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ABSTRACT: X-ray absorption near-edge spectroscopy (XANES) is an
advanced technique for probing the local electronic structure of catalysts,
effectively identifying the noninnocent nature of ligands in transition-metal
complexes. Metallocorroles with noninnocent corrole rings exhibit unusual

- ' tra
 XANES 5P

/ Re doX non-

electronic structures that challenge traditional density functional theory pr2/ DFT
(DFT) methods, necessitating more rigorous approaches to describe electron RP&S_PDFT P
correlation accurately. We explored K-edge XANES spectra of Fe, Mn, and N‘\ 43?

Co metallocorroles using TDDFT and wave function-based methods. This is
the first investigation employing multireference methods, specifically
RASSCF, RASPT2, and MC-PDFT, to analyze the redox noninnocent

\
% T

nature of metallocorroles reflected in their XANES spectra. We quantified the

noninnocent character of the corrole and the oxidation states of the metals, capturing more than singly excited excitations
responsible for the pre-edge peak. Our findings demonstrate the importance of these advanced computational techniques for
accurately predicting XANES spectra, providing a reliable understanding of the electronic properties of such complexes. This study
offers a new strategy for investigating ligand redox noninnocence via integrated experimental and computational XANES.

X-ray absorption near-edge spectroscopy (XANES) has
emerged as a potent tool for delving into the local
electronic and structural properties of catalyst molecules and
materials."” XANES contains valuable information about the
oxidation state, coordination environment, and the local
symmetry of the metal centers in the catalysts.”~> In particular,
in the K-edge XANES of 3d-transition metal catalysts, the
rising edge manifests a 1s — 4p transition that is used to
estimate the charge on the metal center, metal—ligand overlap
via shakedown transitions, and geometric structure. However,
various factors, such as spin state, multiple scattering, metal—
ligand distances, etc., influence the position of the rising edge.
The pre-edge region that emerges as the result of electric
dipole-forbidden but quadrupole-allowed 1s — 3d transition
offers a distinctive means to investigate the electronic and
geometric structure, such as 3d vacant orbitals and thus the
spin state and the oxidation state of the metal.”” However, the
subtle features obtained in the XANES spectra are difficult to
rationalize based on solely the experimental XANES. There-
fore, through computational simulation of XANES spectra
coupled with molecular orbital analysis, a more in-depth
understanding of the underlying electronic interactions
between the metal center and its coordination environment
can be obtained.”” The integration of computational and
experimental XANES proves to be a resilient approach,
providing a detailed analysis that facilitates thorough character-
ization of structural features of a material. XANES stands as a

© XXXX American Chemical Society

7 ACS Publications

robust technique to identify ligand noninnocence within 47
transition-metal complexes.'’”"? Redox noninnocent ligands 43
due to their unique electronic structure provide an opportunity 49
to modify their reactivity and catalytic properties."*”"" so0
Metallocorroles are the archetypal illustrations of ligands s1
exhibiting a noninnocent nature, where the macrocyclic ring s2
exhibits partial corrole®>™ character.''” These compounds s3
have garnered attention due to their promising applications in s4
catalysis.”" ">’ Ghosh et al. has used XAS to explore the ss
noninnocent behavior of metallocorroles within the families of s6
manganese, iron, cobalt, copper, and silver.>*™%8 57

Various computational methods are available to calculate the ss
core—valence excitations, such as delta self-consistent field so
approach (ASCF),” multiple scattering method,” time- 60
dependent density functional theory (TDDFT),”' ™ and &1
wave function-based coupled-cluster methods.””*’ Among all &
of the methods, TDDFT is extensively employed in modeling 63
XANES ascribed to its balanced combination of accuracy and 64
computational cost. However, TDDFT tends to underestimate 65
the core—valence excitation energy and thus requires a 66
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Figure 1. Structures of metallocorroles of (a) Fe, (b) Mn, and (c) Co under study. The structure of metalloporphyrin, i.e., Co[Por](py)C], is
presented in Figure S1. Experimental spectra of (d) Fe, (e) Mn, and (f) Co complexes taken from refs 24—26. Computed spectra of (g) Fe, (h)
Mn, and (i) Co complexes obtained from TDDFT at PBE0/DKH/DKH-DEF2-TZVP level. The spectra for Fe, Mn, and Co complexes are energy-
shifted by 83, 80.7, and 86 eV, respectively, in order to compare with the experimental spectra. The comparison of relative energy gap (in eV)
among different complexes from different functionals and basis sets and experimental values of (j) Fe, (k) Mn, and (1) Co complexes. The energy
gaps are calculated as the difference of IWAE energies of two complexes. The pre-edge energies of Fe[Cor]Cl, Mn[Cor]Cl, and Co[Cor](py), are
set as reference (0 eV) in panels j, k, and h, respectively. The experimental data are reproduced from refs 24—26 with copyright permission and are

modified.

67 rigorous calibration, like linear-shift correction, to acquire lations of XANES relies on selecting appropriate functionals
68 quantitative accuracy with experimental results.”"***>*' Addi- and basis sets and incorporating relativistic effects.”’ Moreover,
69 tionally, achieving quantitative accuracy in TDDFT simu- for transition-metal complexes with near-degenerate electronic

B https://doi.org/10.1021/acs.jpclett.4c02410
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Figure 2. Analysis of individual transition responsible for TDDFT pre-edge spectra of (a) Fe[Cor]Cl, (b) Fe[Cor]Ph, (c) Mn[Cor]Cl, (d)
Mn[Cor]Ph, (e) Mn[Cor]py, (f) Co[Cor]PPh;, (g) Co[Cor](py),, and (h) Co[Por](py)Cl obtained at PBEO/DKH/DKH-DEF2-TZVP level.
The spectra for Fe, Mn, and Co complexes are energy-shifted by 83, 80.7, and 86 eV, respectively, in order to compare with the experimental

spectra.

states, it misses excitations that involve higher-order
configurations and fails to correctly account for the multiplet
effects. Multireference wave function methods like multi-
reference configuration interaction (MRCI)*** or multi-
reference coupled cluster (MRCC)™ can effectively capture
higher-order configurations with sufficient accuracy. Nonethe-
less, their computational cost becomes prohibitive for systems
beyond a few atoms. The restricted active space self-consistent
field (RASSCF), a wave function-based method, excels as an
efficient approach that offers an accurate description of the
wave function for multireference systems.*” Further, to account
for the dynamical correlations, second-order perturbation
theory, ie., RASPT2, is usually employed.46 Guo et al. have
employed RASSCF/RASPT?2 calculations to obtain the iron K
pre-edge X-ray absorption spectra for open-shell iron
complexes.”” Govind and co-workers recently used multi-
configuration pair-density functional theory (MC-PDFT)™* to
characterize the metal K pre-edge features of aquated 3d-
transition metal ions, showing performance comparable to
RASPT? but with significantly lower computational cost.*”°

Metallocorroles exhibit unusual electronic structures that 93
challenge traditional single-reference DFT methods and thus 94
require more rigorous methods that provide a more reliable 95
description of electron correlation. Roos et al. have studied the 96
electronic structure of chloroiron corrole using CASSCE/ 97
CASPT2 supporting S = 3/2 Fe(Ill) antiferromagnetically s
coupled with a corrole radical.’’ Phung et al. studied the 9

electronic structure and quantified the noninnocent character
of different 3d and 4d metallocorroles employing DMRG/
CASPT2.°>*® Despite the significance of multireference
methods in elucidating the electronic structure of metal-
locorroles, a comprehensive ab initio computational study of
XANES for these compounds using multireference techniques
remains conspicuously absent. This study seeks to fill this gap
by examining the XANES spectra of the Fe, Mn, and Co
metallocorroles. We conducted a comparative analysis between
XANES simulations generated through DFT and multi-
reference methods (RASSCF/RASPT2/MC-PDFT), contrast-
ing them with the available experimental XANES data. Our
findings underscore the significance of employing wave
function-based methods for accurate electronic structure
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J. Phys. Chem. Lett. XXXX, XXX, XXX—XXX

100
101
102
103
104
105
106
107
108
109
110
111
112
113


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02410?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f1

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

@ Fe[Cor]CI

o

diye+ 0, (1.95)

I N

d,, (0.99)

dyy (1.97) dxzya oL (0 05)

dy, (0.99)
-

é

Fe[Cor]Ph

R

d,y (1.97) dyeye+ Oy (1.95) dyeye- 0 (0.05)

& e

dy, (0.99) dy, (0.99)

d+ T, (1.54) dz- T, (0.46) —-ﬁ%
da+ o (1.84) d2- oc (0.16)
(c) s (d) (e)
€ le—5 le-5
30 %0 30455, d,, & dy(0) —> o+
40% 1s(B)—> dy, & dy,(a)—> d,2-m, 6 15(B) —> dy; & d,(0) o
: = - 0,
325 325{ 13%1s(B) —> d,, &d,(a)—> d2m 325 2;’ 1S(B)zjﬂfdyz(ﬂ) —> dpto,
v b 09% 15(B) —> d,, & dy (@) —> dyz+m, = b 1s(B)—> d;2+0c
220 -1 Wi £ 5 05% 15(8)—> dz-0c
2 — Fe[Cor]CI a o 15(B) L g
2 1.5{ — Fe[Cor]Ph § 15 07% 1s(B) d2-m. § 15 1s(B) = d,,
- 3 = 1s(8) —=>d
el
£10 %10 B 1o s(B) 2> dy
= © ©
3 E 15(B) —=>d,, . ]
8 0.5 8 0.5 8 0.5
0.0 0.0 0.0
7108 7110 7112 7114 7116 7118 7108 7110 7112 7114 7116 7118 7108 7110 7112 7114 7116 7118

Energy (eV)

Energy (eV)

Energy (eV)

Figure 3. Active orbitals of (a) Fe[Cor]Cl and (b) Fe[Cor]Ph obtained in RAS2 subspace after converged RASSCF calculations. The 4d orbitals
obtained in RAS2 are not shown. (c) Computed XANES spectra obtained from MC-PDFT. The analysis of individual transitions responsible for
pre-edge XANES peak for (d) Fe[Cor]Cl and (e) Fe[Cor]Ph complexes. The spectra are energy-shifted by —9 eV in order to compare with the

experimental spectra.

114 calculations and XANES predictions of such complexes.
115 Intriguingly, we identified the reflection of the ligand redox
116 noninnocence in the metal K pre-edge XANES region.

117 The Fe-substituted tris(phenyl) corroles, denoted as Fe-
118 [TPC]X (where X = Cl, Ph); Mn-tris(p-CF;-phenyl) corroles,
119 Mn[TpCF;PC]X (X = Cl, Ph, py); and Co-tris(phenyl)
120 corroles, Co[TPC]X (X = PPh,, (py),), are illustrated in
121 Figure la—c, and Co-tetrakis(phenyl) porphyrin, Co[TPP]Cl-
122 (py), is shown in Figure S1. The K pre-edge XANES spectra
123 calculated for these substituted metallocorroles employing
124 TDDFT (PBE0O/DKH/DKH-DEF2-TZVP/AUTOAUX) are
125 shown in Figure 1g—i. The relative intensities between the
126 different complexes in the spectra from the calculations
127 correlate well with experimental data (Figure 1d—f).**7>¢

128 To simplify the models for further calculations, we removed
129 the phenyl groups from the corrole ligands (Figure S2).
130 Spectral comparisons between the original and simplified
131 models (Figure S2) indicate that phenyl substitutions
132 minimally impact the pre-edge peaks, validating the use of
133 these simplified models for further studies. Initially, we

determined the pre-edge energies of unsubstituted complexes 134
using B3LYP and PBEO functionals, paired with DKH and 135
ZORA relativistic corrections (Table S1). For B3LYP/DKH, a 136
linear shift of 87—93 eV was needed to match experimental 137
energies, decreasing to 16—32 eV with B3LYP/ZORA. With 133
PBEQ, shifts were further reduced to 80—86 eV with DKH and 139
10—25 eV with ZORA corrections. Thus, PBEO/ZORA/ 140
ZORA-def2-TZVP is optimal for closely matching experimen- 141
tal peak energies with minimal shifts. Similar energy shifts with 142
the incorporation of different Hamiltonians have been 143
observed in previous studies.*"">* Nevertheless, notable 144
deviations emerge between the intensity-weighted average 145
energy (IWAE) peak derived from TDDFT calculations and 146
the corresponding experimental peaks, as observed in the 147
relative energies among different complexes from different 148
TDDFT functionals and experimental energies (Figure 1,i). 149
The experimental energy difference between Fe[Cor]Cl and 150
Fe[Cor]Ph peaks is 0.6 eV, increasing to 1.4 eV with the PBEO 151
functional. The energy gap between Mn[Cor]py and Mn[Cor] 152
Clis 0.2 eV, aligning with the experimental data. However, the 153
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Table 1. Electronic Configuration of the Ground State for Fe[Cor]Cl and Fe[Cor]Ph“

Electronic configuration

Complex No. % cont. 1s d,, dey + oy
Fe[Cor]Cl 1 66 2 2
2 14 2 2 2
3 07 2 2 2
4 04 2 2 2
Fe[Cor]Ph 1 86 2 2 2
2 06 2 2 2

dxz—yz - 0L dxz dyz dzz + ﬂL/ng dz2 - ﬂL/GCb
0 u 2 0
0 u u 0 2
0 u u d u
0 u u u d
0 u 2 0
0 u u 0 2

“y and d mean @ and f electron, respectively. “z; is for Fe[Cor]Cl and o is for Fe[Cor]Ph.

154 gap between Mn[Cor]Ph and Mn[Cor]Cl is 1.2 eV, twice the
155 experimental value (0.6 eV). A notable divergence arises in the
156 DFT-predicted energy trends for Co complexes. This can be
157 observed in Figure 1i where the energy gap between
158 Co[Por](py)Cl and Co[Cor](py), is positive from experi-
159 ments; however, it is negative from all the DFT methods.
160 Despite these discrepancies, the computed relative peak
161 intensities remain in good agreement with experimental
162 observations.

163 Further, we examined the individual transitions associated
164 with the pre-edge spectra and the natural transition orbitals
165 (NTOs) corresponding to the most intense transitions (Figure
166 2). For Fe[Cor]ClI (Figure 2a), three dominant transitions are
167 primarily responsible for the pre-edge peak. The first two
168 transitions overlap with each other and correspond to f
169 electron transitioning from 1Is to 3d,, and 3d,, orbitals. The
170 third transition, being most intense, involves a f electron
171 moving from 1s — 3dz Figure 2b illustrates individual
172 transitions for Fe[Cor]Ph, featuring four major transitions.
173 The first two overlapping transitions involve the excitation of
174 electron from 1s to 3d,, and 3d,. The third and fourth
175 transitions, which are more intense, involve excitation of both
176 1s f and a electrons to 3d,?, respectively. Mn[Cor]Cl and
177 Mn[Cor]Ph exhibit similar transitions as that of Fe analogues,
178 with Ph being higher in intensity than Cl (Figure 2c,d). For
179 Mn[Cor]py, the pre-edge features two peaks of nearly equal
180 intensity, but the overall pre-edge intensity is very low. One
181 involves the transfer of the 1s /3 electron to 3d,,, and the other
152 corresponds to 3d; (Figure 2e). For Co[Cor]PPh;, two
183 dominant transitions are majorly responsible for the pre-edge
184 energy peak. Both of them involve transition of 50% o and
185 50% f 1s electron to 3d> and 3 d respectively (Figure 2f).

186 The same orbitals are involved in the transition for
187 Co[Cor](py),; however, the intensity of the first transition is
188 much smaller compared to the PPh; analogue (Figure 2g). The
189 Co[Por](py)Cl involves the transition of 50% « and 50% f 1s
190 electron to 3d, (Figure 2h).

191 The electronic structure of these metallocorroles has been
192 already studied by DFT, so we will refrain from the discussion
193 of the electronic structure from DFT. Fe[TPC]Cl is supported
194 to contain the noninnocent corrole’™* antiferromagnetically
195 coupled to S = 3/2 Fe (III) center bzr magnetic susceptibility

2_ .2
x" =y

196 measurements and DFT calculations.”™ Similarly, Fe[TPC]Ph
197 has been characterized using various spectroscopic techniques,
198 X-ray crystallography, and DFT calculations, revealing a low-
199 spin iron species coordinated to a closed-shell corrolate
200 trianion and a phenyl monoanion.’® DFT spin-density suggests
201 a mix of Fe(IV) and Fe(Ill) oxidation states as

o FeV(11)—PheoFe(111)-PK(L) C))

However, determining the exact balance between different 203
oxidation states of iron requires more advanced multi- 204
configurational calculations beyond traditional DFT. 205

Therefore, we analyzed the electronic structure of the 206
metallocorroles using multireference calculations. Further, we 207
examined the XANES spectra and pre-edge peak energies 208
derived from these multireference approaches. The active 209
orbitals with average occupancies from RASSCF for Fe[ Cor]Cl 210
and Fe[Cor]Ph are illustrated in Figure 3a and b. The orbital 2118

pairs d,2_» + o and dp_p oy describe the modest ,,
interaction of ¢ orbitals of nitrogen atoms in corrole (1) with 213

d,>_,> of the metal center in both cases. However, the d: ,,

orbital interacts strongly with corrole’s 7 orbitals () in the 215
case of Fe[Cor]Cl], resulting in a linear combination of d? + 7, 216
and d2 — m orbitals. This interaction gives rise to radical 217
character on the corrole ring. No such interaction is present in 218
Fe[Cor]Ph, but in this case, the ¢ orbital of the phenyl ring 219
(oc) interacts with d> of the metal. This substantiates the 220
innocent nature of the corrole ring in Fe[Cor]Ph. 221

The ground state of Fe[Cor]Cl comprises four electronic 222
configurations (Table 1). In each configuration, the electron 2231
occupancy varies between d? + 7y and d,? — ;. The dominant 224
configuration with a 66% contribution features two electrons in 225
d2 + m with d2 — 7 being unoccupied. The second 226
configuration (14%) has electrons present in d> — 7 and d2 + 227
m, remains vacant. The remaining configurations, contributing 228
7% and 4%, have one electron with spin-up and one with spin- 229
down distributed across these two orbitals. To quantify the 230
radical character, we com_})uted the effective bond order 231
(EBO) using the equation” 232

NOONy g — NOON

antibonding

EBO =
2 (2) 23

Here NOON refers to natural orbital occupation numbers for 234
bonding and antibonding orbitals. The percentage of radical 235
character (%rad) is determined by 236

%rad = (1 — EBO) x 100 (3) 237

Using the average NOONs shown in Figure 3a, considering 238
the occupation number of d.> + 7, as NOONpgging and d> — 239
7, a8 NOON, iponding the %rad character is calculated to be 240
46%. This indicates that the corrole ring in Fe[Cor]Cl 241
possesses significant radical character of 46%, underscoring 242
the noninnocent behavior of the corrole in this complex. 243

For Fe[Cor]Ph, the ground state primarily consists of one 244
major configuration with 86% contribution where the two 245
electrons reside in d> + o¢ in the major contribution while d,?> 246
— o¢ remains unoccupied and vice versa for the minor 247
configuration (6%) (Table 1). Although the corrole ligand acts 248

https://doi.org/10.1021/acs.jpclett.4c02410
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Figure 4. Computed XANES spectra obtained from MC-PDFT for (a) Mn and (e) Co metallocorroles. The analysis of individual transitions
responsible for pre-edge XANES peak for (b) Mn[Cor]Cl, (c¢) Mn[Cor]Ph, (d) Mn[Cor]py, (f) Co[Cor]PPhs, (g) Co[Cor](py),, and (h)
Co[Por](py)CL The spectra are energy-shifted by —6.5 and —10.7 eV for Mn and Co complexes, respectively, in order to compare with the

experimental spectra.

as innocent within this complex, electron transfer between Fe
and Ph is evident, as described by eq 1. Thus, we analyzed the
extent of this electron transfer to the Ph ring using eqs 2 and 3.
Considering the occupancy of d + 6 as NOONyging and d.?
— 0¢ as NOON,iponding resulted in 84% electron on d” + o
and 16% electron on d; — oc. This distribution suggests the
electron localization is primarily on the Ph ring, with a portion
allocated to Fe. Consequently, the oxidation state of Fe is
predominantly Fe(IV), with a possible composition of 84%
Fe(IV) and 16% Fe(Ill). This exemplifies the capability of
multiconfigurational methods to quantify the percentage of the
metal’s oxidation state. This also highlights the importance of
using multireference methods in metallocorroles and justifies
their use in computing XANES spectra.

Further, we computed XANES spectra of Fe metallocorroles
using RASSCF, RASPT2, and MC-PDFT methods. The MC-
PDFT-computed XANES spectra are plotted in Figure 3c. The
relative peak intensities align well with the experimental
observations. For Fe[Cor]Cl, three primary transitions are
responsible for pre-edge peak (Figure 3d and Table S2). The
first excited state (ES1) comprises three configurations, each
involving a f electron transitioning from 1s to 3d,, orbital. In
ES2 with three configurations, each configuration involves
excitation of the /J electron from 1s to 3d,, orbital. The ES3 has
significant contribution from five different configurations. The
first configuration with 40% contribution is obtained by
transfer of the 1s f electron to 3d,, and then the transfer of the
a electron in 3d,, to 3d;2 — 7. The second configuration
(13%) is obtained by excitation of the 1s /8 electron to 3d,, and
then the transfer of the a electron in 3d,, to 3d;> — 7. The
fourth transition (9%) involves the transfer of 1s § electron to
3d,. and subsequent transfer of the a electron from 3d,, to 3d.?
+ 7. These three transitions involve higher than singly excited
configurations, which are challenging to obtain from TDDFT
and are not observed. The third (17%) and fifth (7%)
transitions are single electron excitation involving direct
transfer of the 1s f electron to 3d? + #y and 3d;2 — 7,
respectively. In contrast, TDDFT predicted it as the single

excitation of the 1s f electron directly to the 3d;: For
Fe[Cor]Ph, there are three dominant transitions responsible
for the pre-edge energy peak (Figure 3e and Table S3). The
ES1 is primarily dominated by one electronic configuration
with 79% contribution where the f 1s electron excites to 3d,,.
The second configuration (7%) also involves the transfer of the
p 1s electron to 3d,,. The ES2 involves excitation of the f 1s
electron to 3d,.. The ES3 consists of four distinct contributions
and is notably the most intense. The first, with 55%
contribution, includes transition of the f 1s electron to 3d,,,
followed by movement of the a 3d,, electron to 3d + o¢. The
second transition (18%) involves the f 1s electron moving to
3d,. and the a 3d,, electron proceeding to 3d. + o¢. These
transitions are characterized as involving more complex
configurations than merely singly excited states and are not
captured by DFT. The remaining two transitions include a
direct shift of the 1s f electron to 3d;? + o and 3d;? — o,
respectively.

The active orbitals with their average occupancies for Mn
and Co metallocorroles are shown in Figures S3 and S4. The
ground state of Mn[Cor]Cl comprises four different electronic
configurations (Table S4). Each configuration differs in the
occupancy of d2 + #ny and d2 — m. The dominant
configuration (51%) has two electrons in the d + 7. The
configuration with 18% contribution has two electrons in the
d; — m. The remaining two configurations have one o and
one f in the two orbitals. The radical character, as calculated
using eqs 2 and 3, is determined to be 60%, which is higher
than the 46% radical character in Fe[Cor]Cl. This result
closely aligns with the findings of Phung et al., who reported
45% and 61% radical character in Fe[Cor]Cl and Mn[Cor]C],
respectively, at the DMRG-CASSCF level.>” Further, for
Mn[Cor]Ph, the ground state consists of one major
contribution with 84% contribution with two electrons present
in d? + o¢ and another configuration with 6% contribution
where d2 — o is occupied with two electrons (Table SS). We
quantified the extent of electron transfer from the Ph ring to
the Mn using eqs 2 and 3. It results in a combination of 80%
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Figure S. Comparison of relative energy gaps (in eV) among different complexes with different multireference methods for (a) Fe, (b) Mn, and (c)
Co complexes. The energy gaps are calculated as the difference of IWAE energies of two complexes. The pre-edge energies of Fe[Cor]Cl,
Mn[Cor]Cl, and Co[Cor](py), are set as reference (0 eV) in panels a, b, and ¢, respectively.

325 Mn(IV) and 20% Mn(III) oxidation state in the complex.
326 Mn[Cor]py is a single determinant system with a 97%
327 electronic configuration (Table S6). Further, the XANES
328 spectra plotted from MC-PDFT for all of the Mn metal-
329 locorroles are shown in Figure 4a. A closer look at the
330 individual transitions for Mn[Cor]Cl revealed that there are
331 three significant transitions (Figure 4b). The first one involves
332 the transfer of the 1s f electron to 3d,,. The second and third
333 transitions are obtained by transfer of # electron from 1s to
334 3d,, and 3d;? + 7y, respectively (Table S4). For Mn[Cor]Ph,
335 there are four major transitions (Figure 4c). The first two
336 transitions involve the transfer of electron from 1s f# to 3d,,
337 and 3d,,, respectively. The third transition involves the transfer
338 of 1s f electron to 3d,, 3d,, or 3d, orbitals, with a
339 simultaneous transfer of a electron from these orbitals to the
340 3d;> — o orbital. In the fourth transition, 54% involves the
341 transfer of the 1s f electron to the 3d,, orbital, with a
342 simultaneous transfer of the a electron from 3d + o to 3d;
343 — 0. Additionally, 18% involves the transfer of a 1s f§ electron
344 to 3d,,, a f} electron from 3d + o¢ to 3d,,, and an « electron
345 from 3d,, to 3d2 — oc. The last two transitions involve
346 multiple excitations and are not captured by DFT, which
347 depicts them as a single excitation of a f and « electron to 3d?
348 (Table SS). For Mn[Cor]py, both DFT and multireference
349 calculations predict the same transitions, involving the transfer
350 of the Is f# electron to 3d,, and 3d,’ orbitals (Figure 4d and
351 Table S6). For Co metallocorroles, the ground state of all the
352 complexes primarily consists of one electronic configuration
353 with 90% contribution, where d,2_» — oy and d2 — op/n/a1

354 orbitals (P for PPhs, N for (py),, and N/Cl for (py)Cl ligands)
355 are unoccupied, while the other orbitals are doubly occupied
356 (Tables S7—S9). For Co[Cor]PPh;, a minor contribution of
357 2% involves the occupancy of d > — op with unoccupied d > +
358 op. The XANES spectra (Figure 4e) show good agreement
359 between the intensity of the peaks in the experimental and
360 computed spectra. Analysis of the individual contributions to
361 the pre-edge peak shows two major transitions in Co[Cor]-
362 PPh; (Figure 4f). The ESI involves the transition of 80% of
363 the 1s f electron to 3d,? — op and 8% to 3d2 + op. A small
364 contribution of 4% involves 1s f electron transferring to 3d.> +
365 0p, with a simultaneous movement of a f# electron from 3
366 42—y + 01 to 3.d,2_ 2 — o1 The ES2 is the reverse of first,

(=)}
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=

(=

un

~

—
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with a major contribution of 74% due to transition of 1s f 367
electron to 3d,? + op and 8% to 3d,> — op. A small contribution 368
of 4% involves 1s f electron transferring to 3d,> — op, with a 369
simultaneous movement of a § electron from 3d,>_» + o, to 3 35,

d,»_» — oy (Table S7). For Co[Cor](py), and Co[Por](py)- 5,
C], there is only one transition in the spectra, corresponding to 372
the transfer of the 1s f electron to 3d;: — oy with 92% 373
contribution for Co[Cor](py), and to 3d2 — oy, with 87% 374
contribution for Co[Por](py)Cl. DFT predicts these tran- 375
sitions as 50% a and 50% f transition to 3d,? and 3 de_yz for 1.6
Co[Cor](py), and 50% a and 50% f transition to 3d, for 377
Co[Por](py)Cl, but transitions of this nature are not observed 378
in multireference calculations (Tables S8 and S9). 379

The calculated pre-edge IWAE peaks for all cases are listed 380
in Table S10. While the absolute peak energy values are not 3s1
particularly informative, the relative energies of the computed 382
pre-edge peaks across different complexes offer a practical way 383
to evaluate the accuracy of the XANES simulations. Thus, we 384
plotted the relative energy differences between the computed 3ss
pre-edge energies for the three metallocorroles in Figure S and 386 fs
compared them with the experimental relative energy differ- 387
ences. The relative energy difference between the computed 388
pre-edge energies for Fe[Cor]Cl and Fe[Cor]Ph from 3s
RASSCEF is 1.25 eV, which is larger than the experimentally 390
observed difference of 0.6 eV (Figure Sa). Additionally, the 391
RASSCEF energy trend for Mn and Co corroles does not align 392
with the experimental data (Figure Sb,c). Specifically, the 393
relative energy differences between Mn[Cor]py and Mn[Cor]- 394
Cl, as well as between Co[Cor]PPh; and Co[Cor](py),, are 395
negative in the experimental data but positive in the RASSCF 396
results. Thus, static correlations alone are insufficient for 397
accurately computing the XANES spectra. 398

Therefore, we incorporated dynamical correlations using 399
two different methods: RASPT2 and MC-PDFT. Including 400
dynamical correlations narrowed the energy difference between 401
the peaks corresponding to the Fe metallocorroles to 0.66 and 402
0.82 eV with RASPT2 and MC-PDFT, respectively, high- 403
lighting the significance of incorporating dynamical correla- 404
tions for achieving values closer to the experimental value of 4o0s
0.6 eV. For Mn and Co complexes, the inclusion of dynamical 406
correlations led to the correct energy trend, with the negative 407
energy differences between the Mn[Cor]py and Mn[cor]Cl 408
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400 and Co[Cor]PPh; and Co[Cor](py), in agreement with
410 experimental trends. Precisely, for Mn[Cor]py and Mn[Cor]
411 Cl with an experimental energy gap of 0.2 eV, MC-PDFT
412 provided a good agreement with an energy gap of 0.21 eV and
413 RASPT2 showed a slightly larger energy gap of 0.32 eV. The
414 energy gap between Mn[Cor]Cl and Mn[Cor]Ph is 0.6 eV in
415 experiments with MC-PDFT providing a 0.68 eV gap, which is
416 in good agreement with the experimental value, and RASPT2
417 lowered the energy gap to 0.41 eV. For Co complexes,
418 RASPT2 calculations were not performed on Co[Cor]PPh,
419 due to high computational demands. However, MC-PDFT
420 correctly predicted the energy trends for Co[Cor]PPh; and
21 Co[Cor](py), although the energy gap (0.49 eV) is slightly
422 higher than the experimentally observed gap (0.2 eV). The
423 energy difference between Co[Por](py)Cl and Co[Cor](py),
424 is in quite good agreement with the experimental value of 0.3
#2s eV, with RASPT2 (0.25) and MC-PDFT (0.33 eV) showing
426 similar gaps. Thus, MC-PDFT provides accurate energy gaps
427 comparable to RASPT?2 at a significantly lower computational
428 cost. It is important to note that only multireference
429 calculations, when complemented by dynamical correlations,
430 accurately capture the trends for these complexes. This
431 observation is in line with the findings of Polly et al. and
432 Sergentu et al,, who demonstrated the relative importance of
433 orbital relaxation through CAS/RAS methods and the
434 inclusion of dynamic correlation via second-order perturbation
435 theory (PT2) for accurately predicting spectra.”**” Both DFT
436 and static multireference calculations alone fail to do so. This
437 underscores the critical role of incorporating dynamic
438 correlations in multireference calculations for predicting such
439 systems. Furthermore, it has been noted that TDDFT requires
440 positive linear shifts to align with experimental spectra, whereas
441 multireference calculations necessitate negative shifts (Tables
442 S1 and S10). Specifically, MC-PDFT exhibits a smaller shift
443 (—6 to —10 eV) compared to those of RASPT2 (—15 to —21
444 eV) and RASSCF (—17 to —22 eV). Ghosh et al. recently
445 observed similar trends in their study of the K-edge XANES
446 spectra of hexacoordinated aquated 3d-transition metal ions.
447 The contrasting shift requirements might stem from inherent
448 errors in TDDFT’s nonvariational approach and potential self-
449 interaction in the exchange—correlation functional, leading to
450 positive shifts. In contrast, MC-PDFT and RASPT2 employ
451 variational optimization of excited-state wave functions within
452 the active space with frozen core orbitals to prevent variational
453 collapse, hence requiring negative shifts. However, the freezing
454 of core orbitals and limitations of the active space may impact
4ss the full relaxation of core-hole states, introducing additional
456 approximations in the multireference approaches. Additionally,
457 the smaller negative shift observed in MC-PDFT compared to
458 RASPT? is likely attributed to MC-PDFT’s ability to account
459 for correlation from all types of excitations, whereas RASPT2
460 primarily captures correlation from double excitations."’

461 In summary, a comprehensive study of the K-edge XANES
462 spectra of the metallocorroles of Fe, Mn, and Co employing
463 TDDFT and wave function-based RASSCE/RASPT2/MC-
464 PDFT methods is undertaken. TDDFT struggles to accurately
465 capture the percentage of noninnocent character of the ligand
466 and fails to account for transitions involving more than a singly
467 excited configuration. In contrast, wave function-based
468 methods prove to be highly effective. MC-PDFT, a promising
469 alternative to RASPT?2 with only marginal computational cost,
470 provides accurate predictions of the K-edge XANES spectra of
471 noninnocent metallocorrole complexes. These methods excel

—

in providing precise percentages of radical character and the 472
oxidation states of the metal and effectively handle cases 473
involving more than one single excited configuration. This 474
pioneering study is the first to examine the XANES spectra of 475
noninnocent metallocorroles using multireference methods, 476
underscoring the significance of these advanced computational 477
tools for investigating similar complexes. The groundbreaking 478
insights gained from this research are poised to guide future 479
XANES calculations for analogous systems, offering a deeper 4s0
understanding of the electronic intricacies of the metal- 481
locorroles. 482

B COMPUTATIONAL METHODS 483

All the structures are optimized at the B3LYP/def2-TZVP/ 484
AUTOAUX/RIJCOSX level®®™® TDDFT calculations are 4ss
performed at four different levels: BALYP/DKH/DKH-DEF2- 486
TZVP/AUTOAUX/RIJCOSX, B3LYP/ZORA/ZORA-DEF2- 487
TZVP/AUTOAUX/RIJCOSX, PBEO/DKH/DKH-DEF2- 4s8
TZVP/AUTOAUX/RIJCOSX, and PBEO/ZORA/ZORA- 4s9
DEF2-TZVP/AUTOAUX/RIJCOSX®***% with 50 excited 49
states, incorporating Tamm-Dancoff approximation (TDA) 401
and allowing for quadrupole contributions. The K-edge XAS 492
spectra are obtained by designating the metal’s 1s orbital as the 493
donor orbital and any unoccupied orbital as the acceptor 494
orbital. All DFT and TDDEFT calculations are performed in 495
Orca v5.0.4.° All RASSCF,* RASPT2,*® MC-PDFT,"* and 496
RASSI®’ calculations are performed in OpenMolcas v23.10.%% 497
In multireference calculations, the careful selection of the 49
active space, considering core, valence, and potentially 499
noninnocent ligand orbitals, is key to achieving accurate and s00
reliable electronic structure predictions. In RASSCF calcu- so1
lations for metal K pre-edge XANES calculation, the RAS1 so2
subspace consists of the 1s orbital of the metal. The RAS2 s03
subspace contains the five metals’ 3d orbitals, two ligand-based s04
orbitals, and three metals’ 4d-orbitals. For Mn[Cor]py, only s0s
one ligand-based orbital is considered, while the other active sos
space remains the same. The ground state is optimized so7
separately, and ten excited states are considered for the core- sos
excited-state calculations and are optimized in the state-average 509
formalism. Only one hole is allowed in the RAS1 space during s1i0
the core excited-state calculations. To ensure the excitation of si1
electrons happens from 1s orbitals, the orbital was kept frozen s12
during the RASSCF optimization. The RASSI approach is used 513
to obtain spin—orbit coupled states using the DKH si4
Hamiltonian and to calculate electric dipole oscillator strengths sis
between the ground and excited states. Given that the si6
complexes under study lack centrosymmetry and, thus, have si7
large 3d—4p mixing, the electric dipole contributions are si8
sufficient to effectively capture the K pre-edge features (since s19
quadrupole-only transitions are only 1% of dipole-only s20
transition).24 ANO-RCC-VTZP is assigned on Fe, Mn, Co, s21
N, Cl, and P, and ANO-RCC-VDZP is assigned on C and HY 522
with DKH corrections. For RASPT?2 calculations, an imaginary s23
shift of 5.4 eV is employed without applying any IPEA shift. s24
For MC-PDFT calculations, the tPBE on-top pair-density s2s

functional is employed. 526
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