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Excited-State Reactivity of [Mn(im)(CO);(phen)]™:

A Structural Exploration

Maria Fumanal,®®! Harabuchi Yu,’®<! Etienne Gindensperger,® Satoshi Maeda ®,*®< and

Chantal Daniel ®,*!]

The electronic excited states reactivity of [Mn(im)(CO)s(phen)l*
(phen = 1,10-phenanthroline; im = imidazole) ranging between
420 and 330 nm have been analyzed by means of relativistic
spin-orbit time-dependent density functional theory and
wavefunction approaches (state-average-complete-active-space
self-consistent-field/multistate CAS second-order perturbation
theory). Minimum energy conical intersection (MECI) structures
and connecting pathways were explored using the artificial
force induced reaction (AFIR) method. MECIs between the first
and second singlet excited states (S,/S,-MECls) were searched
by the single-component AFIR (SC-AFIR) algorithm combined

Introduction

Recent renewal of interest for transition metal carbonyls com-
plexes has been motivated by the development of air-stable
photo-activated carbon monoxide releasing moieties (photo-
CORM:s) labilized by visible light for biological applications."* This
domain of research is very stimulating because of the demanded
chemical, photochemical, and biological properties in a single
molecule. Indeed, the potential photoCORMs ML,(CO),, (M = Fe,
Ru, Cr, Mo, W, Mn, Co, Ir) should be stable and nontoxic in
absence of light and in presence of water, oxygen, and other bio-
logical constituents. The complex should absorb at long wave-
lengths (visible, near-IR) to fit with the tissue penetration spectral
domain. Therapeutic metal carbonyl complexes have received sig-
nificant attention recently as suitable-molecular vehicles for CO
release under physiological conditions.”” The advantage of the
so-called photoCORMs prodrugs is that they can be distributed in
the body as dark-stable inert molecules and be eventually acti-
vated by means of light for targeted function.

Transition metal carbonyl complexes containing a-diimine
ligands, such as bpy.or phen (bpy = 2,2-bipyridine; phen
=1,10-phenanthroline) are.good candidates given their intense
metal-to-ligand-charge-transfer (MLCT) absorption bands in the
UV-visible. Knowing the essential role of manganese in
biological processes a number of studies has been dedicated to
[Mn(CO);(bpy/phen)()]** complexes. The photo-reactivity of
this class of first-row transition metal complexes on irradiation
in the visible has been associated to the presence of low-lying
metal-centered (MC) states in the vicinity of the MLCT absorb-
ing states.>” Whereas extensive work, both experimental and
theoretical, has been achieved on third-row analogues to
understand and interpret the spectroscopy and the photophy-
sics of the usually nonreactive [Re(CO);(bpy/phen)(L)]®*
compounds,®'¥ Jittle is known on the optical and photophysi-
cal properties of [Mn(CO)3(bpy/phen)(L)]°/Jr complexes.
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with the gradient projection type optimizer. The structural,
electronic, and excited states properties of [Mn(im)
(CO)s(phen)]* are compared to those of the Re(l) analogue
[Re(im)CO)s(phen)]*. The high density of excited states and
the presence of low-lying metal-centered states that charac-
terize the Mn complex add complexity to the photophysics
and open various dissociative channels for both the CO and
imidazole ligands. © 2018 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25535

While UV-visible irradiation of [Re(im)(CO)s(phen)]* (im = imid-
azole) complex results in an ultrafast luminescent decay within
a few hundred of fs¥ the irradiation of fac-[Mn(im)
(CO)s(phen)]™ (Scheme 1) leads to a very efficient fac-to-mer
photo-isomerization in solution.”>=>?! The absorbing state was
ascribed to a low-lying MLCT transition while the reaction pre-
sumably occurs through a spectroscopically dark MC state. This
is reminiscent to the conclusion of quantum dynamics simula-
tions performed on [Cr(CO)4(bpy)] where it is shown that after
getting trapped into the potential wells of two low-lying MLCT
states at Franck-Condon (FC), 10% of the system dissociates
toward the axial CO loss in <500 fs via a potential that acquires
MC character along this coordinate.™

The goals of this study are (1) to compare the structural, elec-
tronic, and excited states properties of [Mn(im)(CO)s;(phen)l*
with those of the Re(l) analogue [Re(im)CO)s(phen)]l* for which
the steady-state and time-dependent spectroscopies, the ultra-
fast photophysics and the luminescent properties are well

[a] M. Fumanal, E. Gindensperger, C. Daniel
Laboratoire de Chimie Quantique, Institut de Chimie Strasbourg, UMR7177
CNRS/Université de Strasbourg, 1 Rue Blaise Pascal, BP296/R8, Strasbourg
F-67008, France
E-mail: c.daniel@unistra.fr

[b] H. Yu, S. Maeda
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo,
Hokkaido, 060-0810, Japan
E-mail: smaeda@eis.hokudai.ac.jp

[c] H. Yu, S. Maeda
CREST, Japan Science and Technology Agency, Tokyo 102-8666, Japan

Contract grant sponsor: This work has been supported by Labex CSC (ANR-
10-LABX-0026_CSC) and French/Austrian ANR-15-CE29-0027-01 DeNeTheor.
Contract grant sponsor: YH was supported by JST, PRESTO with grant
number JPMJPR16N8. SM was supported by JST, CREST with grant number
JPMJCR14L5.

© 2018 Wiley Periodicals, Inc.

Journal of Computational Chemistry 2018

1



http://orcid.org/0000-0001-8822-1147
http://orcid.org/0000-0002-0520-2969
http://WWW.C-CHEM.ORG

FULL PAPER

i [NH
N/) |

oc.. | N
N

Mn
oc” l ™
oC

Scheme 1. Structure of [Mn(im)(CO)s(phen)]*.

documented, both experimentally and theoretically; (2) to
explore the excited-state reactivity in first-row transition metal
a-diimine complexes, in particular to determine the dominant
coordinates underlying the reactive decay. For this purpose,
critical geometries (minima, transition states [TSs], and mini-
mum energy conical intersection [MECI]) of multidimensional
potential energy surfaces (PESs) are determined by means of
gradient projection (GP)/single-component artificial force
induced reaction (SC-AFIR) approach. A methodological by-
product of this study is the validation of density functional the-
ory (DFT) and time-dependent DFT (TD-DFT) electronic structure
data within the context of both automatic PES investigations
and subsequent quantum dynamics. Less dramatic for third-
row transition metal complexes, this aspect is very important
for first-row transition metal complexes due to significant elec-
tronic correlation effects. In this line, comparative complete-
active-space  self-consistent-field  (CASSCF)/multistate  CAS
second-order perturbation theory (MS-CASPT2) results including
spin-orbit coupling (SOC) and solvent effects are presented.

Methods

Electronic structure

Electronic structure calculations of [Mn(im)(CO)s;(phen)]* have
been performed under C, symmetry by means of DFT23-2%
including water solvent corrections based on a conductor-like
screening model (COSMO).[26-281

The calculations were performed using the B3LYP func-
tional®”! and all electron triple-&-basis set.*® The scalar relativ-
istic effects were taken into account within the zeroth-order
regular approximation.®"’ The vertical transition energies were
computed within TD-DFT®233 at- the same level described
above under the Tamm-Dancoff approximation (TDA).*¥ The
nonequilibrium - solvation within the linear-response TD-DFT
with a high-frequency dielectric constant of 1.77 for water is
used. The SOC effects were introduced according to a simplified
relativistic perturbative TD-DFT formalism.3>3¢!

The electronic structure of the ground and excited states of the
symmetric Cs conformer of [Mn(im)(CO)s(phen)]” in its DFT/B3LYP
minimum S, geometry has also been determined at the state-
average (SA)-CASSCF/MS-CASPT2 level of theory.®”>% The atomic
natural orbital relativistic consistent correlated ANO-RCC basis sets
have been used considering the following contraction scheme:
21s15p10d6f4g2h/6s5p3d2f1g for Mn, 14s9p4d3f2g/4s3p2dif for
second-row atoms and 8s4p3di1f/2sip for HM**? A total of
14 electrons (eight 7nen and six 3dwy,) are correlated into 14 active
orbitals, including the seven doubly occupied described above,
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two vacant 3dy, three pure zen*, and two dz* orbitals (14e14a).
The lowest singlet and triplet excited states have been computed
by means of SA-CASSCF (SA-RASSCF) calculations over 12 roots
('A') and 11 roots (*A” and 3A). Solvent effects have been also
evaluated in the case of a reduced 12e12a active space similar to
the previous one but without one z/z* set of a” orbitals and using
the PCM model™** considering the nonequilibrium solvation for
the excited states. All CASPT2 calculations performed include all
electrons except the deep-core (1s of C, N, and O, and Ts, 2s, 2p of
Mn). The standard IPEA Hamiltonian™ and the Cholesky decom-
position*® of two electron integrals has been used in all calcula-
tions, as well as an imaginary shift.correction of 0.25 hartree to the
external part of the zeroth-order Hamiltonian to avoid intruder-
state problems” Finally, the SOC effects have been evaluated
using the restricted-active-space state-interaction spin-orbit
method.”®

The simulated “absorption spectra have been obtained by
means of a spectral line fitting using Gaussian functions of the
TD-DFT transition energies and intensities. The excited-state
character has been analyzed with TheoDORE™**” by means of
electron-hole fragment decomposition as follows: F1 = M(CO)3
(M = Mn, Re); F2 = phen and F3 = im).

Density functional theory and TD-DFT calculations were per-
formed with the ADF2013 code®" and the CASSCF/MS-CASPT2
calculations with Molcas 8.2.1°

To obtain an overview of the primary events taking place on
the S, PES that corresponds to the absorbing state, MECI struc-
tures and paths passing them were explored using the AFIR
method.”*>* MECls between the first- and second-excited sin-
glet states (S,/S,-MECIs) were searched by the single-component
AFIR (SC-AFIR) algorithm combined with the GP type opti-
mizer® In the search, the structural deformation around the
Mn center is explored by setting the target atoms in the SC-AFIR
algorithm to seven atoms, that is, Mn, three carbon atoms in car-
bonyl, and three nitrogen atoms connected to the Mn atom. This
search was done at the TD-DFT level under the TDA, with B3LYP
functional including G3 type empirical dispersion corrections and
water solvent corrections based on a conductor-like PCM model.
In the initial automated search, LANL2DZ basis sets were
adopted. All obtained MECIs were then reoptimized with
cc-pVDZ basis sets. Connections of these MECls on the S; and S,
surfaces were studied by meta-intrinsic reaction coordinate
(meta-IRC) calculations starting from these MECIs on each of the
two surfaces, where meta-IRC corresponds to mass-weighted
steepest descent path computed from nonstationary point.”® TS
structures for paths leading to these MECIs on S, as well as those
leading to dissociation channels on S; were searched using the
double-sphere AFIR (DS-AFIR) algorithm.””! In these calculations,
geometrical displacements were made by the GRRM program®®
using gradients computed by the Gaussian 16 program.”””’

Results

Electronic and structural properties of [Mn(im)(CO);(phen)]*
versus [Re(im)(CO)z(phen)]*

The optimized geometry of [Re(im)(CO)s(phen)]” in the S, elec-
tronic ground state for its Cs conformer is presented in previous
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Figure 1. Experimental absorption spectra of [Re(im)(CO)s(phen)]” in water

and [Mn(im)(CO)s;(phen)]* in CH,Cl, adapted from Refs. 1601 apd 122
respectively.

work.'#'3 When substituting the metal ion with Mn, the mini-
mum energy structure of the S, ground state of [Mn(im)
(CO)s(phen)]™ is not significantly modified but only small devia-
tions in the bond distances and angles are obtained. The
important bond lengths and angles are reported for both com-
pounds in Table 1 for comparison. It can be seen an important
reduction of the metal-ligand distances of the DFT optimized
structures in the case of the Mn complex in agreement with
the X-ray experimental data reported, also collected in Table 1.
The distances and angles concerning the carbonyl, phen, and
imidazole ligands are not affected by the metal substitution,
but only the ones of the metal-ligands coordination sphere
due to the different size of the first-row and third-row metals.
The frontier ground state Kohn-Sham orbitals of [Mn(im)
(CO)s(phen)]™ shown in Scheme 2 are equivalent to the ones of
[Re(im)(CO)s(phen)]™ discussed in'previous work.'%"* No signif-
icant differences are observed. in the shape and energy of the

Table 1. DFT optimized and X-ray important bond lengths (in A) and
bond angles (in °) of [Re(im)(CO)s(phen)I* and [Mn(im)(CO)s(phen]* in
water in the Sy electronic ground state.
M = Re M = Mn
X-ray®% So X-ray?? So

M-Ni, 2.185 2215 2.073 2.118
M-Nphen 2.167/2.182 2204 2.061/2.066 2.096
M-Cyy 1.915 1.931 1.807/1.806 1.822
M-Ceq 1.907/1.953 1.927 1.803 1.819
(C-Ophen - 1427 - 1426
Nphen-Re-Nphen 75.8 75.0 794 78.6
Ceq—Re—Ceq - 89.7 88.3 90.7
Nim—Re—Cax 1785 175.8 176.5 1775
Nphen-Re-Nim 83.6/86.7 84.2 88.5 87.2
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Scheme 2. Frontier ground state Kohn-Sham orbitals of [Mn(im)

(CO)3(phen)]™.

lowest empty and highest occupied molecular orbitals of the
Mn._complex with respect to the Re. On one side, the three
highest HOMO correspond to the three d-like Mn—CO orbitals,
the HOMO - 3 to a z* localized in the im ligand, and the
HOMO - 4 and HOMO - 5 to n* localized in the phen. On the
other side, the three lowest LUMO are z* phen orbitals, and
the LUMO + 3 and LUMO + 4 correspond to d-like Mn—CO
unoccupied orbitals. Similar frontier MOs in both metal com-
plexes would indicate that no significant differences are
expected in the lowest energy spectra and excited-state mani-
fold of both complexes. However, the orbital picture does not
always correspond to a realistic picture of the excited-state
properties and only explicit excited-state calculations provide a
proper comparison. This is discussed in the next section.

Absorption spectroscopy of [Mn(im)(CO)s(phen)]* versus
[Re(im)(CO)s(phen)]™ and SOC

The experimental absorption spectra of [Re(im)(CO)s;(phen)]* in
water,®® and the one of [Mn(im)(CO)s;(phen)]™ complex in
dichloromethane!®? are reproduced in Figure 1. Very similar
features are seen in both cases: they start at 440 and 480 nm,
respectively, and display a broad low-energy band up to
320 nm assigned to the lowest MLCT transitions. The shift to
the red of this MLCT band in the case Mn is ascribed to the
lower polarity of the dichloromethane solvent with respect to
water. The bright peaks between 240 and 300 nm are attrib-
uted to IL transitions.

The TD-DFT/TDA calculated absorption spectra of [Re(im)
(CO)s(phen)]* in water has been previously discussed.l'%'31®
The absorption spectra of [Mn(im)(CO)s;(phen)]* computed
under the same conditions is presented here in Figure 2
together with the one of [Re(im)(CO)s;(phen)]* for comparison.
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Moreover, the spectrum of [Mn(im)(CO)s;(phen)]* in dichloro-
methane is also shown to assess the role of the solvent polarity
in the position of the lowest peaks (dashed line in Fig. 2). Note
that a proper comparison with the experimental spectrum can
only be achieved when several conformers of the complex are
considered.">"® As expected from the molecular orbital picture
(see previous section), both complexes present very similar fea-
tures. The peaks at 365, 349, and 329 nm that characterize the
SO-free spectrum of [Re(im)(CO)s(phen)]* in water appear at
362, 346, and 328 nm for [Mn(im)(CO)s(phen)]™ in the same
conditions. Notably, these peaks move to 368, 352, and 333 nm
when computed in dichloromethane. The full TD-DFT/TDA data
including the vertical transition energies of the low-lying singlet
and triplets, wavelengths of absorption, oscillator strengths,
and most important one-electron excitations of [Mn(im)
(CO)s(phen)]™ in water are collected in Supporting Information
Table S1, together with the data of [Re(im)(CO)s;(phen)]* for
comparison.'>"3 A careful analysis of the excited states com-
position indicates that the same one-electron excitations char-
acterize the absorbing peaks in both complexes. In particular,
the lowest band corresponds mainly to the HOMO — 1 — LUMO
transition and the second one to HOMO — LUMO + 1.

The lowest singlet and triplet excited states up to the lowest
absorbing peak in the visible are collected in Table 2 for [Re(im)
(CO)s(phen)]™ and [Mn(im)(CO)s(phen)]* in water. In both cases,
the lowest strong absorbing state corresponds to S, of A’ sym-
metry and is ascribed to the MLCT transition. Remarkably, the
number of triplet states below S, is much larger for the Mn
complex than for the Re complex (Fig. 3). In the case of Re,
there are two low-lying triplet states of MLCT character (T; and . T5),

[Re(im)(CO)s(phen)]*

014

010}

0,08 [

006 [ —TDDFT/TDA

Oscillator strength

—TDDFT/TDA/SOC

340

380
Wavelength (nm)

420
onaf [Mn(im)(CO)y(phen)]*
012 F
0.10
oosf

E —TDDFT/TDA
006 [

Oscillator strength

004 f —TDDFT/TDA/SOC

0,02 --=--Dichloromethane

0,00 ~
380
Wavelength (nm)

420

Figure 2. TD-DFT/TDA absorption spectrum of [Re(im)(CO)s(phen)]” (left) and
[Mn(im)(CO);(phen)]* computed in water without and with the SOC effects.
The calculated spectrum of [Mn(im)(CO)s;(phen)]* in CH,Cl, solvent is also
shown in dotted-line.
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Table 2. TD-DFT/TDA transition energies (in eV), wavelengths of
absorption (in nm), and oscillator strengths f associated to the low-lying
“spin-free” singlet and triplet excited states of [Re(im)(CO)s(phen)]* and
[Mn(im)(CO)3(phen)* in water.

State  Character Transition energy Wave length f
M =Re

WA MLphenCT 2.98 416

A MLppenCT 3.07 403

A" MLphenCT/WLphen 3.24 382

SIA”  MLphenCT 3.12 398 0.002
SHA MLphenCT 3.40 365 0.054
T.A MLphenCT 3.42 363

M = Mn

T.A MC 2.92 425

TA” MLphenCT (MQ) 2.95 420

T,A MLppenCT (MO) 3.09 401

A" MC 3.10 400

TsA”  MLphenCT (ILppen/MQ) 317 391

SIA” MLphenCT 3.19 389 0.001
TeA” MC 3.22 385

T,A MC/MLphenCT 3.23 384

TeA” MLphenCT (MC) 3.32 373

TN MC/MLppenCT 334 371

SHA MLphenCT 343 362 0.053
TioA" . MLphenCT (ILphen) 3.48 356

and one partial ILhen (T3) excited state below S,, while T, lies
slightly above.'*'® These MLCT (and partial IL) excited states
are also found in the Mn complex as T, T3, Ts, and T, respec-
tively. However, they are importantly mixed with MC one-
electron contributions. In addition, several pure MC (T;, T4 and
Te) and partial MC (T;, Tg, and To) states appear in the case of
Mn complex, largely increasing the number of excited states at
low energies (from 4 to 10). This is in contrast to the similar
orbital picture that both complexes show in their ground state
(see previous section) and indicates that only an excited-state
analysis (here by means of TD-DFT) can provide a realistic sce-
nario of the low-lying excited-state manifold. Given that these
extra excited states in the case of the Mn complex correspond
to dark states, they do not contribute to the absorption and
both complexes show very similar absorbing properties (Fig. 2).

[Re(im)(CO)s(phen)]*  [Mn(im)(CO)s(phen)]*
%S - T10
T4 ——S2
34 ga—5—
33
T7
p . N S ——
32 ——S1
— T T5
31 $1—— e — T4
T2 —— T3
Sl b ——
e TiR
29 — T &s

Figure 3. TD-DFT/TDA transition energies (in eV) of the low-lying spin-orbit
free excited state manifold of [Re(im)(CO)s(phen)]* and [Mn(im)
(CO)s(phen)I* in COSMO water.
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Figure 4. Excited state character of the lowest singlet and triplet states of [Re(im)(CO)s(phen)]* and [Mn(im)(CO)s(phen)]*.

Nevertheless, very different photophysical behaviors are
expected after photo absorption in the visible as a conse-
quence of the potential participation of these new low-lying
MC triplets in the excited-state decay of S,.

The excited-state character of the 12 lowest singlet and trip-
let states of [Re(im)(CO)s(phen)]* and [Mn(im)(CO)s(phen)I* is
represented in Figure 4 by means of electron-hole fragment
decomposition diagrams obtained from TheoDORE analy-
sis.*9°% Each excited state is represented as a vertical bar in
which the color below and above the midline indicates the
fragments that contribute into the hole and electron densities,
respectively. That is, the MC and IL states are shown as blue-
blue and green-green electron-hole bars, respectively, while
the charge transfer MLCT and LLCT (ligand-to-ligand-charge-
transfer) states are shown as green-blue and green-yellow bars
in which the electron is promoted from the metal and the im
ligand, respectively, to the phen ligand. It can be seen that in
both complexes the lowest singlets correspond to pure MLCT
states, however in the case of [Mn(im)(CO)s(phen)]* the MC sin-
glet states (Ss-S;) appear below the lowest LLCT (S;7) and IL
(S1,) contributions, in contrast to [Re(im)(CO)s(phen)]* for which
the lowest MC corresponds to S;;. The lowest triplet manifold
of [Mn(im)(CO)s(phen)]* is characterized by MC and MLCT
states, while only MLCT, IL, and LLCT contributions appear in
the case of [Re(im)(CO)s(phen)]*-until T,,.

The six “spin—orbit free” low-lying singlet and triplet excited
states’ of [Re(im)(CO)s(phen)l* give rise to 14 largely mixed
“spin-orbit” states when SOC is considered.'>"*'”! Large SOC
terms and mixings characterize the Re complex as expected for
a heavy metal atom complex and the general trends when
including SOC are observed in the SO simulated spectrum, that
is a shift to the red of the lowest bands and a lowering of the
intensities (Fig. 2). In contrast, the SO simulated spectrum of
Mn does not show any difference with the “SO-free” spectrum
(see Fig. 2) and both are almost perfectly superimposed. The
SO excited states arising from the two low-lying singlets and
nine triplets of [Mn(im)(CO)s(phen)l*, and the SOC terms
between them, are collected in Supporting Information
Tables S2 and S3, respectively. Small SO mixings characterize
the Mn complex, as well as SOC terms significantly smaller in
[Mn(im)(CO)s(phen)]* (up to ca. 100 cm™') than the ones previ-
ously reported for [Re(im)(CO)s(phen)]* (up to ca. 600 cm™).
These results are in agreement with a small SO contribution for
a first-row coordination complex with respect to its third-row
analogues, and would tentatively indicate that intersystem-
crossing is disfavored with respect to internal-conversion in the
case of Mn.

The above description of excited states in [Mn(im)
(CO)3(phen)]* based on TD-DFT results is discussed by compari-
son with MS-CASPT2 data in the following section.

Table 3. CASSCF/MS-CASPT2 and TD-DFT transition energies (in eV) and character of the low-lying singlet excited states of [Mn(im)(CO)s(phen)]*.
CASSCF(14e1a)/MS-CASPT2 without solvent correction CASSCF(12e12a)/ MS-CASPT2 with solvent correction® TD-DFT(B3LYP)/COSMO
State Character Transition energy Character Transition energy State Character Transition energy
a'A” MC/MLCT 3.59 MC/MLCT 3.40 a'A”  MLCT 3.19

b'A” MLCT/MC 3.62 MLCT/MC 3.42 b'A”  MLCT 343

b'A MLCT 3.73 MLCT 3.70 (3.71) N MLCT 3.52

N MLCT 3.80 MLCT 3.78 (3.79) b'A”  MC 3.56

d'A’ MLCT 3.89 MC 3.82 (3.84) d'A” MLCT 3.59

A’ MLCT 3.96 McC 3.91 e'A MC 3.64

d'a” MLCT 406 MLCT 408 A MC 3.69

e'A MC 4.10 MLCT 3.94 (3.97) d'A”  MLCT 3.78

e'A” mc 411 MLCT 4.15 e'A”  MLCT 3.87

[a] The transition energies in parenthesis correspond to the calculated values without solvent correction.

Wiley Online Library

Journal of Computational Chemistry 2018

5


http://WWW.C-CHEM.ORG

0O NOULL A~ WN =

W W W WwwwwwwNNNDNNNNNNN= = 2 2 29 a2 23 a
0O NOYUL D WN -2 O VOO NODULDN WN 2O VOONODULEDd WN = O v

VUL uuuuud D DD DDDNDDDNW
SO R G = S0 % S O[Chlor onlid, B&W in print]

WWW.C-CHEM.ORG

v Journal of

CHEMISTRY

FULL PAPER
4
E (eV)
4.00 fA

—~b1A =

~b1A --------
C3AMCIMLCT ™
pIA" —MC

241 MLCTIMC T

3.00 b*A
3Ar _MLet
a’A~ MC
2.50 —
[Mn(im)(CO)s(phen)]*
A
E (eV)
4.00
C1A- MLCT
zb‘A‘
IA MC/MLCT
e
CIAMC/MLET
poa" ME—~
b3A' MLCT/MC
3.00 —

a’lA" mLer -

atA MC e
2.50 —

[Mn(im)(CO);(phen)]*

BIA"
MLCT dia
CIA”
A
7 mietme  BPA”
MCMLCT
Ag
-------------- MLCT/MC oA
................. — a'A’
MC/MLCT
JA'
a*A’

MC/MLCT

[Mn (im)(CO), (phen)]* + CO

MCMLCT  GIA”
MC BA"
z c*A
c'A
b'A’
13"
MLCT/MC biA
MLCTIMC  osp
................................. MLCT/MC a’A”

[Mn (CO),(phen)]* + imidazole

Figure 5. State diagrams correlating the low-lying singlet and triplet states of [Mn(im)(CO)s(phen)]” to the corresponding states of the [Mn(im)
(CO),(phen)™ + CO,, and [Mn(CO);(phen)I* + imidazole primary products associated to the CO,, loss (top) and the Mn—imidazole bond breaking (bottom).

Low-lying excited states analysis at FC by means of CASSCF/
MS-CASPT2

Whereas the TD-DFT method is appropriate for describing
lowest electronic excited states in a number of second- and
third-row transition metal complexes!''®'% its use for first-row
transition metal complexes is more questionable.*>7%* Indeed,
describing on the same footing MLCT and MC excited states is
a real challenge for computational chemistry. The TD-DFT/
B3LYP/COSMO and MS-CASPT2/CASSCF transition energies of

Journal of Computational Chemistry 2018

the lowest singlet and triplet excited states of [Mn(im)
(CO)s(phen)]™ are compared in Table 3 and Supporting Informa-
tion Table S4, respectively. The PCM solvent correction has
been applied only to the CASSCF limited to 12 active orbitals
because of computational limitations. As illustrated by the data
reported in Table 3 for the low-lying 'A’ excited states the
solvent correction has negligible effect on the computed MS-
CASPT2 transition energies. Both CASSCF/MS-CASPT2 calcula-
tions, namely, 12e12a limited to 6/5 roots and 14el4a
expanded to 12/11 roots give the same sequence of low-lying
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Figure 6. Geometries of S, local minimum nearest to the FC geometry
(Samin-rc) and all obtained S;/S,-MECIs (S1/S,-MECI1-8). Energies are relative
to the Sy energy at the FC geometry.

singlet states with similar transition energies, blue-shifted with
respect to the experimental absorption band and to the TD-DFT
transition energies. When giving less electronic flexibility by
limiting the CASSCF active space and decreasing the number of
requested roots the MC states are stabilized by exchanging the
d'A’ and c'A” states with the e'A’ and e'A” excited states
(Table 3, in bold). However, both calculations exhibit the six
MLCT and three MC states that characterize the investigated
domain of energy. Importantly and in contrast with TD-DFT the
two lowest singlet states of A” symmetry, a'A” and b'A”, are
characterized by a mixed MC/MLCT character and nearly degen-
erate. TD-DFT gives two well separate states by 0.37 eV a'A”
(MLCT) and b'A” (MC). The three lowest pure MLCT states, b'A/,
c'A, and d'A’ are well reproduced at the TD-DFT level of theory
that shift their energies by about 0.3 eV providing a better
agreement with experimental absorption band. Similarly, the
upper MLCT and MC states (c'A”, d'A”, e'A”, and e'A)
obtained at the CASSCF (14e14a)/MS-CASPT2 level are well
reproduced by TD-DFT.

The comparison performed on the low-lying triplet states
(Supporting Information Table S4) follows the same trends. The
qualitative agreement between TD-DFT and MS-CASPT2 results
should not obscure two limits: (1) the fortuitous agreement
between TD-DFT results and experimental data; (2) the room
for improvement of the CASSCF/MS-CASPT2 results. Indeed, on
one hand TD-DFT results are obtained with a specific functional
combined with linear-response theory and solvent correction
based on a cavity model. It is probable that cancellations of
error lead to reasonable transition energies. On the other hand,
modifying the quality of the CASSCF wavefunction in size or in
terms of active orbitals (more z* orbitals for instance) and
requested roots, performing wavefunction/perturbation on a
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structure optimized at the MS-CASPT2 level could change the
relative ordering of the MLCT and MC states.

State correlation diagrams for Mn—CO,, and Mn—imidazole
elongation in [Mn(im)(CO)s(phen)]*

To qualitatively investigate the potential reactivity of [Mn(im)
(CO)s(phen)]™ in water, we built state correlation diagrams for
the axial CO departure, as well as for the Mn—imidazole bond
breaking. The low-lying excited states of [Mn(im)(CO)s(phen)]*
described above were correlated-to the corresponding ones of
the [Mn(im)(CO),(phen)]™ + CO.xand [Mn(CO)s(phen)]* + imidaz-
ole primary products on the basis-of TD-DFT/TDA transition
energies computed at fixed distances of the leaving ligand
(8 A), symmetry considerations and state character. No geomet-
rical relaxation is considered and the C; symmetry is conserved
at this qualitative level, the goal of which is to identify the
potentially reactive excited states for both channels. The result-
ing state correlation diagrams are shown in Figure 5 and the
excited-state difference densities are collected in Supporting
Information Figures S1 and S2.

Under the C; symmetry constraint, three low-lying triplet
states, namely, a*A” (T»), b*A’ (T3), and A’ (Tg) are weakly dis-
sociative along the Mn—imidazole bond elongation, whereas
two low-lying triplet states, namely, b>A’ (T5) and A" (Ts) are
strongly dissociative along the Mn—CO,, bond elongation. This
generates potentially conical intersections within a multidimen-
sional picture as exemplified by red circles in Figure 5 along the
axial CO and im dissociation pathways. Interestingly, the low-
lying dissociative triplet states keep major MLCT character in
the primary products corresponding to the imidazole departure
whereas they gain major MC character in [Mn(im)
(CO),(phen)]™ + CO,y leading to an important stabilization. Two
singlet states of MC character are weakly dissociative along the
Mn—CO, bond dissociation path, namely, the b'A” (S,) and
f'A’ (Sg) and cross the lowest bound MLCT states a'A” (S;) and
b'A’ (S,) generating mixed MC/MLCT singlet states at dissocia-
tion. In a one-dimensional view and on the basis of this qualita-
tive analysis we expect that the two lowest S; and S, singlet
states are weakly dissociative for the CO loss with energy bar-
riers generated nearby the FC region by avoided crossing with
the upper MC states (exemplified by black circles in Fig. 5).

This suggests that a further analysis has to include other impor-
tant degrees of freedom, eventually breaking the symmetry that
will assist the CO,, dissociation. Alternatively, an effective spin-
vibronic mechanism similar to the one revealed for [Re(im)
(CO)s(phen)* could as well populate efficiently the low-lying
dissociative triplet states.

To investigate more in details the singlet excited-state PESs
of [Mn(im)(CO)s(phen)]* we have performed a systematic
search of critical geometries.

[Mn(im)(CO)s(phen)]* critical geometries and energy profiles

Although different basis sets (cc-pVDZ) and computational pro-
gram (Gaussian 16) were used in the stationary point calcula-
tions, results at FC were qualitatively similar to those discussed

Journal of Computational Chemistry 2018
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Figure 7. Pathways from S,mn.rc to dissociated structures on Sy: (a) for imidazole dissociation, (b) for axial CO dissociation, and (c) for equatorial CO
dissociation. Energies are shown in eV relative to Somin. Note that Somin-1, Samin-2e @nd Sominea are located inside the corresponding Cls, that is, MECI7, MECI2,
and MECI1, respectively; the geometries for Soyin-1, Samin-2s @nd Samin-g are identical to MECI1, MECI2, and MECIT geometries. These are indicated by “f.” Two
TSs, Sy1s.1 and Sy1s.3, did not converge because of very shallow PES around them. S,1s.; and S5 3 indicated with “*” correspond to the highest energy point
along a relaxed interpolation path, and the relaxed interpolation paths are shown in Supporting Information Figure S3.

above. The bright state is S, (0.003 for S; and 0.079 for S,), and  dissociation (MECI4), (2) axial CO bent type (MECIT), (3) equato-
excitation energies to S; and S, at the FC geometry are 3.02  rial CO bent type (MECI2 and MECI3), and (4) axial/equatorial
and 3.27 eV, respectively. These correspondences to the above  CO bent type (MECI6 and MECI7). In the axial/equatorial CO
results would justify the use of this computational level in the  bent type, both axial and equatorial CO are slightly bent.
stationary point search. Between the two equatorial CO bent type MECIs, MECI2 is

Figure 6 lists all obtained S;/S,-MECIs near the FC geometry.  closer to S,minrc and more important than MECI3. In other
There are four types with substantial importance: (1) imidazole  words, the system must pass the MECI2 region before reaching
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the MECI3 region; the DS-AFIR path between the FC region and
the MECI3 region had two barriers and the MECI2 region lied
between the two barriers. Also, an equatorial CO dissociation
type (MECI5) is not important because the MECI region for the
equatorial CO bent type must be passed before reaching it. The
DS-AFIR path between the FC region and the MECI5 region had
three barriers and an intermediate region including MECI3.
Another minor one is MECI8 in which CO coordinates to Mn
with oxygen atom in one of equatorial sites.

Minimum energy conical intersections of these four types
may lead to decomposition of [Mn(im)(CO)s(phen)]*. All possi-
ble paths and the energies on the critical points along the
paths are shown in Figure 7: (1) for imidazole dissociation,
(2) for axial CO dissociation, and (3) for equatorial CO dissocia-
tion. The imidazole dissociation occurs through two paths. One
is a direct path through MECI4. The meta-IRC calculation on S,
surface from the geometry of MECI4 directly led the imidazole
dissociation. Another takes place via Symn.1, Which is generated
through either equatorial CO bent, or axial/equatorial CO bent
type MECI. The axial CO dissociation also occurs either directly
through MECI or indirectly via S;pn.q. Conversely, the equatorial
CO dissociation occurs only indirectly from S;pn-1-

The two direct paths for the imidazole dissociation and the
axial CO dissociation compete to each other, because their bar-
riers, that is, Sots.3 and Sy1s4, are nearly identical. Moreover, the
direct axial CO dissociation path is more preferable than the
indirect paths.

Among the indirect paths via S;pn.1, the equatorial CO disso-
ciation path through S;1s4 (2.51 eV) is energetically most favor-
able. The imidazole dissociation occurs in one-step” through
Si1s-1 (2.57 eV). The axial CO dissociation from S;yn-1 OCcurs in
two-step via S5 and Sirs3, and Si1s, (2.58 eV) s its rate-
determining step. Interestingly, all paths involve a rotation of
the imidazole, which will likely slow down the speed of bond
breaking.

All these channels highly compete to each other. Among
them, the direct axial CO dissociation-is energetically most pre-
ferred. Therefore, from the energetic consideration, we con-
clude that the axial CO dissociation is the most favorable
channel. However, Sy1s.5, So1s.3, and Sors4 leading to equatorial
CO bent, imidazole dissociation and axial CO bent types,
respectively, have almost same barriers. Also, all the dissociation
channels from S;yn.1iin S; are energetically very close to each
other. Their preference may change depending on computa-
tional level adopted and/or dynamical effects. A further dynam-
ics study on highly accurate PESs or an experimental study will
be required to discuss the branching ratio accurately. Our study
identified all these possibilities by the automated SC-AFIR
search, and we hope that these results stimulate further com-
putational and experimental studies.

A recent experimental study has reported the discovery of
the first fluorescent manganese carbonyl-based PhotoCORM
[Mn(Imdansyl)(CO)s(phen)] [CF53S0s]
(Imdansyl = dansylimidazole) very similar to the presently inves-
tigated complex.[® This corroborates our hypothesis of two
concurrent channels in this class of Mn(l) complexes, namely,
fluorescence and carbonyl dissociation.
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Conclusion

The electronic excited states properties and reactivity of [Mn(imid-
azole)(CO)s(phen)I* have been investigated by means of both DFT
and wavefunction electronic structure calculations supplemented
by a systematic exploration of the associated PESs. Whereas the
electronic ground state properties of the complex are very similar
to those of the Re(l) analogue, the sequence of low-lying excited
states differ drastically. Indeed, the Mn(l) complex is characterized
by a high density of singlet and triplet MC, MLCT, and IL states
within 0.56 eV while the Re(l) complex exhibits a reduced number
of MLCT states in the same energy. domain. Both complexes
absorb at about 400 and 360 nm and their absorption spectra pre-
sent similar features. TD-DFT/B3LYP/COSMO transitions energies
and state characters are validated by CASSCF/MS-CASPT2 calcula-
tions. On the basis of qualitative state correlation diagrams that
connect the low-lying excited states of the parent molecule to
those of the fragments [Mn(imidazole)(CO),(phen)]* + CO,, and
[M(CO)s(phen)I* + Imidazole, two dissociative channels are consid-
ered. The two lowest S; and S, singlet states are weakly dissocia-
tive for the CO loss with energy barriers generated nearby the FC
region. A further analysis based on a systematic search of path-
ways from Sy minimum at FC to dissociated structures on S, indi-
cates that the direct axial CO loss is energetically most favorable.
However, other channels leading to equatorial CO bent, imidazole
dissociation or axial CO bent are competitive.
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The structural exploration of the potential energy surfaces associated to the low-lying sin-
glet excited states of a manganese carbonyl imidazole-substituted a-diimine complex,
potentially functional PhotoCORM under visible irradiation, highlights the active reactive
channels of dissociation. Qualitative state correlation diagrams that connect the low-lying
excited states of the parent molecule to those of the fragments [Mn(imidazole)
(CO)»(phen)]* + CO,.. and [M(CO)s(phen)]” + Imidazole point to two dissociative channels.
The two lowest S; and S, singlet states are weakly dissociative for the CO loss with energy
barriers generated nearby the FC region. Systematic searches for critical geometries identify
several dissociative pathways, namely, equatorial CO bent, imidazole dissociation, or axial
CO bent are competitive with the direct CO loss.



