown in Figure 8A,B
allow one to predict the expected position of the MLCT, band
in the UV—vis and MCD spectra of PcFeL,, PcFeL'L”, and
[PcFeX,]*” complexes. Equation S can be used to predict the
MLCT, band in the UV—vis spectra (which correlates with the
low-energy MLCT band maximum), while eq 6 can be used to
predict the energy of the MCD A-term (which corresponds to
the MLCT, band center) as long as XE; L(ax) values for the
axial ligands are known. Based on our experimental data and
TDDEFT calculations, the energy of the MLCT band then can
be estimated as Eyycr; (cm™) = Eyycry — 800 for both UV—
vis and MCD spectra.

Epper(UV — vis, em™) = 2720 )" E, L(ax) + 23174
(%)

Eyicra(MCD, em™) = 2444 37 E; L(ax) + 22402 (g)
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The MLCT (Fe — Pc) transitions are not the only charge-
transfer transitions that are expected in the UV—vis and MCD
spectra of the PcFeL,, PcFeL'L”, and [PcFeX,]*” comg)lexes.
As was correctly pointed out by Stilman and Ough,’' two
symmetry allowed LMCT (ligand-to-metal charge transfer)
transitions of Pc — Fe character are expected for these
compounds in idealized D, symmetry (Figure 1). These are
dominated by the 1a,, (Pc, 7) — aj, (Fe, d;2) and 1b,, (Pc, )
— b,, (Fe, dxl_yl) single-electron transitions and are labeled as
LMCT},, and LMCT},, in Figure 1, respectively. Both of these
should result in MCD B-terms. The LMCTy,; transitions were
predicted between 31,000 and 36,700 cm™! from the TDDFT
calculations using the MPWLYP functional. The predicted
intensity of this excited state for the axial ligands with XE;
L(ax) < 0.5 is rather small, but it is substantial (f > 0.1) for the
rest of the tested compounds. The LMCT),, transition was not
found in the TDDFT calculations within the 120 lowest-
energy states and, presumably, appears at higher energy. Next,
the electronic structure of the axial ligands should be
considered. DFT calculations predict that the negatively
charged axial ligands with significant o- and z-donating
properties (NCO~, Im~, Tz~, and NCS~) should have axial
ligand-centered ¢, and e, symmetry orbitals in the HOMO to
HOMO — 10 region (Supporting Information Table S1).
Excited states that are dominated by e, (X7, &) = 1by, 1b,,
la,,, and lay, (Pc, 7*) single-electron transitions can give rise
of four interligand ILCT (X~ — Pc) transitions with MCD A-
term character that are labeled as ILCT,, in Figure 1. The
energies of ILCT,, ILCT,, and ILCT; were predicted
(MPWLYP functional) between 23,300—30,100, 24,500—
31,400, and 26,300—33,000 cm™, respectively. Excited states
that are dominated by the e, (X7, #) — le, and 2¢, (Pc, 7*)
single-electron transitions can give rise to two ILCT (X~ —
Pc) transitions with MCD B-term character that are labeled as
ILCT;_4 in Figure 1. The energies of ILCT and ILCT were
predicted (MPWLYP functional) between 26,400 and 32,400
cm™. Finally, the excited state that is dominated by the ¢, (X7,
m) = ajgand by, (Fe, d.> and d,2_) single-electron transitions
can give rise to two LMCT (X~ or L — Fe) transitions with
MCD A-term character that are labeled as LMCT},_, in Figure
1. The energy of LMCT,, was predicted (MPWLYP
functional) between 28,900 and 36,700 cm™, while the energy
of the LMCT], state lies outside of the 120 lowest-energy
excited states. The increase of the 7-accepting character of the
cyanide axial ligand results in the stabilization of the occupied,
axial ligand-centered ¢, and e, MOs. As a result, the TDDFT-
predicted energies of the ILCT_; bands increased to 35,900—
38,800 cm ™. The PcFeL, and PcFeL’L” complexes in which
the axial ligand has a significant 7-accepting character (Py,
tBuNC, and NH;/CO) have unoccupied, axial ligand-centered
orbitals of e character that is reflective of the lowering of their
molecular symmetries from the effective Dy, to D,y C, and C;
(even the symmetry of the PcFe(tBuNC), and PcFe(NH;)-
(CO) complexes is C; or C, and the axial ligand’s MOs that
have e, or ¢, symmetries in Dy, point group are still nearly
degenerate and will be considered below as “¢” symmetry
orbitals). No degenerate or nearly degenerate unoccupied
MOs in the LUMO to LUMO + 10 energy region were
predicted for the PcFeL, (L = Im, PMe;, and DMSO)
complexes. Similar to the TDDFT calculations of Sumimoto
and co-workers,'"? our TDDFT calculations on PcFePy, are
indicative of XY-polarized (Pc — Py) transitions that originate

from la,,, la,, and 1b,, (Pc, 7) — “¢” (Py, 7*) single-electron
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excitations and one Z-polarized transition dominated by the le,
(Pc, m) = “¢” (Py, n*) single-electron excitation (here we use
Dy, point group notation for the phthalocyanine and metal-
centered orbitals to be consistent with the previous discussion
and Figure 1). These transitions are labeled as ILCTp,_4 in
Figure 1 and were predicted at 20,100, 32,000, 33,000, and
34,900 cm™', respectively. In addition, two MLCT (Fe — Py)
transitions labeled as MLCTg,;_, in Figure 1 that originate
from ¢, (Fe, d;) — “¢” (Py, 7%) and b, (Fe, d,,) — “¢” (Py,
7*) single-electron transitions have Z- and XY-polarizations,
respectively. According to TDDFT calculations, both of these
transitions have small intensities. No Pc — tBuNC ILCT
transitions were predicted by TDDFT calculations within the
lowest-energy 120 excited states; however, MLCTg,,_,
transitions were predicted at 35,600 (f = 0.15) and 32,600
(f=0.004) cm™. Finally, the ILCTp,, transition was predicted
at 30,000 cm™' with reasonable intensity (f = 0.03) for the
PcFe(NH,4)(CO) complex, while MLCTk,,_, transitions in the
33,300—34,800 cm™' window were predicted to have zero
intensities. Overall, our TDDFT calculations indicate that the
axial ligands can contribute to the UV—vis and MCD spectra
of PcFeL, and PcFeL'L” complexes via MLCT, ILCT, and
LMCT mechanisms.

B CONCLUSIONS

The position of the experimentally observed (in the UV—vis
and MCD spectra) low-energy metal-to-ligand charge-transfer
(MLCT) band in low-spin iron(II) phthalocyanine complexes
of general formula PcFeL,, PcFeL'L”, and [PcFeX,]* (L, L
or L” are neutral and X~ is an anionic axial ligand) was
correlated with the Lever’s electrochemical E; scale values for
the axial ligands. The TDDFT-predicted UV—vis spectra are in
very good agreement with the experimental data for all
complexes. In the majority of compounds, TDDFT predicts
that the first degenerate MLCT band that correlates with the
MCD A-term observed between 360 and 480 nm is dominated
by an ¢, (Fe, d;) — by, (Pc, 7*) single-electron excitation (in
traditional D, point group notation) and agrees well with the
previous assignment discussed by Stillman and co-workers
(Inorg. Chem. 1994, 33, 573—583). The TDDFT calculations
also suggest a small energy gap for by,/b,, (Pc, 7*) orbital
splitting and closeness of the MLCT) e, (Fe, d,) — by, (Pg,
7*) and MLCT, ¢, (Fe, d,) — b,, (Pc, 7%) transitions. In the
case of the PcFeL, complexes with phosphines as the axial
ligands, additional degenerate charge-transfer transitions were
observed between 450 and 500 nm. These transitions are
dominated by a,, (Pc + L, 7) — e (Pc, 7*) single-electron
excitations and are unique for the PcFe(PR,), complexes. The
energy of the phthalocyanine-based a,, orbital has large axial
ligand dependency and is the reason for a large energy
deviation for B1 a,, (Pc + L, 7) — € (Pc, ) transition. The
energies of the axial ligand-to-iron, axial ligand-to-phthalocya-
nine, iron-to-axial ligand, and phthalocyanine-to-axial ligand
charge-transfer transitions were discussed on the basis of
TDDFT calculations. Such LMCT, MLCT, and ILCT
transitions have not been discussed in detail earlier and
complicate the overall spectral profiles of PcFeL,, PcFeL'L”,
and [PcFeX,]*” complexes and make the band assignments
significantly more difficult.
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B COMPUTATIONAL DETAILS

Experimental Section. Materials. All solvents were
purchased from commercial sources and purified using
standard procedures. All compounds were prepared as
described previously.*>®!

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 a
permanent magnet operated at 1.6 T. The completed MCD
spectra were measured at 20 °C in parallel and antiparallel
orientations with respect to the magnetic field. The MCD
spectra were recorded in terms of mDeg = [6] on the y-axis
and were converted to molar ellipticity via Ae = 6/(32980BIc),
where B is the magnetic field, [ is the path length (cm), and c is
the concentration (M)."*

Computational Aspects. All calculations were run using
Gaussian 16.""7 BP86"'*'"? with Wachter’s full-electron basis
set'?® (Wf) for iron and the 6-311G(d) basis set'*' for the
other atoms was used for all geometry optimizations. Similar to
our previous report,45 two geometries of the [PcFe(Tz),]*”
were considered in the calculations (Figure 1). Vibrational
frequencies were calculated to ensure all geometries were local
minima. Time-dependent density functional theory (TDDFT)
with TPSSh,'**'** O3LYP,'** and MPWLYP'** was used to
calculate the first 80 excited states of each molecule. In
addition, BP86, B3LYP,"*° PBE0,"*” M05,"*® M06,'** M11,"*°
MN12SX,"*' SOGGA11X,"** wB97X,"** TPSS/KCIS,"**
MPWKCIS,' % X3LYP,'*° M11L,"*” wB97XD,'3*
tHCTHThyb,"** MN15,'*° HISSPBE,'"*' CAM-B3LYP,'*
HSEO0,'** and LC-wHPBE'** functionals were tested on a
small group of compounds. The same basis sets as for the
geometry optimizations were used for the TDDFT calcu-
lations. Single-point calculations using the same parameters as
the TDDFT calculations were also performed. All calculations
were run in solution using the PCM model,'** with
dichloromethane (DCM) or dimethylformamide (DMF) as
the solvents. DCM was used with TPSSh, O3LYP, and
MPWLYP, while DMF was only tested with MPWLYP. The
compounds with butyl alkyl groups were shortened to methyl
groups to minimize computational cost; so, PcFe(PBu;), was
not calculated and PcFe [P(OMe,)], was calculated instead of
PcFe[P(OBu;)],. QMForge'*® was used for the molecular
orbital composition analyses.
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