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ABSTRACT: The Mn-nitrosyl complexes [Mn(PaPy3)(NO)](ClO4) (1;
PaPy3

− = N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxa-
mide) and [Mn(PaPy2Q)(NO)](ClO4) (2, PaPy2Q

− = N,N-bis(2-
pyridylmethyl)amine-N-ethyl-2-quinoline-2-carboxamide) show a remark-
able photolability of the NO ligand upon irradiation of the complexes with
UV−vis−NIR light [Eroy-Reveles, A. A.; Leung, Y.; Beavers, C. M.;
Olmstead, M. M.; Mascharak, P. K. J. Am. Chem. Soc. 2008, 130, 4447].
Here we report detailed spectroscopic and theoretical studies on complexes
1 and 2 that provide key insight into the mechanism of NO
photolabilization in these compounds. IR- and FT-Raman spectroscopy
show N−O and Mn−NO stretching frequencies in the 1720−1750 and 630−650 cm−1 range, respectively, for these Mn-
nitrosyls. The latter value for ν(Mn−NO) is one of the highest transition-metal−NO stretching frequencies reported to this date,
indicating that the Mn−NO bond is very strong in these complexes. The electronic structure of 1 and 2 is best described as
Mn(I)−NO+, where the Mn(I) center is in the diamagnetic low-spin state and the NO+ ligand forms two very strong π
backbonds with the dxz and dyz orbitals of the metal. This explains the very strong Mn−NO bonds observed in these complexes,
which even supersede the strengths of the Fe− and Ru−NO bonds in analogous (isoelectronic) Fe/Ru(II)−NO+ complexes.
Using time-dependent density functional theory (TD-DFT) calculations, we were able to assign the electronic spectra of 1 and 2,
and to gain key insight into the mechanism of NO photorelease in these complexes. Upon irradiation in the UV region, NO is
released because of the direct excitation of dπ_π* → π*_dπ charge transfer (CT) states (direct mechanism), which is similar to
analogous NO adducts of Ru(III) and Fe(III) complexes. These are transitions from the Mn−NO bonding (dπ_π*) into the
Mn−NO antibonding (π*_dπ) orbitals within the Mn−NO π backbond. Since these transitions lead to the population of Mn−
NO antibonding orbitals, they promote the photorelease of NO. In the case of 1 and 2, further transitions with distinct dπ_π*→
π*_dπ CT character are observed in the 450−500 nm spectral range, again promoting photorelease of NO. This is confirmed by
resonance Raman spectroscopy, showing strong resonance enhancement of the Mn−NO stretch at 450−500 nm excitation. The
extraordinary photolability of the Mn-nitrosyls upon irradiation in the vis−NIR region is due to the presence of low-lying dxy→
π*_dπ singlet and triplet excited states. These have zero oscillator strengths, but can be populated by initial excitation into dxy→
L(Py/Q_π*) CT transitions between Mn and the coligand, followed by interconversion into the dxy → π*_dπ singlet excited
states. These show strong spin−orbit coupling with the analogous dxy→ π*_dπ triplet excited states, which promotes intersystem
crossing. TD-DFT shows that the dxy → π*_dπ triplet excited states are indeed found at very low energy. These states are
strongly Mn−NO antibonding in nature, and hence, promote dissociation of the NO ligand (indirect mechanism). The Mn-
nitrosyls therefore show the long sought-after potential for easy tunability of the NO photorelease properties by simple changes
in the coligand.

A. INTRODUCTION

During the past few decades the role of nitric oxide (NO) in
several biological functions such as regulation of blood
pressure1 and neurotransmission2 has been firmly established.3

These processes require low concentrations (nM) of
endogenous NO that is produced from L-arginine by the
enzyme nitric oxide synthase (NOS). In addition, macrophages
use relatively high concentrations (μM) of NO to fight invading
pathogens as part of our innate immune system.4 Interestingly,
studies have shown that exogenous NO can also be used to
induce similar biological responses5,6 as well as other
pathological outcomes. For example, it has been shown that

high fluxes of NO can lead to apoptosis in malignant cells of
different grade and origin.7,8 This finding has prompted
research aimed at developing suitable NO donors for the
treatment of cancer.9,10

Metal-nitrosyls that release large quantities of NO upon light
exposure would be ideal for site specific delivery of NO to
malignant locations.11,12 Such treatment will come under the
realm of Photodynamic Therapy (PDT).13,14 Historically, the
bulk of research on photolabile metal-nitrosyls involved iron-15
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and ruthenium-nitrosyls.16 Studies in this area have indicated
that although iron-nitrosyls tend to be more sensitive to low-
energy visible light releasing large amounts of NO, the
complexes in general tend to be less stable in aqueous
environment. Conversely, most ruthenium-nitrosyls are more
stable in aqueous media but require UV light for NO release.
This trend becomes clear upon comparison of two isoelectronic
iron- and ruthenium-nitrosyls, [Fe(PaPy3)(NO)](ClO4)2 and
[Ru(PaPy3)(NO)](BF4) 2 , (PaPy3

− = N ,N -b i s(2 -
pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide) re-
ported by us previously.17,18 When exposed to visible light
(500−600 nm), [Fe(PaPy3)(NO)](ClO4)2 releases NO with a
quantum yield (ϕ) of 0.1817,19 while [Ru(PaPy3)(NO)](BF4)2
requires UV light (300−450 nm) for NO release and exhibits a
lower quantum yield (ϕ ∼ 0.05).18,20 Since UV light is
inherently detrimental to cellular targets, we looked into the
possibility of the use of other metal-nitrosyls in light-triggered
NO release. Interestingly, the manganese-nitrosyl [Mn(PaPy3)-
(NO)](ClO4) (1) not only releases NO upon exposure to low-
energy visible (500−600 nm) light but also exhibits stability in
aqueous media.21 We have been able to further enhance this
sensitivity to even lower energy light (500−800 nm) by
replacing one pyridine ring of the PaPy3

− ligand frame with a
quinoline moiety (cf. Scheme 1) in the resulting manganese

nitrosyl [Mn(PaPy2Q)(NO)](ClO4) (2, PaPy2Q
− = N,N-bis(2-

pyridylmethyl)amine-N-ethyl-2-quinoline-2-carboxamide).21

Currently there are relatively few manganese-nitrosyls
reported in the literature and even fewer studies that examine
their electronic structures in detail. The favorable properties of
1 and 2 have prompted us to further examine their electronic
structures to gain insights into structure−function relationships
leading to NO labilization with low-energy light. Such studies
are necessary for the smart design of nitrosyls with improved
NO donating ability. The noninnocent nature of the NO ligand
(possibility of existing as NO+, NO•, or NO− in metal-nitrosyl
complexes) in general poses a problem in the correct
assignment of the formal oxidation states of the metal centers
in nitrosyl complexes.22 Both 1 and 2 are diamagnetic Mn(II)
complexes with NO, {Mn−NO}6 in the Enemark−Feltham
notation,23 and hence there are three possible electronic
descriptions: Mn(I)−NO+, Mn(II)−NO(radical), or Mn(III)−
NO−. In earlier work, researchers have suggested formal
oxidation states based on the metric parameters of the Mn−N−
O unit. For example, a low-spin Mn(I)−NO+ formulation has
been suggested for the diamagnetic {Mn−NO}6 complexes
[Mn(TPP)(NO)] (TPP2− = tetraphenylporphinato dianion)24

and [Mn-(5-CH3SALDPT)(NO)] (SALDPT = dianionic
pentadentate Schiff base ligand).25 These complexes have
similar NO stretching frequencies (ν(N−O) = 1735 and 1715
cm−1, respectively) compared with those of 1 (1733 cm−1) and
2 (1725 cm−1), indicating similar electronic descriptions.
However, more recently Lippard and Ghosh have used density

functional theory (DFT) calculations26 in addition to magnetic
and spectroscopic data to assign the paramagnetic tropocor-
onand complex, [Mn(NO)(TC-5,5)], as a Mn(III)−NO−

species.27 Interestingly, the Mn−N−O angle and Mn−N/N−
O bond distances of [Mn(NO)(TC-5,5)] (174.1(3)°, 1.699(3)
and 1.179(3) Å, respectively) are very similar to those of
[Mn(TPP)(NO)] (174.9(6)°, 1.644(5) and 1.176(7) Å,
respectively). Clearly, the use of metric data alone is not
enough to correctly assign the oxidation states of the metal
centers in such nitrosyls.
In this study, the spectroscopic properties and the electronic

structures of 1 and 2 are investigated using UV−vis absorption,
IR, and resonance Raman spectroscopy coupled to DFT
calculations. Raman spectra of the nitrosyl complex 1 are
presented for the first time. Using 15N18O isotope substitution,
the IR and Raman spectra of 1 are assigned, including N−O
and Mn−NO stretching and Mn−N−O bending vibrations.
Compared to DFT calculations on both singlet and triplet
states, such measurements allow for an unambiguous definition
of the ground state of these complexes and the formal oxidation
states of Mn and NO in 1 and 2. From these calculations, the
electronic structure of both complexes has been defined, and
the properties of nitric oxide as a ligand have been evaluated.
Finally, details of the photochemistry of 1 and 2 are reported.
Time-dependent DFT (TD-DFT) calculations are used to
assign the visible absorption spectra of 1 and 2, and to gain
insight into the photophysical mechanisms of NO dissociation
in these compounds.

B. EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES
Syntheses of Compounds. (UC Santa Cruz and University of

Michigan) The ligands N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-
pyridine-2-carboxamide (PaPy3H) and N,N-bis(2-pyridylmethyl)-
amine-N-ethyl-2-quinoline-carboxamide (PaPy2QH), and the corre-
sponding Mn-nitrosyls, [Mn(PaPy3)(NO)]ClO4 and [Mn(PaPy2Q)-
(NO)]ClO4, respectively, were all synthesized according to literature
procedures.28,29 The starting material, [Mn(PaPy3)(H2O)]ClO4, was
also synthesized according to previously published methods.21 Nitric
oxide (Cryogenic Gases, Detroit, MI) was purified by first passing
through an ascarite II column (NaOH on silica gel) and then through
a cold trap at −80 °C to exclude higher nitrogen oxide impurities.
Isotopically labeled 15N18O was purchased from Sigma-Aldrich and
was used as received. All solvents were dried by standard techniques
and distilled prior to use. Standard Schlenk techniques were used
during all syntheses.
Vibrational Spectroscopy. (University of Michigan) FT-Raman

spectra were recorded on a Bruker IFS 66 interferometer with a Bruker
FRA 106 Raman attachment using a Nd:YAG laser for excitation (λ =
1064 nm). Measurements were performed on pure compounds. The
resolution was set to 2 cm−1. Mid-infrared (MIR) spectra were
obtained from KBr disks on a Perkin-Elmer FT-IR spectrometer
SPECTRUM Bx.

The resonance Raman (rRaman) spectra were obtained on frozen
solutions of [Mn(PaPy3)(NO)]ClO4 and the corresponding 15N18O
labeled complex in CH3CN using 413, 457, 472, 488, 514, and 647 nm
excitation from a SpectraPhysics Beamlok 2060-RS Kr+/Ar+ ion gas
laser. The excitation beam (10−20 mW) was focused onto a ∼10.5
mM sample in an electron paramagnetic resonance (EPR) tube
contained in an EPR coldfinger dewar with liquid N2 to prevent
thermal degradation and photolabilization. The scattered photons
were dispersed by an Acton two-stage TriVista 555 monochromator
and detected by a liquid N2-cooled Princeton Instruments Spec-
10:400B/LN CCD camera. A typical resolution in these experiments
was 0.5 cm−1.

Scheme 1
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DFT Calculations. (University of Michigan) The structures of
[Mn(PaPy3)(NO)]

+ and [Mn(PaPy2Q)(NO)]
+ were fully optimized

(for both S = 0, 1 states) without simplifications applying the BP86
functional30,31 together with Ahlrichs’ TZVP basis set.32,33 The
vibrational frequencies of the fully optimized complexes were again
calculated with BP86/TZVP, showing no imaginary frequencies. IR
and non-resonance Raman intensities were calculated as well to assist
in spectral assignments. All of these calculations were performed using
Gaussian 03.34 To calculate the absorption spectrum of [Mn(PaPy3)-
(NO)]+, the TD-DFT formalism was applied using both BP86/TZVP
and B3LYP/TZVP. Since BP86/TZVP gave an overall better
agreement with experiment in the important visible region of the
spectrum (see Supporting Information, Figure S1), this method was
used to further assign the UV−vis absorption spectrum of 1. TD-DFT
calculations were performed using ORCA (University of Bonn).35

Orbitals were plotted with the program GaussView.

C. RESULTS AND ANALYSIS
C.1. Spectroscopic and Physical Properties. Synthesis

and Electrochemistry. Both nitrosyls 1 and 2 were synthesized
from their respective water-bound complexes [Mn(PaPy3)-
(H2O)](ClO4) (3) and [Mn(PaPy2Q)(H2O)](ClO4) (4). A
strong EPR signal with g = 2.00 confirms 3 as a low spin (S =
1/2) Mn(II) species.21 Conversely, room-temperature EPR
measurements indicate that 4 contains a high-spin (S = 5/2)
Mn(II) center.29 Upon exposure to NO gas, the water ligand in
3 and 4 is replaced with NO resulting in the formation of the
{MnNO}6 nitrosyls 1 and 2. Room temperature magnetic
susceptibility data and sharp resonances in the 1H NMR spectra
of both complexes indicate that these compounds are

diamagnetic (S = 0) in the solid state and in solution.
Electrochemical studies using cyclic voltammetry (CV) on 1
and 2 do not show any reduction of either complex at
potentials as low as −1.0 V vs SCE.21,29 However, both
nitrosyls exhibit quasireversible oxidation processes with E1/2 =
0.9 V vs SCE. In the case of 1, the oxidized product was isolated
as [Mn(PaPy3)(NO)](NO3)2 (1

ox).21,36

Vibrational Properties. The IR spectra of both 1 and 2
contain strong N−O stretching frequencies, ν(N−O), at 1733
cm−1 and 1725 cm−1, respectively. Upon 15N18O isotope
labeling, ν(N−O) of 1 shifts to 1664 cm−1, which confirms this
assignment. To determine the energies of the Mn−NO
stretching and Mn−N−O (linear) bending modes, ν(Mn−
NO) and δ(Mn−N−O), Raman spectroscopy was applied.
Figure 1 shows the non-resonance FT-Raman spectrum of 1
and of the corresponding 15N18O isotope labeled complex.
From these data, two isotope-sensitive features are readily
identified at 637 cm−1 and 606 cm−1, which shift to 623 cm−1

and 592 cm−1, respectively, in the 15N18O compound (cf. Table 1).
We assign the higher energy feature to the Mn−NO stretch
based on three observations. First, the 637 cm−1 feature shows
significantly higher intensity in the Raman spectrum compared
to the 606 cm−1 band, which is in agreement with previous
assignments of the Ru−NO stretching and Ru−N−O bending
modes in [Ru(NH3)5(NO)]X3, where the stretch showed
considerably more intensity in the FT-Raman spectrum than
the bend.37 Second, the 637 cm−1 feature shows resonance
enhancement upon laser excitation in the visible region as

Figure 1. FT-Raman spectra of [Mn(PaPy3)(NO)]
+ (top) and [Mn(PaPy3)(

15N18O)]+ (bottom), excited at 1064 nm.

Table 1. Experimental and Computational Vibrational Data of [Mn(PaPy3)(NO)]
+ and [Mn(PaPy2Q)(NO)]

+

experimental [cm−1]a DFT: BP86/TZVP [cm−1], S =0

complex ν(N−O) ν(Mn−NO) δ(Mn−N−O) ν(CO) ν(N−O) ν(Mn−NO) δ(Mn−N−O) ν(CO)

[Mn(PaPy3)(NO)]
+ 1733 (IR) 1729 (R) 637 (R)c 606 (R) 1630 (IR) 1758 653 613/631 1649

[Mn(PaPy3)(
15N18O)]+ 1664 (IR) 1667 (R) 623 (R) 592 (R) 1630 (IR) 1684 638 620/597 1649

Difference (N.A.I.-15N18O)b 69 (IR) 60 (R) 14 14 0 74 15 10/15 0

[Mn(PaPy2Q)(NO)]
+ 1725 (IR) 1634 1737 669 612/630 1641

aR = Raman spectroscopy. bN.A.I. = natural abundance isotopes complex. cObserved at 637 cm−1 in the solid and at 639 cm−1 in frozen solution (cf.
Figures 1 and 2, respectively).
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shown in Figure 2 (observed at 639 cm−1 in frozen solution),
whereas the 606 cm−1 feature is not observed under these
conditions. Resonance Raman enhancement of metal−ligand
vibrations is in most cases related to charge-transfer transitions
between the metal and the ligand that lead to a change in the
metal−ligand bond in the excited state, and in this way, to an
excited state displacement, ΔQ.38−40 These excited state
displacements are generally much more pronounced for
metal−ligand bond distances compared to angles, and hence,
the metal−ligand stretching, but not bending, modes are in
most cases resonance enhanced.41 The fact that the 637 cm−1

mode shows strong resonance enhancement (cf. Figure 2,
inset) is therefore indicative that this is in fact the Mn−NO
stretch. Finally, our DFT calculations (see below) further
support this assignment, as they predict ν(Mn−NO) to be at
higher energy than δ(Mn−N−O). These assignments are
summarized in Table 1. The obtained energy for ν(Mn−NO)
also compares well with that reported for NO adducts of Mn-
substituted myo- and hemoglobin, observed at ∼625 cm−1.42

Electronic Absorption Spectroscopy. The green MeCN
solution of 1 exhibits absorption bands with λmax at 22730 (440
nm, ε = 2460 M−1 cm−1) and 15750 cm−1 (635 nm, ε = 220
M−1 cm−1). The additional conjugation provided by replace-
ment of one pyridine donor with a quinoline moiety in the
ligand frame of 2 shifts the position of the absorbance bands to
lower energy. For example, the maroon solution of 2 in MeCN
displays bands with λmax at 20200 cm−1 (495 nm, ε = 2030
M−1 cm−1) and 15385 cm−1 (650 nm, ε = 420 M−1 cm−1).
Interestingly, the extinction coefficient of the low-energy band
of 2 is increased to a significant extent as seen in Figure 3. In
comparison, in the case of the corresponding Ru-nitrosyls,
[Ru(PaPy3)(NO)](BF4)2 and [Ru(PaPy2Q)(NO)](BF4)2,
there is a much smaller red-shift in λmax (∼580 cm−1) upon
addition of the quinoline moiety.18,20

NO Photolability Measurements. When solutions of 1 and
2 are exposed to visible light of low intensity (5 mW), rapid
loss of NO occurs with concomitant formation of the colorless

solvent-bound Mn(II) photoproducts, [Mn(PaPy3)(Solv)]
2+ or

[Mn(PaPy2Q)(Solv)]
2+, respectively. No loss of NO is noted

when the solutions are kept in the dark for 48 h. The quantum
yield values (ϕ) of 1 and 2 have been determined from changes
in the electronic absorption spectra upon exposing the
complexes to light of two different wavelengths (500 and 550
nm) in MeCN. The ϕ value of 2 (0.623 ± 0.010 and 0.579 ±
0.010 at 500 and 550 nm, respectively) are significantly larger
than the values of 1 (0.326 ± 0.010 and 0.309 ± 0.010,
respectively). This indicates that incorporation of a quinoline
moiety in place of the pyridine group is effective not only in
moving the photosensitivity to light of longer wavelengths but
also in improving ϕ values of the resulting Mn-nitrosyl. The
latter effect, that is, the approximate doubling of ϕ in complex 2
relative to 1 upon excitation at 500 and 550 nm indicates that 2
has more efficient interconversion channels of the initially
excited CT states into the key NO photoreleasing triplet
excited states (see Discussion) than 1 (since ϕ is normalized to
the extinction of the sample). Additional photophysical studies
published previously36 show that complex 2 photolabilizes NO
even upon excitation with NIR light (up to 800 nm), which
demonstrates that 2 is a superior NO donor compared to 1 for
potential applications in vivo.
C.2. Electronic Structure of the Manganese(II) Com-

plexes with NO. To further investigate the electronic
structures of 1 and 2, and to explain the apparent strength of
the Mn−NO bond in these complexes, we applied DFT
calculations using the BP86/TZVP functional/basis set
combination that has proven to deliver good structures for
transition-metal nitrosyls in the past.22,43−50 The structures of
the two complexes [Mn(PaPy3)(NO)]

+ and [Mn(PaPy2Q)-
(NO)]+ were optimized without simplifications for both S = 0
and S = 1 as potential ground states. Figure 4 shows the
obtained structures for the S = 0 cases, and calculated
geometric parameters are compared to experiment in Table 2.
As can be seen from these data, excellent agreement is
obtained between the experimental and DFT-calculated
structures for the S = 0 state. The predicted vibrational data
for the S = 0 and S = 1 states are listed in Table 3. The
calculated vibrational frequencies provide further support for
the idea that both 1 and 2 have diamagnetic (S = 0) ground
states. Interestingly, the N−O stretching frequency is quite
insensitive to this change in spin state, and is predicted, for

Figure 2. Resonance Raman spectrum of [Mn(PaPy3)(NO)]+

obtained at an excitation wavelength of 488 nm. Inset: resonance
Raman excitation profile of the 639 cm−1 feature, showing resonance
enhancement of this vibration toward the UV region. The ratio of
ν(Mn−NO) to ν(C−C) (MeCN) Raman intensity is normalized to
the value observed at the excitation wavelength of 647 nm (intensity
ratio set to 1).

Figure 3. Electron absorption spectra of [Mn(PaPy3)(NO)]
+ (solid,

black line) and [Mn(PaPy2Q)(NO)]
+ (dashed, black line) obtained in

MeCN at room temperature.
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example, at 1758 versus 1761 cm−1 in the singlet and triplet state of
1, respectively. In contrast, the Mn−NO stretch and the Mn−N−
O linear bend are very sensitive to the difference in spin state, and
are predicted to shift about 70−80 cm−1 to lower frequency in the
triplet state as shown in Table 3. On the basis of this comparison, it
can be safely concluded that both 1 and 2 have diamagnetic (S =
0) ground states. The predicted energy difference between the S =
0 and S = 1 states of 1 and 2 is 16 and 14 kcal/mol, respectively,
again favoring the ground state to be S = 0.
On the basis of the exceptional agreement between the

optimized and experimental structures of 1 and 2, we then used
the optimized structure of 1 to further characterize the
electronic structures of these manganese-nitrosyls in their S =
0 ground states. Figure 5 shows the calculated MO diagram of
[Mn(PaPy3)(NO)]

+. In this complex, the Mn(II) ion is in the
low-spin state, which would lead to a [t2g]

5 electron
configuration. However, the additional (unpaired) electron of
NO is used to fill the remaining hole in the t2g shell, leading to a
formally Mn(I) center with a [t2g]

6 electron configuration, and
a bound NO+ ligand. Hence, the ground state is represented by
a closed-shell electron configuration, S = 0, where all electrons
are perfectly paired. As shown in Figure 5, the highest occupied
molecular orbital (HOMO) of 1 is the dxy orbital (MO <110>),
which is nonbonding with respect to the NO+ ligand. Here, we
apply a coordinate system where the Mn−N(O) bond
corresponds to the z axis. An iso-density surface plot of MO
<110>, corresponding to the dxy orbital of Mn, is shown in

Figure 6. Note that simplified ChemDraw representations of
important MOs are also included in Figure 5, right, to further
illustrate the properties of these orbitals with respect to metal−
ligand interactions. To lower energy, two PaPy3

− ligand-based
orbitals are found, MO <109> and MO <108>, followed by the
two bonding combinations between the π* orbitals of the
formally NO+ unit and the dxz and dyz orbitals of the metal,
labeled dxz_π x* (MO <107>) and dyz_π y* (MO <106>). The
corresponding antibonding combinations, π x*_dxz (MO
<113>) and π y*_dyz (MO <115>), are unoccupied and
found to be slightly higher energy than the lowest unoccupied
molecular orbital (LUMO) of the complex. Iso-density surface
plots of all of these key orbitals are shown in Figure 6, and
Figure 5 includes simplified ChemDraw representations of
these MOs. The LUMO and LUMO+1 of 1 are PaPy3

− ligand-
based MOs, centered on the pyridine rings (MOs <111/112>;
cf. Figure 5). As shown in Figure 6, the dyz_π y* bonding
combination also shows strong admixture of the py donor
orbital of the amide nitrogen atom of PaPy3

−, trans to NO,
which is located at similar energy as the t2g orbitals of
manganese. Figure 5 shows ChemDraw representations that
better illustrate this interaction. The main component of this
amide orbital is observed in MO <109> (cf. Figure 6), which
has 55% amide character. On the other hand, the π y*_dyz
antibonding combination is mixed with pyridine π* orbitals
(see MO <115> in Figure 6). Because of this complication, the
strength of the Mn(I)−NO+ π backbond is best estimated from
the dxz/π x* set: here, the occupied MO, dxz_π x* (MO <107>),
has 54% Mn and 36% NO+ character, whereas the antibonding
combination, π x*_dxz (MO <113>), has 54% NO+ and 37%
Mn contributions (see also the simplified drawings of these
MOs in Figure 5). The fact that the occupied MO has more
metal character is again in agreement with the idea that these
electrons should formally be assigned to manganese, in
accordance with the Mn(I)−NO+ description. Nevertheless,
these charge contributions correspond to an extraordinarily
strong π backbond, because of the soft nature of the formally

Figure 4. Fully optimized structures of [Mn(PaPy3)(NO)]
+ (left) and

[Mn(PaPy2Q)(NO)]
+ (right) for S = 0, obtained with BP86/TZVP.

Structural data are given in Table 2.

Table 2. Structural Data of [Mn(PaPy3)(NO)]
+ and [Mn(PaPy2Q)(NO)]

+ from X-ray Crystallography21,29 and DFT
Calculations (BP86/TZVP)

[Mn(PaPy3)(NO)]
+ [Mn(PaPy2Q)(NO)]

+

crystal structure DFT calculation (S = 0) crystal structure DFT calculation (S = 0)

Mn−NO [Å] 1.66 1.67 1.68 1.67
N−O [Å] 1.19 1.18 1.21 1.19
Mn−N−O [deg] 172° 180° 165° 169°
Mn−Namide [Å] 1.96 1.96 1.96 1.96
Mn−Namine [Å] 2.03 2.06 2.06 2.06
Mn−Npy(trans amide) [Å] 2.00 2.00 2.09 2.06
Mn−Npy(trans py) [Å] 2.03, 2.02 2.05, 2.05 2.06, 2.03 2.04, 2.05

Table 3. Comparison of Key Calculated Vibrational Data (BP86/TZVP) of the Potential S = 0 and S = 1 Ground States of
[Mn(PaPy3)(NO)]

+ and [Mn(PaPy2Q)(NO)]
+

complex vibrations singlet: S = 0 triplet: S = 1 experimental

[Mn(PaPy3)(NO)]
+ ν(N−O) 1758 cm−1 1761 cm−1 1733 cm−1

ν(Mn−NO) 653 cm−1 582 cm−1 637 cm−1

δ(Mn−N−O) 613/631 cm−1 520/550 cm−1 606 cm−1

[Mn(PaPy2Q)(NO)]
+ ν(N−O) 1737 cm−1 1746 cm−1 1725 cm−1

ν(Mn−NO) 669 cm−1 590 cm−1

δ(Mn−N−O) 612/630 cm−1 525/551 cm−1

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201967f | Inorg. Chem. 2011, 50, 12192−1220312196



Mn(I) center. Hence, via covalency (orbital mixing), the charge
density of about 1.3 electrons is transferred back from the
Mn(I) center to NO+. Since the transferred charge density has
50% α and 50% β spin, this does not correspond to an electron
transfer, because an electron has a charge and a corresponding
spin. This is purely an effect of metal−ligand covalency. Finally,
the σ bond between Mn(I) and NO+ is weak: as shown in
Figure 6, the corresponding antibonding combination between
dz 2 and the σ-donor orbital of NO+, MO <120>, only has 7%
NO character. Therefore, the Mn(I)−NO+ interaction in 1 is
dominated by π backbonding.
The electronic structure of the optimized triplet complex

mentioned above corresponds to a [dxz
2dyz

2dxy
1dx 2−y 2

1] electron
configuration, that is, a dxy→ dx 2−y 2 ligand field (excited) triplet
state relative to the singlet ground state. Here, the triplet
electron configuration leads to a strong spin polarization of the
Mn−NO backbond. In fact, the complex adopts an electronic
structure that is now better described as Mn(III)−NO−. In the
case of the α-MOs, the Mn−NO backbond is greatly weakened
compared to the singlet ground state, whereas in the β-MO
case, an inverted bonding scheme is observed where the
occupied orbitals of the Mn−NO π bond now have more
dominant π*(NO) character. Hence, NO can be considered as
NO− (S = 1) ligand where both β−π* orbitals of NO are singly
occupied and strongly donate into the β-dxz and β-dyz orbitals
of Mn (in the coordinate system applied here). This situation is
similar to ferrous nonheme iron-nitrosyls.51 This leads to a less
covalent, weaker Mn−NO bond compared to the singlet ground
state, which explains the predicted reduction of the Mn−NO
stretching frequency from 653 (for S = 0) to 582 cm−1 (for
S = 1) in the calculation for 1. Collectively, these theoretical
results along with the resonance Raman data strongly suggest
that the Mn(III)−NO− description is not appropriate for the
ground states of the present set of manganese-nitrosyls.
The MO diagram of [Mn(PaPy2Q)(NO)]

+ (not shown) in
the singlet ground state is overall similar to [Mn(PaPy3)-
(NO)]+, but more complex because of the additional ligand
orbitals present in the HOMO−LUMO region that originate
from the quinoline (Q) group. The small differences between 1
and 2 in terms of electronic structure are directly reflected by

the calculated vibrational frequencies, where 1 has a higher
ν(N−O) and lower ν(Mn−NO) frequency compared to 2 (cf.
Table 3). This inverse correlation of the N−O and metal−NO
stretching frequencies between 1 and 2 directly indicates that
complex 2 has a slightly stronger Mn(I)−NO+ π backbond.52

Here, an increased donation from the dπ orbitals of the metal
into π* of NO+ leads to a weaker N−O bond (lower ν(N−O)

Figure 5. MO diagram of [Mn(PaPy3)(NO)]
+ (S = 0) calculated with BP86/TZVP. In the applied coordinate system, the z axis points along the

Mn−N(O) bond. The nomenclature “a_b” indicates that orbital a interacts with b and that a has a larger contribution to the resulting MO. Contour
plots of important MOs are provided in Figure 6. Symmetry-allowed (red arrows) and -forbidden (blue arrows) MLCT transitions are indicated (see
text). On the right, ChemDraw representations of key MOs are included.

Figure 6. Iso-density surface plots of important MOs of [Mn(PaPy3)-
(NO)]+, calculated with BP86/TZVP. Orbital energies increase from
bottom to top. Percent decompositions of these MOs are included.
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frequency) and stronger Mn−NO bond (higher ν(Mn−NO)
frequency) in 2.
C.3. TD-DFT Calculations and Spectral Assignments.

TD-DFT calculations were used to explore the nature of the
lowest-lying excited states in 1 and 2 to assign their electronic
spectra and to determine why these complexes can be
photoactivated using visible light. BP86/TZVP was used for
the TD-DFT calculations to predict the 90 lowest-lying excited
states of [Mn(PaPy3(NO)]

+ and [Mn(PaPy2Q)(NO)]
+. Both

of these complexes show overall similar results, so [Mn-
(PaPy3)(NO)]

+ is discussed in the following. At this point the
reader should be reminded that TD-DFT is generally not
able to describe CT excited states well, and correspondingly,
one has to be cautious when evaluating TD-DFT results. We
therefore limit our analysis to a semiquantitative interpretation
that is focused on the relative energies and intensities of
different types of electronic transitions, but not so much on
absolute values.
Table 4 lists selected TD-DFT calculated singlet excited

states (oscillator strength, f(osc) > 0.006) for [Mn(PaPy3)-
(NO)]+. The absorption spectrum of complex 1 together with a
Gaussian deconvolution of the experimental spectrum (bands
A−J) is shown in Figure 7 (cf. Table 5), in comparison to the
TD-DFT results. The main features in the calculated spectrum,
labeled bands 1−6, are assigned as listed in Table 4. On the
basis of the overall excellent agreement between the experiment
and the calculations below 25000 cm−1, the visible absorption
spectrum of 1 can be assigned (cf. Table 5). The experimental
bands A−C at 15641, 18626, and 20569 cm−1, respectively, are
associated with calculated bands 1 and 2 and are assigned to dxy

to pyridine (π*) metal-to-ligand (ML) CT transitions, dxy →
L(Py_π*), of the PaPy3

− ligand. The intense bands D, E, and F
at higher energy between 22000−26000 cm−1 correspond to
the calculated features 3 and 4, which have again t2g →
L(Py_π*) character, but also show symmetry-allowed
dπ_π*(NO) → π*(NO)_dπ MLCT contributions (corre-
sponding to the transitions between MOs ⟨109⟩ → ⟨115⟩; cf.
Figure 6). Here, MO <109> corresponds to the antibonding
combination between the dyz_π y* orbital and the amide π-
donor orbital of the PaPy3

− ligand. Above 25000 cm−1, the
deviation between the experimental and the calculated UV−vis
spectrum becomes quite pronounced. The intense, calculated
feature 5, which is mostly of metal(d)→ L(Py_π*) MLCT and
inner ligand (PaPy3

−) character (cf. Table 4), has no equivalent
feature at similar energy in the experimental data, and likely
contributes to the intense features G and H. Finally, a main
contribution to the symmetry-allowed dπ_π* → π*_dπ CT
transition (corresponding to the transition between MOs ⟨106⟩
→ ⟨115⟩; cf. Figure 6) is calculated at about 31000 cm−1 (∼325
nm), which is in fact quite similar to the analogous Ru(III)
complex with NO (see Supporting Information, Figure S2), in
addition to other Ru(III)-nitrosyls including (NEt4)2[Ru-
(hybeb)(NO)].53 In the case of 2, stronger low-energy
absorptions at 674 and 540 nm are observed, which are
assigned to analogous dxy→ L(Py/Q_π*) transitions. Here, the
presence of the Q group in the coligand that has a more
extended π system than Py leads to the increase in ε in 2.
Previously, it has been proposed that the photolability of

ruthenium(III) complexes with NO arises from symmetry-
allowed dπ_π* → π*_dπ CT transitions between the

Table 4. Selected Electronic Transitions in [Mn(PaPy3)(NO)]
+ (1) Calculated with TD-DFT (BP86/TZVP), and Analysis of

Underlying One-Electron Transitions

band TD-DFT states energy [cm−1] energy [nm] f(osc) major contributiona percent contribution

1 S4 14663 682 0.002 dxy to L(Py_π*) 49%
1 S6 15368 651 0.006 dxy to L(Py_π*) 42%

2 S13 18716 534 0.006 dyz/dxy_π y* to L(Py_π*)
45%

L(amide_py) to L(Py_π*)
2 S15 18881 530 0.006 dxy to L(Py_π*) 31%

3 S31 21945 456 0.031 dxy to L(Py_π*) 30%

4 S38 23315 429 0.012 dxy to L(Py_π*) 23%
4 S42 24059 416 0.017 dyz/dxy_π y* to L(Py_π*) 36%
4 S46 24731 404 0.047 dyz/dxy_π y* to π y*_dyz 18%
4 S47 25076 399 0.007 dyz/dxy_π y* to π y*_dyz 41%

5 S63 27269 367 0.042 L(Py_π) to L(Py_π*)
37%

dyz/dxy_π y* to L(Py_π*)
5 S67 28165 355 0.026 L(amide_py) to L(Py_ π*)

24%
dyz/dxy_π y* to dz2

dyz_π y* to L(Py_π*) 11%
5 S68 28210 355 0.086 dyz_π y* to L(Py_π*) 32%

6 S80 30759 325 0.016 dyz_π y* to L(Py_π*)
25%

dyz_π y* to π y*_dyz/dxy
6 S86 31514 317 0.019 L(amide_pz) to dz 2 17%

dyz_π y* to π y*_dyz 16%
6 S87 31804 314 0.010 dyz_π y* to L(Py_π*) 42%

aPy_π* = pyridine π* orbitals; amide_pn = amide nitrogen py or pz orbitals
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corresponding metal−NO bonding and antibonding MOs (red
arrows in Figure 5).54 Our results now show that the
corresponding excited states for 1 and 2 are in fact located in
the UV region, similar to [Ru(PaPy3)(NO)]

2+, and therefore,
the Mn-nitrosyls should be similar to the analogous Ru
complexes and show photolabilization mostly in the UV range.
The fact that some photolabilization of NO in complexes 1 and
2 is observed upon excitation in the 400−450 nm region can
then be explained with the admixture of some dπ_π* → π*_dπ
CT character into the metal(d) → L(Py_π*) CT transitions
that dominate this spectral region. This is different from
[Ru(PaPy3)(NO)]

2+, where no such admixture of dπ →
π*(NO) CT character into the metal(d) → L(Py_π*) CT
transitions is observed in the visible region. However, these
results can still not explain why the NO ligand in complexes 1
and 2 can be photolabilized with excitation wavelengths as low
as 600 nm (1) and even 800 nm (2), where only dxy → L(Py/
Q_π*) transitions are observed. The photolabilization of NO at
these low excitation energies must therefore be caused by other
mechanisms than direct excitation of the dπ_π* → π*_dπ
transitions. This aspect is further evaluated in the Discussion.

D. DISCUSSION

In this paper, the spectroscopic properties and electronic
structures of two analogous Mn(II) complexes with NO,
[Mn(PaPy3)(NO)]

+ (1) and [Mn(PaPy2Q)(NO)]
+ (2), are

analyzed, and based on the results, the nature of the Mn−NO
bond in these complexes is characterized in detail. In addition,
reasons for the photolability of the NO ligand upon vis−NIR
excitation of these complexes are explored. Both 1 and 2 show
similar geometric structures with short Mn−NO bond
distances of 1.66−1.68 Å and close to linear Mn−N−O units.
Vibrational spectroscopy further confirms the similarity in the
properties of the Mn−NO units in these complexes, showing
the diagnostic N−O stretch at 1733 and 1725 cm−1 (from IR)
in 1 and 2, respectively. Using Raman spectroscopy, we were
able to identify the Mn−NO stretch in 1 at 637 cm−1, which
shifts to 623 cm−1 upon 15N18O labeling. These vibrational data
provide key insight into the properties of the Mn−NO bond in

these complexes. The observed ν(N−O) values fall within the
range of other diamagnetic manganese-nitrosyls (1700−1775
cm−1; see Introduction),24,25,55,56 but they are quite different
from the N−O stretch in the paramagnetic [Mn(NO)(TC-
5,5)] complex (1662 cm−1).18 This indicates that 1 and 2 have
similar electronic structures as the other diamagnetic Mn(II)-
nitrosyls, for example [Mn(TPP)(NO)], which have previously
been described as Mn(I)−NO+. In addition, the Mn−NO
frequency of 637 cm−1 is one of the highest transition-metal
NO stretching frequencies reported to this date, which even
supersedes ν(Fe−NO) in ferric heme-nitrosyls (580−590
cm−1)22,49 and ν(Ru−NO) in ruthenium(III) complexes with
NO (∼600 cm−1).37 This shows that the Mn−NO bond is very
strong in the ground state of complexes 1 (and 2), and hence
the Mn−NO bond is likely very stable thermodynamically in
these complexes (although there can be exceptions to this
extrapolation because of low-lying excited states, see ref 49).
DFT calculations are able to reproduce these geometric and
spectroscopic properties well in the diamagnetic (S = 0) state of
the complexes, whereas in the alternative triplet ground state, a
distinct weakening of the Mn−NO bond is observed. This
result along with the NMR data of the complexes clearly show
that 1 and 2 indeed have diamagnetic (S = 0) ground states.
The electronic structure of the complexes is best described as
Mn(I)−NO+, where Mn(I) is in the diamagnetic [t2g]

6 low-spin
state, and the NO+ ligand forms two very strong π backbonds
with the dxz and dyz orbitals of the metal (where the Mn−N(O)
bond corresponds to the z axis). This explains the strong Mn−
NO bonds observed in these complexes as reflected by their
high Mn−NO stretching frequencies.
Importantly, the Mn(II) complexes with NO in their

Mn(I)−NO+ type ground states are isoelectronic to ferric
heme-nitrosyls and Ru(III) complexes with NO, which can be
best described as having the analogous Fe(II)/Ru(II)−NO+

ground state electronic structures.3,23,37,49,57−61Note that all
these compounds fall within the {M−NO}6 category according
to the Enemark−Feltham notation.23 These iron- and
ruthenium-nitrosyl complexes exhibit similar, short Fe/Ru−
NO bond distances (∼1.65 Å in the iron case),3,62 linear Fe/
Ru−N−O units as observed for 1 and 2, and Fe/Ru−NO and
N−O stretching frequencies in the 580−600 and ∼1900 cm−1

range, respectively.16,22,49,52,63 In the case of [Fe(PaPy3)-
(NO)]2+ and [Ru(PaPy3)(NO)]2+, the N−O stretch is
observed at 1919 and 1899 cm−1, respectively.17,18 Therefore,

Figure 7. Experimental absorption spectrum of [Mn(PaPy3)(NO)]
+

taken in MeCN solution at room temperature (black line, right vertical
axis), including a Gaussian fit of the experimental data (blue lines).
The resulting features A−J are listed in Table 5. The TD-DFT
calculated spectrum (red line, left vertical axis) has six main features,
labeled 1−6, as defined in Table 4. The calculated spectrum is cut off
at about 32000 cm−1 since only 90 excited states were calculated.

Table 5. Fit of the UV−vis Absorption Spectrum of
[Mn(PaPy3)(NO)]

+ (1)

band
position [cm−1]

(nm)
ε-coeff

[M−1 cm−1] assignment

A 15641 (639) 323
dxy to L(Py_π*)B 18626 (537) 190

C 20569 (486) 170
D 22142 (452) 2099 dxy to L(Py_π*)
E 23632 (423) 2370 t2g to L(Py_π*)

dyz/dxy_π y* to π y*_dyz
F 26014 (384) 2393 t2g to L(Py_π*)

dyz/dxy_π y* to π y*_dyz
G 30184 (331) 2566 t2g to L(Py_π*)
H 33118 (302) 2488 L(Py_π) to L(Py_π*)

dyz_π y* to π y*_dyz
I 35838 (279) 4190
J 39289 (255) 17891
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relative to these analogous nitrosyls, complexes 1 and 2 exhibit
higher metal−NO and lower N−O stretching frequencies as
reported in this paper. This indirect correlation indicates a
stronger π backbond in complexes 1 and 2 compared to the
isoelectronic iron- and ruthenium-nitrosyls. This is further
confirmed by our DFT calculations, which show a distinct
increase in the orbital mixing between the dxz/dyz (dπ) orbitals
of the metal and the π* orbitals of NO. For example, the
corresponding antibonding combination, dxz_π*x, in complex 1
has 54% π* and 37% Mn character, compared to ∼70% π* and
∼25% metal contributions in the Fe/Ru-nitrosyls.37,49 There-
fore, the softer Mn(I) center forms the stronger π backbond
with the π* orbitals of NO+ compared to the harder Fe(II) and
Ru(II) centers, which explains the higher metal−NO and lower
N−O stretching frequency in the manganese case; complexes 1
and 2 in fact have one of the strongest metal−NO+ π
backbonds reported so far.
The Mn(I)−NO+ electronic structure description implies

that one-electron oxidation of complexes 1 and 2 should be
metal centered, resulting in a Mn(II)−NO+ species, since
oxidation of the NO+ ligand seems unlikely. In fact, complex 1
can be oxidized chemically (and electrochemically), and the
resulting compound, 1ox, exhibits an N−O stretching frequency
of 1875 cm−1, which is much higher than that of 1 (1733 cm−1;
see above). Interestingly, this number is very close to ν(N−O)
in the Fe/Ru(II)−NO+ type complexes as discussed above.
Hence, π-backbonding from the harder Mn(II) center in 1ox is
reduced compared to 1 and is likely similar to Fe/Ru(II), and
this accounts for the higher ν(N−O) value of 1ox.
The photolabilization of NO in simple Ru(III) complexes

with NO, which is generally observed upon UV excitation of
the complexes,53,63−65 has been ascribed to the population of
excited states with NO(π*) character,16 and analogous
observations are made here. The symmetry-allowed metal-to-
ligand CT transitions within the Mn−N−O π system, dxz_π*x
→ π*x_dxz (MOs ⟨107⟩ → ⟨113⟩) and dyz_π*y → π*y_dyz
(MOs ⟨106⟩ → ⟨115⟩), generally labeled dπ_π* → π*_dπ in
the following (see red arrows in Figure 5), are located in the
UV region around 300 nm in both the Mn-nitrosyls 1 and 2,
and corresponding Ru-nitrosyl complexes (cf. Supporting
Information, Figure S2). Excitation into these MLCT
transitions effectively leads to the transfer of one electron
from the metal back to the formally NO+ ligand. This charge
separation leads to excited states with effective Mn(II)−
NO(radical) and Ru(III)−NO(radical) character, respectively.
Because of the occupation of the metal−NO antibonding
π*_dπ orbitals (cf. Figure 6), the metal−NO bond is greatly
weakened in these excited states (cf. also refs 16,66). Hence,
the dπ_π* → π*_dπ MLCT excited states are ideally suited to
promote photodissociation of NO in these complexes. This
could further be promoted if the complexes could undergo an
intersystem crossing into the corresponding dπ_π* → π*_dπ
excited triplet states, which, because of their extended life times,
are expected to be much more efficient in the photodissociation
of NO.63

An additional difference between the Mn- and Ru-nitrosyls
with the PaPy3

− and similar coligands is the fact that the
ruthenium complexes generally show photolability upon UV
excitation, whereas in 1 and 2, NO can also be photodissociated
upon excitation around 400−500 nm. The TD-DFT calcu-
lations presented in this paper are able to straightforwardly
explain this difference. Whereas in the Ru(III) complexes with
NO, the dπ_π* → π*_dπ MLCT transitions are generally only

observed in the UV region as discussed above, the analogous
Mn complexes 1 and 2 exhibit lower-energy electronic
transitions around 400 nm that are of Mn(t2g) → L(Py_π*)
character and that contain significant dπ_π* → π*_dπ (MOs
⟨109⟩ → ⟨115⟩) MLCT contributions. No such transitions are
observed in the analogous ruthenium complexes with the
PaPy3

− and other similar coligands.16 The presence of dπ_π*→
π*_dπ excited states in the 400−500 nm spectral region of 1
(and 2) is further substantiated by the observed strong
resonance Raman enhancement of the Mn−NO stretch upon
laser excitation in this energy region (cf. Figure 2). In fact, the
strong resonance enhancement of this mode points toward an
excited state that has a substantial displacement along the Mn−
NO bond, in accordance with the proposed electron excitation
into a Mn−NO antibonding orbital.
Direct excitation into the symmetry-allowed dπ_π*→ π*_dπ

MLCT transitions therefore explains the photolability of NO
upon irradiation of complexes 1 and 2 in the 450 nm and the
UV region (direct mechanism). In the case of Ru-nitrosyls, this
mechanism is often limited to the UV region, which explains
this apparent difference in the photochemistry of the analogous
Mn(II) and Ru(III) complexes with NO. We believe that this
difference relates to the fact that ruthenium (a) is a second row
transition metal, and (b) carries a larger positive charge, which
significantly increases the ligand field splitting in the ruthenium
complexes, and hence, shifts all MLCT transitions to higher
energy. However, photolabilization of NO via this direct
mechanism is still not able to explain why complexes 1 and 2
can be photolyzed upon excitation in the vis−NIR region,
where no dπ_π* → π*_dπ MLCT transitions occur according
to the TD-DFT results.
Our spectroscopic results show that the Mn−N−O units in 1

and 2 have very similar properties, and correspondingly, should
show quite similar energies for the dπ_π* → π*_dπ MLCT
excited states. In contrast to this finding, NO photorelease in
the vis−NIR region differs significantly between these two
complexes: addition of the quinoline group to the ligand frame
induces not only an increase in extinction coefficient of the low-
energy dxy → L(Py/Q_π*) bands and a small shift of these
transitions to lower energy, but at the same time, greatly
increases the quantum yield for NO release. This strong
correlation between coligand properties and NO releasing
properties of the complexes combined with the absence of
dπ_π* → π*_dπ MLCT transitions in the vis−NIR region
provides direct evidence that the photochemical mechanism of
NO dissociation must be different in the vis−NIR region, and
cannot correspond to the direct mechanism described above.
We therefore propose that NO photorelease in the vis−NIR
region is due to an indirect mechanism, where photoexcitation of
the complexes first leads to occupation of a dxy→ L(Py/Q_π*)
excited state, which then interconverts into a Mn(d) →
NO(π*) excited state. The latter state has to correspond to a
symmetry-forbidden (overlap-forbidden) MLCT, so no direct
excitation into this Mn(d) → NO(π*) excited state is possible.
There are two potential candidates for such symmetry-
forbidden MLCTs: these could either be of symmetry-
forbidden dπ_π* → π*_dπ character, which correspond to
the dxz_π*x→ π*y_dyz and dyz_π*y→ π*x_dxz transitions, or of
dxy → π*_dπ (n → π*) type. A closer inspection of the TD-
DFT results for 1 shows that a multitude of excited states with
distinct dxy → π*_dπ MLCT character are in fact predicted in
the vis−NIR region as shown in Table 6, which all have close to
zero extinction coefficients because of the symmetry-forbidden
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nature of these transitions. In particular, the lowest-energy excited
singlet state is predicted to have signif icant dxy→ π*_dπ character.
Furthermore, intersystem crossing into the corresponding
triplet states would be advantageous for NO photorelease
because of the extended life times of triplet excited states (see
above). We therefore propose the following model for the
indirect mechanism of NO photolabilization of complexes 1
and 2 in the vis−NIR region: initial excitation of the complexes
leads to the occupation of dxy → L(Py/Q_π*) excited states,
which then interconvert into dxy→ π*_dπ excited states. These
latter states are ideally set up to undergo intersystem crossing
into the corresponding dxy → π*_dπ triplet states, because of
strong spin−orbit coupling between analogous dxy → π*_dπ
singlet and triplet excited states as shown in the Supporting
Information. Here, intersystem crossing is promoted by the
strong admixture of dπ character into the unoccupied π*
orbitals of NO+. The dxy → π*_dπ triplet states show a
Mn(II)−NO(radical) type electronic structure where one
electron has been transferred back to the NO+ ligand, and
the Mn−NO bond is weakened (because of occupation of an
Mn−NO antibonding orbital). These excited states are
therefore ideally suited for photorelease of NO (see above).
The TD-DFT calculations further support these ideas and show
that the lowest lying triplet state (T1) in fact has significant dxy
→ π*_dπ CT character as shown in Table 7. We therefore
propose that complexes 1 and 2 release NO from their T1 (dxy
→ π*_dπ) excited states. Figure 8 shows a summary of the
properties of the lowest excited states of 1 that illustrates the
indirect mechanism of NO photorelease. Once the molecule has
entered a dxy → π*_dπ excited triplet state, the Mn−NO
antibonding nature of this state will promote ligand dissociation.
Similar indirect mechanisms have also been demonstrated by
rigorous TD-DFT calculations for the photodissociation of
ligands in [Ru(bpy)2L2]

2+ complexes67 and methylcobalamine.68

Finally, the energies of the dxy → π*_dπ excited triplet states
show a small solvent dependency, and the corresponding
excitation energies shift to lower frequencies in polar solvents
like acetonitrile (see Supporting Information, Table S1).
This indirect mechanism by itself is not a new finding, but

(a) somewhat resembles the established mechanism of action of
organic triples sensitizers, although the actual details of the
underlying process are different. In addition, (b) it has been
known for a long time that many transition-metal complexes
after initial excitation relax into excited states (by internal

conversion and intersystem crossing) that are not directly
accessible via light excitation, but which are active in ligand
dissociation or chemical reactions.69−73 However, up until now
it was unclear if analogous mechanisms could be involved in the
photodissociation of NO from transition-metal nitrosyls.
Importantly, the identification of such an indirect mechanism
in the light activation of manganese-nitrosyls as reported here
opens up the door for a great tunability of the NO photorelease
properties of the complexes with respect to two aspects:

(a) the better the energies of the initial dxy → L(Py/Q_π*)
and the final dxy → π*(NO)_dπ excited triplet states are
matched, the more efficient is the interconversion
between these states, and hence, the higher the quantum
yields for NO photorelease; and

(b) an increase in extinction coefficient in the vis−NIR
region that leads to a larger number of molecules per
second that are excited into the dxy→ L(Py/Q_π*) state
will likely lead to an increase in NO release.

Table 6. Electronic Transitions in [Mn(PaPy3(NO)]
+ (1)

with Significant dxy→ π*_dπ Character, Calculated with TD-
DFT (BP86/TZVP)

TD-DFT
State

energy
[cm−1]

energy
[nm] f(osc)

major
contribution

percent
contribution

S1 13551 738 0 dxy to
π x*_dxz

33%

S5 14802 675 0 dxy to
π x*_dxz

9%

dxy to
π y*_dyz

3%

S7 15657 639 0 dxy to
π y*_dyz

7%

S8 16181 618 0 dxy to
π y*_dyz

23%

S9 16687 599 0 dxy to
π y*_dyz

13%

S10 17849 560 0.0001 dxy to
π x*_dxz

47%

Table 7. First Seven Triple Excited States of
[Mn(PaPy3(NO)]+ (1) with Significant dxy → π*_dπ
Character, Calculated with TD-DFT (BP86/TZVP)

TD-DFT
State

energy
[cm−1]

energy
[nm] f(osc)

major
contribution

percent
contribution

T1 134713 742 0 dxy to
π x*_dxz

66%

T2 13584 736 0 dxy to
π x*_dxz

1%

dxy to
π y*_dyz

3%

T3 14377 696 0 dxy to
π x*_dxz

14%

T4 14739 679 0 dxy to
π x*_dxz

17%

dxy to
π y*_dyz

6%

T5 15484 646 0 dxy to
π y*_dyz

13%

T6 16141 620 0 dxy to
π y*_dyz

48%

T7 16640 601 0 dxy to
π y*_dyz

25%

Figure 8. Selected singlet and triplet excited states of [Mn(PaPy3)-
(NO)]+ (1).
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Both of these properties can be tuned via a variation in the
coligand (here: PaPy3

− and PaPy2Q
−). For example, coligands

with even larger extinction coefficients in the NIR region
should further enhance the NO photorelease properties. The
critical dxy → π*_dπ triplet excited state could be further
lowered in energy by adding coligands with in-plane (xy) π-
donor properties, enabling NO photorelease at even lower
excitation energies. In addition, inner ligand π → π* triplet
excited states could in principle also be utilized to populate the
key dxy → π*_dπ triplet excited state required for photo-
labilization of NO. Hence, the Mn(II) complexes with NO show
the desired and long sought-af ter potential for easy tunability of
their NO photolabilization properties . This has been found
difficult for compounds that operate via the direct mechanism
(like Ru(III) complexes with NO), since the properties of the
metal−NO+ bond are much more difficult to vary to a greater
extend compared to the properties of the coligand. On the
other hand, the indirect mechanism does not seem to be
operative for the Ru(III) complexes with NO, likely because of
the stronger ligand field in this case that shifts the
corresponding dxy → π*_dπ MLCT excited states to higher
energy, and hence, the dxy → L(Py/Q_π*) and dxy → π*_dπ
MLCT excited singlet states are no longer in resonance for
efficient interconversion.74
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