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The elusive dynamics of aqueous permanganate
photochemistry†
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Despite decades of investigation, mechanistic details of aqueous permanganate photo-decomposition
remain unclear. Here we follow photoinduced dynamics of aqueous permanganate with femtosecond
spectroscopy. Photoexcitation of KMnO4(aq) in the visible unleashes a sub-picosecond cascade of nonradiative transitions, leading to a distinct species which relaxes to S0 with a lifetime of 16 ps. Tuning
excitation to the UV shows increasing formation of a metastable intermediate, which outlives our B1 ns
window of detection. Guided by electronic structure calculations and observations from three pulse
excitation experiments, we assign the 16 ps species as the lowest Jahn–Teller component of the 3T1
triplet state and suggest a plausible sequence of radiationless transitions, which rapidly populate it. In
conjunction with photodecomposition quantum yields obtained from the literature, these results
demonstrate that aqueous permanganate photo-decomposition proceeds through a long-lived
intermediate which is formed in parallel to the triplet in less than one ps upon UV absorption. The
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possibility that this is the postulated highly oxidative peroxo species, a fraction of which leads to the
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signal are assigned to ground-state vibrational coherences excited by impulsive Raman. Their

stable (MnO2 + O2) fragments, is discussed. Finally, periodic modulations detected in the pump–probe
wavelength-dependent absolute phases outline the borders between adjacent electronic transitions in
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the linear spectrum of permanganate.

1. Introduction
The strong non-toxic oxidative properties of permanganate (MnO4)
make it very useful in organic synthesis,1–5 in the disinfection of
wounds, and as a decontaminant of foods and water.6,7 It is also one
of the first photo-labile compounds we meet in the undergraduate
chemistry lab8 where deep purple KMnO4(aq) solutions are stored in
darkened bottles. It is surprising then that mechanistic details of
this photo-decomposition process remain largely unknown.
In contrast, spectroscopic investigations of MnO4 abound.
The tetrahedral structure of its ground state has been confirmed by using Raman and infrared spectroscopy.9,10 Starting
with Teltow11,12 and others13–15 detailed vibronic structure was
discovered in permanganate’s visible absorption band centred
at B2.4 eV (band A) which produces its characteristic colouring.

This structure is dominated by a progression assigned to the
Mn–O stretching mode, indicating a change in bond lengths
upon excitation, a conclusion which was seconded by using
resonance Raman probing in this band.16,17 Deeper in the UV,
three additional absorption bands are apparent. The first two
are centred at 3.6 and 4.2 eV and overlap extensively (band B and
C). Above these bands, a UV band lacking in vibronic structure
appears at 5.5 eV (Band D). All four bands exhibit similar
maximal extinction coefficients of a few thousand (cm M)1
and oscillator strengths of 0.01–0.03.18,19 Finally, weak bands
deeper in the red have been assigned to transitions to triplet
and/or symmetry-forbidden singlet states.20,21
A pioneering study of MnO4(aq) photochemistry was conducted by Zimmerman in 195422 showing that:
(a) Excitation throughout the UV-Vis leads to photochemical
dissociation according to eqn (1):

a

Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem, 9190401,
Israel. E-mail: sandy@mail.huji.ac.il
b
Department of Chemistry, University of Southern California, Los Angeles,
CA 90089-0482, USA. E-mail: krylov@usc.edu
c
Department of Chemistry, University of Florida, Gainesville, FL 32611, USA
† Electronic supplementary information (ESI) available: Additional transient
adsorption and anisotropy data; quantum yield of the photoproduct as function
of excitation energy; excitation energies computed with diﬀerent basis sets;
relevant Cartesian coordinates. See DOI: 10.1039/c9cp07028a

This journal is © the Owner Societies 2020

hn

MnO4 ðaqÞ ! MnO2 ðaqÞ þ O2 ðgÞ:

(1)

Furthermore, oxygen was demonstrated to originate unimolecularly as intact neutral dioxygen of unknown spin multiplicity.
(b) The quantum eﬃciency (f) of reaction (1) rises from
B105 to 0.04 as the excitation wavelength goes from 580 to
260 nm (2.14–4.77 eV, respectively). In the visible the efficiency
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Fig. 1 (a) Zimmerman’s photochemical scheme for the photodecomposition of aqueous permanganate. Hot permanganate ions in the ground
state use their excessive vibrational energy for the decomposition process.
(b) Lee’s photochemical scheme of permanganate’s photochemistry.
Upon excitation, a long-lived intermediate is formed. The intermediate
can further decompose or revert back to the ground state.

rises with sample temperature, and its insensitivity to irradiation
intensity identifies the reaction as a single-photon process. On the
basis of these findings, Zimmerman proposed that excited
permanganate decomposes unimolecularly in the ground state
fuelled by excess energy deposited through rapid non-radiative
decay (Fig. 1a).
This picture was later challenged by Lee et al.23 who tested
the eﬀect of reductive scavengers on the outcome of photolysis.
Their findings showed that addition of scavengers reduced O2
yields while increasing the overall decomposition eﬃciency, to
a degree that saturated at high reductant concentrations. These
insights, along with the demonstrated sub-nanosecond lifetimes for the primary MnO4 excited state,24 led Lee to propose
the existence of a long-lived intermediate I which can further
react in three channels (see Fig. 1b): (1) thermally dissociate to the
products in Scheme 1, (2) reform permanganate, or (3) oxidize
additives by a diﬀusion-limited bimolecular reaction. The
measured branching ratios of these outcomes as a function of
reductant concentration led to a predicted lifetime 4100 ns
for I, whose identity was suggested to be a peroxo complex (see
Fig. 1). More recently MnO4 photolysis in frozen salt matrices
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was employed to trap and characterize I.25 IR diﬀerence spectra
indicated the accumulation of an isomerized species when
exciting in the UV, but its identification as I was doubted.
Finally, both nanosecond and picosecond flash photolysis
investigations were attempted on permanganate in solution
and mixed crystals, but the major result was ultrafast ground
state reformation at rates unresolvable with those methods.24,26
In the absence of direct time-domain observations, computational studies have attempted to illuminate permanganate
photodynamics. Electronic structure calculations ranging from
time-dependent density functional theory to multi-reference
approaches27–32 prove to be challenging due to permanganate’s
many low-lying excited states, the treatment of which requires
sophisticated electronic wavefunctions and some treatment of
vibronic interactions. The latter were demonstrated in simulations
of the vibronic structure in band A where inclusion of Jahn–Teller
distortions in the excited states was necessary for obtaining
agreement with experiment.33,34 Finally, Nakai et al.27,35 have
attempted to sketch the photochemical reaction coordinate based
on cuts of calculated potential energy surfaces. They posit photoproduct formation directly from the state reached in band C. After
relaxing to a peroxo structure, the photoproduct is stabilized by a
substantial energy barrier on the way back to the tetrahedral
reactant. In summary, decades of research into permanganate’s
electronic structure, spectroscopy and photochemistry have not
converged on a coherent and experimentally verified dynamic
scheme.
Filling this gap is important for several reasons. The photochemistry of transition metal-containing compounds is of
practical importance in the context of photocatalysis and solar
energy conversion.36 The flexible coordination of transition metal
centres conferred by accessible d-orbitals results in unique excitedstate dynamics.37 But for much the same reasons, electronic
transitions associated with these centres are often broad and
structureless, permanganate being a noteworthy exception. Its
vibronically detailed absorption bands provide a handle on
photoinduced structural changes, in our case using impulsive
vibrational spectroscopy. These will likely reveal dynamic eﬀects
applicable to other metal centred molecules as well. Another
motivation hinges on evidence from Lee et al. that I, the
metastable ground-state photoproduct, is an even more potent
oxidizing agent than permanganate itself. Understanding how
this extreme reactivity is achieved via ground-state isomerization is
chemically intriguing and may prove instructive in design of new
oxidizing compounds.
These considerations, along with the multiple theoretical
hypotheses concerning the mechanism of permanganate photoreactivity, call for direct experimental observation. For this
purpose, we employ femtosecond transient absorption spectroscopy to record the photoinduced dynamics in aqueous permanganate solutions. Photoexcitation in band A is shown to
lead back with nearly 100% eﬃciency to the ground state in two
consecutive stages of non-radiative relaxation. Secondary excitation
of the latter excited species suggests that it represents permanganate’s lowest triplet electronic state with a lifetime of 16 ps.
Finally, excitation in band C results with detectable eﬃciency to a
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long-lived intermediate, which persists beyond the temporal range
investigated (B1 ns). To gain insight into the nature of these
photochemical transformations, we carried out electronic structure
calculations. Our main goal was to identify a viable candidate for the
observed triplet intermediate and to flesh out mechanistic details of
the initial steps of photoinduced dynamics. Using high-level
ab initio methods, we computed optimized structures of the ground
and lowest excited states, vertical and adiabatic excitation energies,
and relevant inter-state properties, such as spin–orbit couplings and
transition dipole moments. Here we employ methods based on
coupled-cluster (CC) and equation-of-motion coupled- cluster
(EOM-CC) theory,38–42 which include a large amount of electron
correlation and are capable of treating multiple interacting
electronic states in a balanced way. The calculated energy of
the lowest triplet excited state agrees well with experimental
observations. The computed energies and couplings between
relevant states provide a plausible sequence of non-radiative
transitions populating the 16 ps species on ultrafast timescales.

2. Experimental
2.1.

Sample preparation

A 6 mM aqueous permanganate solution was prepared by dissolving
solid potassium permanganate (KMnO4) in triply distilled water
(TDW), as reported elsewhere.43 Neutral pH was verified, and the
stock solution was demonstrated to be stable throughout the
experiment time window, when stored in darkened bottles.
2.2.

Ultrafast spectroscopy

Femtosecond pump–probe experiments were performed with
home-built amplified Ti:sapphire laser systems producing 1 mJ
30 fs pulses centered at 800 nm at a repetition rate of 1 kHz.
2.2.1. Vis pump–vis probe measurements. Broadband pump
pulses (500–700 nm) were generated in a one-stage noncolinear
optical parametric amplifier (NOPA) (Fig. 2a). The pump pulses
were compressed to a duration below 10 fs in a chirped mirror
compressor (Laser Quantum DCM12) and characterized by crosscorrelation Kerr-gate FROG. Supercontinuum probe pulses were
generated by focusing the 1300 nm signal output of an optical
parametric amplifier (TOPAS 800, light conversion) on a 2 mm CaF2
plate. A broadband l/2 waveplate was used to control the relative
polarization of pump and probe pulses. The signal anisotropy r(l,T)
was calculated from parallel and perpendicular relative polarization
experiments via eqn (2):
rðl; TÞ ¼

DODVV ðl; TÞ  DODVH ðl; TÞ
DODVV ðl; TÞ þ 2DODVH ðl; TÞ

(2)

2.2.2. UV pump–vis probe measurements. 310 nm pump
pulses (FWHM = 10 nm) were generated by quadrupling the signal
output of the TOPAS prime OPA (Light conversion) in two BBO
crystals (Fig. 2b). A quartz prism pair compressed the fourth
harmonic pulses down to B40 fs. Supercontinuum probe pulses
in the range of 350–750 nm were generated by focusing a small
portion of the 800 nm fundamental on a 2 mm CaF2 plate.
2.2.3. Pump-repump-probe measurements. B8 mJ pump
pulses centered at B520 nm were generated by sum-frequency
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Fig. 2 (a) Permanganate’s visible absorption spectrum, along with the
visible broadband NOPA pump centred at 550 nm and the 680 nm NOPA
used in the band shoulder excitation. (b) Permanganate’s UV absorption
spectrum, along with the 310 nm UV pump pulse.

generation (SFG) of the 800 nm fundamental and 1500 nm
signal of another 800 nm pumped parametric amplifier (TOPAS
800, Light conversion). The same 500–700 nm NOPA served
here as a repump (Fig. 2a). Supercontinuum probe pulses in the
range of 350–750 nm were generated as above. In all experiments, the pulses were focused on a flowing sample with a path
length of B200 mm, generated by a homemade SS 316 jet. The
transient absorption spectra were detected in a SpectraPros
2150i imaging spectrograph (Acton Research Corporation)
equipped with a CCD camera (Entwicklungsbüro Stresing).
2.3.

Computational details

Electronic structure calculations of the permanganate anion
were carried out using CCSD,44 CCSDT,45 and EOM-CCSD.46,47
Density functional theory with a range-separated and dispersioncorrected functional, oB97X-D,48,49 was used for ground-state geometry optimization. Excited states and minimum-energy crossing
points (MECP) between the relevant states50 were optimized using
EOM-EE-CCSD.51 Interstate properties such as transition dipole
moments46 and spin–orbit couplings52 were computed using the
EOM-EE-CCSD wavefunctions. To refine energetics, we carried out
additional single point calculations using CCSDT45 and EOM-SFCCSD.47 In the main text, we report the results obtained with the
aug-cc-pVTZ basis set for oxygen53 and the cc-pV(T+d)Z basis set for
manganese;54 in the SI we also show the results obtained with
the 6-31+G* basis.55–57 All basis sets were taken from the Basis
Set Exchange database.58,59 Core orbitals (13, corresponding to
1s, 2s, 2p, 3s, 3p orbitals of Mn and 1s orbitals of O) were frozen
in all correlated calculations. Coupled-cluster calculations of the
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triplet states were carried out using restricted open-shell Hartree–
Fock (ROHF) orbitals and orbitals optimized for the MP2 ansatz
(orbital-optimized MP260,61) to mitigate the effects of spin contamination, which is particularly large at the distorted geometry
of the triplet state for which the UHF (unrestricted Hartree–Fock)
determinant has hS2i = 3.25 (the determinant built from the
RI-OO-MP2 orbitals has a value of 2.01). For transient absorption
calculations, we simulated absorption spectra of the distorted
triplet state. In these calculations, we used RI-OO-MP2 orbitals.
Zero-point energy corrections and solvent effects were not
included—all reported energies are electronic energies of the
isolated species.
All quantum chemical calculations were performed with the
Q-Chem62,63 and CFOUR64 packages. Natural transition orbitals
were computed with the libwfa library.65,66 Relevant Cartesian
geometries are given in the ESI.†

3. Results
3.1.

Vis pump–vis probe

Time-corrected transient absorption spectra following NOPA
excitation of the sample are presented in Fig. 3a. Enhanced
transmission in the range of 470–580 nm appears promptly after
a coherent artefact (CA) defining time zero. This negative signal
matches band A in intensity and vibronic structure (Fig. 2a) and
is assigned to bleaching of the ground state (GSB) which fully
recovers within B70 ps. This bleaching signal is accompanied
by evidence for excited-state absorption which covers the full
probing range. As seen in Fig. 3a, while the positive absorption
signature at wavelengths above 650 nm (1.91 eV) decays within
B1 ps, the induced absorption surrounding the GSB at shorter
wavelengths decays much slower. Time and spectral cuts at
selected probing wavelengths and delays from the TA data are
shown in Fig. 3b and c respectively. The positive absorption
surrounding the GSB spectrally evolves on a timescale similar
to the decay of the positive absorption above 650 nm and

Fig. 4 Species associated spectra, obtained by a target analysis of a
2-stage consecutive model. The top figure presents the spectrum of T.
The lower figure presents the spectrum of ES.

disappears concertedly with GSB recovery. This spectral chronology
was fit by a first order kinetic scheme including two consecutive
intermediates: A primary excited state (ES) which rapidly transforms
into a longer lived species (T) which then reverts to the ground state
(GS) with no observed product formation.22,23
Global kinetic analysis based on this scheme reliably reproduces
the TA data, assigning lifetimes of t1 = 0.7 ps and t2 = 16 ps to the
two consecutive stages of relaxation. The temporal resolution of the
pump and probe pulses was treated by convoluting the kinetic
model with a 35 fs FWHM Gaussian IRF (instrument response
function). The species associated spectra (SAS) of ES and T, are
presented in Fig. 4. These spectra were obtained by subtracting a
scaled absorption spectrum of ground state permanganate from the

Fig. 3 (a) Transient absorption data of aqueous permanganate pumped at 545 nm. In addition to the GSB, three positive absorption signatures, can be
identified in the TA spectrum: 400–470 nm, 600–650 nm, 650–850 nm. (b) Time profile cuts at selected wavelengths representing the decay of the
absorption signatures. A pronounced vibrational activity is observed (c) Spectral cuts at various time delays reveal 2 isosbestic points at probe
wavelengths of 490 nm and 580 nm for probing delays longer that 3 ps.
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species associated diﬀerence spectra (SADS) obtained in the fitting
process. ES is characterized by a double humped spectrum with
peaks at 700 and 400 nm (1.77 and 3.10 eV, respectively), while the
intermediate (T) strongly overlaps the ground state band with a peak
at 500 nm (2.48 eV) but extends further both to the blue and the red.
As ES and T absorption bands are broad and featureless, the second
derivative of the TA data with respect to the probe wavelength was
used to quantify the amplitude of the vibronically structured GSB. In
accordance with the proposed kinetic scheme, the GSB-dominated
second derivative of TA data is unchanged throughout the short
lifetime of ES proving that the first excited intermediate transforms
to T in the first phase of evolution without parallel GS recovery. The
target analysis outcome is validated by two isosbestic points in
the TA data (Fig. 3c) which match the intersection between the
ground state and intermediate (SAS) absorption at l = 490 nm
(2.53 eV) and l = 580 nm (2.14 eV).
Promotion of an electron from the HOMO (t1 orbital) to the
LUMO (e orbital) generates four electronic configurations giving
rise to the lowest excited states: 1,3T1 and 1,3T2. Of these only 1T2 is
optically allowed and must be the term for ES. It has been shown
that 1T1 is lower in energy than 1T2.34,67 Accordingly, the rapid
decay to the intermediate T could be due to internal conversion
from 1T2 to 1T1; previous experiments16,68 and calculations69 have
assigned the low intensity shoulder of permanganate’s absorption
spectrum extending from 600 to 700 nm (2.07 to 1.77 eV) to
excitation to the latter (Fig. 2a, red graph). To test this conjecture,
pump–probe experiments were conducted with pump pulses
tuned exclusively to this feature. Contrary to expectations based
on this assignment, excitation in the shoulder leads to TA data
identical to that observed when pumping at 545 nm (2.28 eV), again
consistent with two stages of radiationless decay (see S.1, ESI†).
Finally, the anisotropy r(l,T) of the GSB at all delay times is
zero within the noise levels of our data (see S.2, ESI†) as
expected for species with a tetrahedral geometry.
3.2.

UV pump–vis probe

In his work on the photodecomposition of aqueous permanganate,
Zimmerman showed that f monotonically increases when reducing
the excitation wavelength from the visible towards the UV and

Paper
equals 0.48  0.02% at 310 nm. Pumping band C leads to transient
absorption spectra very similar to those obtained by excitation
of band A, including the short-lived ES, decay to T and then
exponential GS reconstitution with a lifetime of 16 ps. The main
diﬀerences between them is: (a) an initial 0.5 ps build-up of ES
is apparent when exciting in the UV, indicative of its formation
from a short-lived higher excited state (as seen from the 715 nm
time cut presented in Fig. 5a), and (b) the enhanced eﬃciency
for long-term reactant bleaching. After the 16 ps GS recovery,
1.5 mOD GSB remains, which translates to a quantum yield of
2.6  0.3% for the formation of an undefined metastable
intermediate (I) (Fig. 5b). We will henceforth define this
eﬃciency as c, to distinguish it from that for decomposition
designated as f. Furthermore, a non-zero isosbestic point at a
probe wavelength of 360 nm (3.44 eV, Fig. 5b), implies that
this undefined product must be formed in the first B100 fs
following absorption, before the formation of T. The significance of this will be discussed in detail below. Assuming a
single long-lived species is formed, its spectrum is isolated by
subtracting the GSB contribution from TA data at a delay of
400 ps, as shown in Fig. 5c.
3.3.

Pump–repump–probe experiments

As stated above, excitation in permanganate’s visible absorption
band leads to full ground-state reformation through two radiationless relaxation stages. The second excited state is suﬃciently
long-lived to allow a time resolved probing of its nature by
secondary femtosecond photolysis. To do so we need to generate
an abundant nascent population of T, and subject it to photoexcitation by a delayed second pump (repump) pulse followed
by a variably delayed white-light probe. This approach is applied
to estimate the potential energy of the T state relative to GS, its
nature in terms of spin multiplicity, and possibly its vibrational
spectrum as revealed by impulsive vibrational activity. As seen
in the previous section, T is fully formed within 4 ps (Fig. 3b)
and its maximal peak absorption cross-section is nearly half that
of the ground state (Fig. 4). Therefore, the repump was introduced
4 ps after an intense pump pulse which excited over 70% of the
ground state (Fig. 6a) to T.

Fig. 5 (a) Time profile cuts at selected wavelengths representing the decay of the absorption signatures upon UV pump excitation. A B1 ps build-up
of the ‘‘ES’’ band is observed at probe wavelength of 715 nm. (b) Spectral cuts at various time delays reveal an extra non-zero isosbestic point at 360 nm.
(c) The absorption spectrum of a formed long-lived species obtained by subtraction of the GSB contribution from the TA data at a delay of 400 ps.
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Fig. 6 (a) Pump–repump–probe scheme for intermediate characterization.
The WL supercontinuum follows the repump excitation which hits the sample
4 ps after pump excitation. (b) Spectral cuts of the TA data at selected delay
times. At early times, regeneration of I is observed with the decay of a shortlived excited state. At long delay times, partial ground state recovery is
observed with the decay of I.

TA spectra which contain the evolution of the photoexcited
T state are obtained by subtracting the contribution of the
remaining 30% of GS permanganate. Cuts at several delay times
relative to the repumping pulse are presented in Fig. 6b.
A positive diﬀerence absorption signature in the range of
400–450 nm and 600–700 nm decays within B1 ps. With its decay,
regeneration of T is observed along with the reappearance of
permanganate’s GSB signature. Secondary pump excitation in the
T band leads to a delay in permanganate’s ground state recovery
and therefore, the reappearance of the GSB signature is expected at
intermediate delay times. With its regeneration, T decays back to
the ground state within a lifetime of 16 ps, exactly as in the
2-pulse (pump–probe) experiments. In contrast to the pump–
probe experiments, a 0.1 mOD GS bleach remains in the 3-pulse
data after hundreds of ps, indicating the formation of long-lived
metastable intermediates after visible excitation of T. Given that
70% of the GS population was depleted by pump excitation, the
resulting estimate for c after this double excitation scheme is
0.7  0.1%.
3.4.

Wave-packet signatures in the pump–probe data

TA spectra of aqueous permanganate presented in Fig. 4a and b
exhibit periodic oscillations in time due to coherent wavepacket
modulations. A two-dimensional Fast Fourier Transform (FFT)
analysis of modulation residuals in the visible pump–probe

10048 | Phys. Chem. Chem. Phys., 2020, 22, 10043--10055

PCCP

Fig. 7 (a) A two-dimensional colour map of the Fourier analysis of
modulation residuals throughout the probed range in the vis-pump visprobe TA data. (b) A phase analysis of the 840 cm1 frequency, along with
permanganate’s ground state absorption.

data, yields a power FFT map, presented in Fig. 7a. A single
frequency component at 840 cm1 is observed throughout the
probe range and extends beyond the limits of permanganate’s
visible absorption. This oscillatory component was subjected to
analysis of absolute phase relative to time zero of the impulsive
photoexcitation. This relative phase shift was calculated from the
FFT amplitudes directly as a function of the probe wavelength and
is presented in Fig. 7b. The phase analysis reveals a p. -shift
between the blue (480–550 nm or 2.58–2.25 eV) and red (550–
590 nm or 2.25–2.10 eV) edges of permanganate’s visible absorption and also between the blue edge of the visible band and the red
edge of the 360 nm (3.44 eV) absorption signature (B400–550 nm
or 3.10–2.25 eV). Furthermore, a gradually increasing phase is
observed within the 650–700 nm (1.91–1.77 eV) probe range. An
exponential decay analysis yielded a dephasing lifetime of t = 2.6 
0.2 ps. for the 840 cm1 modulation.
3.5.

Theoretical results

Fig. 8 shows vertical excitation energies at the ground-state
geometry computed with EOM-EE-CCSD/aug-cc-pVTZ/cc-pV(T+d)Z.
All states in the lowest-energy manifold are triply degenerate due to
tetrahedral symmetry. Excitation energies of the first two states in
the singlet manifold are close to the previously reported RASSCF,
RASPT2,32 and CR-EOM-CCSD70 results. We note that transition to
the lowest triply degenerate singlet state T1 is dipole-forbidden
and the initially excited state is likely to be a symmetry-allowed
singlet T2. The natural transition orbitals depicted in Fig. 8 reveal
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Fig. 8 Excited-state energies at the ground-state geometry, EOM-EECCSD/aug-cc-pVTZ/cc-pV(T+d)Z. Triplet states are marked by red and
singlet states are marked by black. Shown are natural transition orbitals for
the lowest T1 and T2 singlets.

partial ligand-to-metal charge-transfer character of these excited
states. We note that there are known discrepancies in the
theoretical literature about the position of the third and fourth
singlets. Our estimate of the third singlet (31T2) is close to the
experimental value.71
All states shown in Fig. 8 are subject to Jahn–Teller distortions.
We optimized each of the components of the lowest triplet and the
lowest singlet and identified the lowest-energy structure in each
manifold. The calculations reveal that the lowest triplet state
distorts significantly, dropping by B0.7 eV and converging to a
structure of C2v symmetry. Fig. 9 shows the structure of groundstate permanganate and the relaxed structure of the lowest

Fig. 9 Optimized structures of the ground (oB97X-D), the lowest triplet
(EOM-EE-CCSD) state, and the MECP between the lowest triplet and S0.
Ground-state has Td symmetry. The lowest Jahn–Teller distorted structure
has C2v symmetry.
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Fig. 10 Energy diagram along the Jahn–Teller distortion of the lowest
triplet state showing adiabatic and vertical energy gaps between the lowest
triplet and the lowest singlet states computed at different levels of theory.
The regular font denotes CCSD and EOM-EE-CCSD/aug-cc-pVTZ/ccpV(T+d)Z. The italic font denotes the EOM-SF-CCSD calculation with the
OO-MP2 orbitals and the aug-cc-pVTZ/cc-pV(T+d)Z basis; in this calculation
the adiabatic gap was computed as E(OO-MP2 EOM-SF-CCSD, Ms = 0 at JT
minimum)–E(CCSD, HF orbitals, S0). The CCSDT/6-31+G*/6-31G* value is
shown in bold.

triplet state. The lowest excited singlet state shows very similar
behavior: the optimized structure of the lowest Jahn–Teller
component of the singlet manifold is nearly identical to the
optimized triplet structure.
Fig. 10 shows the energy diagram along the Jahn–Teller
distortion. As one can see, the relaxed structure of the lowest
triplet state drops below the closed-shell singlet state vertically,
i.e., the singlet is above the triplet at the lowest energy structure
of the triplet. In view of the likely multiconfigurational character of the singlet state at this distorted geometry, which can
affect the quality of the computed energetics, we carried out
several complementary calculations aiming to provide the best
estimate of the adiabatic energy gap between the ground state
and the Jahn–Teller distorted triplet. The EOM-EE-CCSD/CCSD
calculation with HF orbitals yields an adiabatic energy gap
between the ground state (described by CCSD) and the lowest
triplet state (described by EOM-EE-CCSD) of 0.98 eV, which
agrees well with the experimental estimate (1.0 eV, see below).
The EOM-SF-CCSD calculation (with OO-MP2 orbitals) yields a
slightly larger gap (1.12 eV). Finally, the CCSDT calculation with
a smaller basis (6-31+G* for oxygen and 6-31G* for manganese)
yields 1.16 eV, in excellent agreement with the EOM-SF-CCSD
value. The range of values computed by different methods (1.0–
1.2 eV) provides an effective range of uncertainty of the theoretical
values. Although we could not find the estimate of this adiabatic
gap in the literature, the magnitude of the excited-state relaxation
(more than 0.5 eV) is comparable to the reported results for other
excited states of the permanganate anion.19
To estimate the likelihood of intersystem crossing (ISC), we
computed spin–orbit couplings between the lowest excited singlet
state (at the Jahn–Teller distorted geometry) and the two triplet
states below it. The coupling between the singlet and the lowest
triplet is zero, but the coupling constant between the singlet and
the second triplet state, which is nearly degenerate with the singlet,
is substantial: 143 and 142 cm1, computed with EOM-EE-CCSD
within mean-field framework and using HF and OO-MP2 orbitals,
respectively.
To investigate the relaxation pathway of the triplet intermediate back to the ground state, we optimized the MECP between
the closed-shell CCSD state (S0) and the lowest EOM-EE-CCSD
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triplet state in the vicinity of the Jahn–Teller distorted minimum of
the triplet state. We used the same basis set as in other geometry
optimizations. The computed MECP (structure shown in Fig. 9)
reveals that the main structural change happens because of
scissoring deformation of the smaller O–Mn–O angle (76.21
for the triplet Jahn–Teller geometry versus 85.61 at MECP).
The corresponding Mn–O bond lengths change from 1.71 and
1.58 at the Jahn–Teller triplet geometry to 1.68 and 1.58 at the
MECP. The MECP height relative to the triplet minimum is
1.8 kcal mol1 (EOM-EE-CCSD/aug-cc-pVTZ/cc-pV(T+d)Z, HF
orbitals). To validate the EOM-EE-CCSD results, we evaluated
singlet–triplet gap with EOM-SF-CCSD at the same geometry,
which is 0.13 eV, which provides an estimate of the uncertainty
of the computed MECP height. Spin–orbit coupling constant at
the MECP geometry is 55 cm1.

4. Discussion
We begin by comparing our results with those of earlier studies.
Excitation in the visible band of aqueous permanganate, leads
to the formation of T within 0.7 ps which decays fully to the
ground state with a lifetime of 16 ps. The fact that no stable
photoproduct was observed is anticipated since the upper limit
of f at this excitation wavelength (550 nm or 2.25 eV) reported
by Zimmerman is B105,22 while our threshold of detection is
at least an order of magnitude higher. The 2.6  0.3% estimate
for c(300 nm or 4.13 eV) is nearly 6 times higher than the value
of 0.5% for f reported for that photon energy. This is inconsistent
with Zimmerman’s findings. The rapid nature of vibrational
relaxation in solvent would require thermal decomposition on
the ground state to be very rapid, allowing the direct measurement
of f within our observation window. Thus, we would expect to
observe f = c.
In contrast, this value for c(300 nm) is qualitatively in line
with the alternative reactive scheme presented by Lee et al.
(Fig. 1b) who propose a long-lived peroxo species which is only
partially transformed to the ultimate photoproduct MnO2 with
the remainder decaying back to the ground state. Assuming a
first-order rate law for both of these processes, the ratio of the
rates for these competing relaxation channels can be calculated
by comparing the measured quantum yield for intermediate
formation with Zimmerman’s photoproduct quantum yield:
kdissociation
f

¼ 0:24  0:04
kGS recovery c  f

(3)

This ratio is not in line with an analysis of scavenging experiments in Lee’s study, where the ratio between dissociation and
ground state recovery is 3/2. Thus, our observations are not in
full quantitative agreement with either of these studies, a point
which will require further investigation. They would, however,
qualitatively favour the conclusions of Lee.
Next, we attempt to pinpoint the stage at which permanganate’s
photo-reactive channel is accessed. The fact that the 16 ps species
T is ubiquitously formed as the final excited state after pumping
anywhere in the visible to UV range suggests it is not the gateway to
reactivity since this would limit the eﬀectiveness of excess photon
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energy in enhancing reaction yields. Within several hundreds of fs
upon UV-pump excitation, a positive isosbestic point appears in
the blue edge of the TA data (l = 360 nm, 3.44 eV). This finding,
along with the fact that the later recovery of the GSB follows the
same kinetics as in the visible pump–probe experiments, implies
that the formation of a long-lived species takes place on sub-ps
timescales from higher singlet excited states which precede T. This
suggestion is again compatible with Lee et al., who assign
the formation of I through excited-state photochemistry. The absorption spectrum of this long-lived species has been isolated both in the
UV-pump-Vis probe measurements (Fig. 5c) and in the three-pulse
experiments with high reproducibility. This characteristic falls short
of identifying I, a task which will require further study.
We turn now to address the nature of T. Based on a number
of arguments, we assign T to permanganate’s lowest triplet.
First, is the fact that at least two stages of electronic relaxation
supersede excitation to the lowest known singlet feature. Second is
based on the comparative study of permanganate and chromate
ions in mixed crystals, which demonstrates rapid and eﬃcient
formation of a long-lived triplet in the latter, predicting the same,
albeit with a shorter lifetime for permanganate.26 The fact that
excitation in the shoulder (650 nm or 1.91 eV) of permanganate’s
visible absorption band leads to the formation of T following
the exact kinetic scheme as observed upon excitation centred at
l = 550 nm (2.25 eV), rules out the possibility that the 0.7 ps
process represents the decay to permanganate’s lowest singlet
(1T1). Furthermore, with DA(T) = 0, the two isosbestic points in
the TA data, suggest that T does not undergo any significant
structural change within its lifetime, and that its transition back
to the GS must have an electronic nature starting from a relaxed
geometry. Based on these considerations T is assigned to permanganate’s lowest triplet state. This assignment is supported by
the results from ab initio calculations, which characterize T as a
strongly distorted Jahn–Teller triplet state.
Fig. 11 summarizes the mechanistic picture of the excitedstate relaxation that emerges from the results of electronic
structure calculations. The initial excitation likely populates the
1
T1 and 1T2 states. Although the transition to 1T1 is symmetryforbidden, it can become weakly allowed due to vibronic

Fig. 11 Diagram illustrating proposed relaxation pathways. Singlet states
are shown in black and triplet states are shown in red. Green arrows show
radiationless relaxation (internal conversion, IC), blue arrow denotes
structural relaxation, purple arrow denotes spin-forbidden transition
(intersystem crossing, ISC).
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interactions; in particular, in solutions.31 Under Kasha’s rule,72
we assume fast IC (internal conversion) of 1T2 to 1T1, accompanied by a Jahn–Teller distortion. Given the large energy drop,
we expect the structural relaxation to be ultrafast. At the Jahn–
Teller minimum, the energy of the singlet state is very close
to the energy of the second triplet state. The computed52
value of spin–orbit coupling constant is 142 cm1, which is
sufficiently large to anticipate effective ISC (intersystem
crossing). The produced triplet state can undergo fast IC to
the lowest triplet state. We note that the closeness of the
relaxed singlet and relaxed triplet geometries is consistent
with the lack of spectral signatures of structural relaxation of
the triplet. The computed adiabatic energy gap between the
relaxed triplet and the ground-state singlet (0.9–1.1 eV) is in
reasonably good agreement with the experimental estimate
(1.0 eV, see below).
Thus, the calculations suggest that the spectroscopically
observed T state is the Jahn–Teller distorted triplet (Fig. 9).
Because S0 lies above T1 at the distorted geometry, the final
stage of IC is likely to be relatively slow, as it must overcome a
potential barrier. The computed MECP height is relatively low
(1.8 kcal mol1), but the computed SOCC at the MECP geometry is only 55 cm1. Within the Landau–Zener model (and
assuming the same gradient forces and the same statistical
factors for the triplet-S0 ISC as for the S1-triplet ISC), we obtain
about 7-fold slower ISC relaxation rate for the ground-state
recovery step than for the first ISC leading to the population of
the triplet intermediate, which is qualitatively consistent with
the experimental timescales (0.7 ps and 16 ps). The rates for
both forward and backward ISC are in line with numerous
metal centered inorganic molecules reported in the literature.73
To provide further support to this mechanistic picture, we
computed the absorption spectrum of the relaxed triplet (see
Computational details). The computed spectrum is shown in
Fig. 12; the main peak at 2.7 eV matches reasonably well
the reported experimental transient absorption maximum at

Fig. 12 Transient absorption of the lowest triplet state at the respective
optimized structure. The energy diﬀerences and oscillator strengths are
computed with EOM-EE-CCSD/aug-cc-pVTZ/cc-pV(T+d)Z and OO-MP2
orbitals. The widths are arbitrary. Natural transition orbitals of the main
transitions are also shown.
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2.58 eV (480 nm). The NTOs corresponding to the three main
transitions, show substantial ligand-to-metal charge transfer
character.
Accepting the assignment of the nature of T, the quantum
yield for I formation in the two and three-pulse experiments can
be used to roughly position the energy of the relaxed triplet
state. Our two-pulse experiments concur with Zimmerman’s
steady state irradiation results showing that c increases steeply
with excitation photon energy. In view of the precise sensitivity
of c on photon energy, along with the demonstration that I is
formed early on from short lived excited states we assume here
that c depends exclusively on the energy content of the initial
excited state. Positing further that I is the precursor to the
stable photoproducts, we assume that c/f = constant. The
equivalent quantum yield expected for the photoexcited T can
be obtained from Zimmerman’s values of f according to the
following equation:
fð3 pulseÞ ¼

fð300 nmÞ
 cð3 pulseÞ ¼ ð0:13  0:04Þ%
cð300 nmÞ

(4)

The next stage is to interpolate between the discrete f values
obtained by Zimmerman to find at which wavelength f is
predicted to be (0.13  0.04)%. As shown in the supplementary
information (S3), this would be within the range of 360 o l o
382 nm. We thus arrive at a prediction that the energy content
of the permanganate immediately after excitation of the triplet
at 520 nm would otherwise be obtained by single photon
excitation at 360 o l o 382 nm. This finally leads to e(T) =
hn(l triplet)  hn(520 nm) = 1.0  0.1 eV. This estimate places
the lowest triplet state of the permanganate ion 1.0 eV above
the ground state, in good agreement with the energy predicted
by ab initio calculations.
Frequency analysis of the 2-pulse TA vibrational data, has
revealed a single modulation at 840 cm1 which matches the
frequency of permanganate’s ground state breathing mode
previously recorded with resonance Raman scattering.16,74 The
observed p shift between the modulation signatures on the blue
and red edges of permanganate’s absorption, is expected for
coherent resonance Raman activity, and represents the periodic
motion of a nuclear wavepacket on permanganate’s ground state
potential surface. A similar phase shift between the red wing of
the 360 nm absorption band and the blue edge of the visible
band is observed and displays the same phenomenon. The
measured t = 2.6  0.2 ps dephasing lifetime of the GS breathing
mode, has been compared to the B1 ps lifetime obtained from the
FWHM spectral bandwidths of resonance Raman measurements on
aqueous permanganate.74 While the latter represents a lower bound
estimate for the vibrational lifetime, it is comparable with our data
analysis. The relatively long lifetime of the coherent modulation
signature could be explained by taking into consideration the
solvent’s vibrational frequencies. Since water has no normal
mode with a frequency comparable with permanganate’s
840 cm1 breathing mode the energy transfer to the solvent is
expected to be relatively slow.
It is interesting that the spectral wavepacket signatures in the
transient spectra extend far beyond the ground state absorption
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spectrum in the red and the blue, possibly due to non-resonance
coherent Raman contributions. This assumption could be
further investigated by measuring the eﬀect of chirped probe
pulses on the modulation in the TA data.75
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5. Conclusions
Femtosecond spectroscopy and quantum chemical calculations
applied to aqueous permanganate reveal that the primary decay
route following photoexcitation in the UV-Vis is a cascade of
non-radiative relaxations through the singlet manifold with ISC
and ultimate population of the lowest excited triplet (T). The
latter undergoes ISC from a relaxed Jahn–Teller distorted
geometry back to the ground state (S0) in 16 ps. The computed
energetics and spin–orbit coupling constants suggest that the
rate of the first ISC is considerably faster than the rate of the
second ISC leading to the ground-state recovery, in agreement
with the experimental lifetimes. As the excitation wavelength is
tuned to the UV, a growing portion of the excited ions reacts in
a fraction of a ps to produce a metastable species. This newly
observed species outlives the B1 ns delay range recorded here,
and is assigned as the precursor for stable photoproducts
predicted in previous studies.23,27,35 Periodic modulations
which decay in a few ps are detected in the pump–probe signal
are assigned to the ground-state symmetrical stretching mode
coherences excited by impulsive Raman. Their wavelength
dependent absolute phases outline the borders between adjacent
electronic transitions in the linear spectrum of permanganate.
To identify the intermediate I and to advance our understanding of electronic structure–reactivity relations in this
system, experiments are ongoing to probe this reaction in other
media. As a dopant in crystalline solids the accumulation of
large concentrations of I will be looked for.76,77 Experiments
in other solvents can test how initial symmetry breaking in
the reactants affects the dynamics of electronic relaxation
measured in the present study.10 Theoretically, the rates of
ISC can be investigated further through nonadiabatic transitionstate theory.78 The construction of vibronic Hamiltonian is in
progress; this is a requisite step towards quantum dynamical
simulations, which can provide deeper insights to spectroscopic
observables.
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1 M. Jáky, J. Szammer and E. Simon-Trompler, Kinetics and
Mechanism of the Oxidation of Ketones with Permanganate
Ions, J. Chem. Soc., Perkin Trans. 2, 2000, 1597–1602.
2 A. Shaabani, F. Tavasoli-Rad and D. G. Lee, Potassium
Permanganate Oxidation of Organic Compounds, Synth.
Commun., 2005, 35, 571–580.
3 S. Dash, S. Patel and B. K. Mishra, Oxidation by Permanganate: Synthetic and Mechanistic Aspects, Tetrahedron, 2009,
65, 707–739.
4 N. Singh and D. G. Lee, Permanganate: A Green and Versatile
Industrial Oxidant, Org. Process Res. Dev., 2001, 5, 599–603.
5 A. Shaabani and D. G. Lee, Solvent free Permanganate
Oxidations, Tetrahedron Lett., 2001, 42, 5833–5836.
6 J.-J. Chen and H.-H. Yeh, The Mechanisms of Potassium
Permanganate on Algae Removal, Water Res., 2005, 39,
4420–4428.
7 R. H. Waldemer and P. G. Tratnyek, Kinetics of Contaminant Degradation by Permanganate, Environ. Sci. Technol.,
2006, 40, 1055–1061.
8 J. H. Mathews and L. H. Dewey, A Quantitative Study of
Some Photochemical Eﬀects Produced by Ultra-Violet Light,
J. Phys. Chem., 1913, 17, 211–218.
9 P. J. Hendra, The Vibrational Spectrum of the Permanganate
Ion, Spectrochim. Acta, Part A, 1968, 24, 125–129.
10 R. K. Khanna and D. D. Stranz, Infrared and Raman spectra
of KMnO4 complexed with 18-crown-6 ether, Spectrochim.
Acta, Part A, 1980, 36, 387–388.
11 J. Teltow, Das Absorptionsspektrum des Permanganations in
verschiedenen Kristallgittern, Z. Phys. Chem., 1938, 40B, 397–430.
12 J. Teltow, Die Absorptionsspektren des Permanganat-,
Chromat-, Vanadat und Manganations in Kristallen, Z. Phys.
Chem., 1939, 43B, 198–212.
13 A. Viste and H. B. Gray, The Electronic Structure of Permanganate Ion, Inorg. Chem., 1964, 3, 1113–1123.
14 S. L. Holt and C. J. Ballhausen, Low Temperature Absorption
Spectra of KMnO4 in KClo4, Theor. Chim. Acta, 1967, 7, 313–320.
15 L. W. Johnson and S. P. McGlynn, Electronic Absorption
Spectrum of LiMnO4*3H2O in LiClO43H2O, J. Chem. Phys.,
1971, 55, 2985–2989.
16 W. Kiefer and H. J. Bernstein, Resonance Raman Eﬀect in
MnO4 with 5145 Å Laser Excitation, Chem. Phys. Lett., 1971,
8, 381–383.
17 R. J. H. Clark and B. Stewart, Resonance Raman Excitation
Profiles for the Permanganate Ion: Calculation of FranckCondon Scattering Contributions for the Totally Symmetric
Fundamental and its Overtones and of the Equilibrium
Manganese Oxide (MnO) Bond Length in the First 1T2
Excited State, J. Am. Chem. Soc., 1981, 103, 6593–6599.
18 A. Carrington and M. C. R. Symons, Structure and Reactivity
of the Oxyanions of Transition Metals, Chem. Rev., 1963, 63,
443–460.
19 L. Jose, M. Seth and T. Ziegler, Molecular and Vibrational
Structure of Tetroxo d0 Metal Complexes in their Excited States.
A Study Based on Time-Dependent Density Functional

This journal is © the Owner Societies 2020

View Article Online

PCCP

20

Published on 09 April 2020. Downloaded by University of Southern California on 6/2/2020 4:35:20 PM.

21

22
23

24

25

26

27

28
29

30

31

32

33

34

35

36

Calculations and Franck–Condon Theory, J. Phys. Chem. A,
2012, 116, 1864–1876.
P. Day, L. Disipio and L. Oleari, Electronic Transitions of
Permanganate and Manganate ions in the Near Infrared,
Chem. Phys. Lett., 1970, 5, 533–536.
L. W. Johnson, E. Hughes Jr and S. P. McGlynn, Electronic
Absorption Spectrum of MnO4 in the Far-Red Region,
J. Chem. Phys., 1971, 55, 4476–4480.
G. Zimmerman, Photochemical Decomposition of Aqueous
Permanganate Ion, J. Chem. Phys., 1955, 23, 825.
D. G. Lee, C. R. Moylan, T. Hayashi and J. I. Brauman,
Photochemistry of Aqueous Permanganate Ion, J. Am. Chem.
Soc., 1987, 109, 3003–3010.
A. D. Kirk, P. E. Hoggard, G. B. Porter, M. G. Rockley and
M. W. Windsor, Picosecond Flash Photolysis and Spectroscopy: Transition Metal Coordination Compounds, Chem.
Phys. Lett., 1976, 37, 199–203.
W. A. Thornley and T. E. Bitterwolf, Photochemistry of the
Permanganate Ion in Low-Temperature Frozen Matrices,
Inorg. Chem., 2015, 54, 3370–3375.
C. J. M. Coremans, J. H. van der Waals, J. Konijnenberg,
A. H. Huizer and C. A. G. O. Varma, A Search for the
Metastable Triplet States of CrO42 and MnO4 by Transient
Absorption Spectroscopy in Crystals at Low Temperature,
Chem. Phys. Lett., 1986, 125, 514–519.
H. Nakai, Y. Ohmori and H. Nakatsuji, Theoretical Study on
the Photochemical Decomposition Reaction of Permanganate
Ion, MnO4, J. Phys. Chem., 1995, 99, 8550–8555.
M. Nooijen, Combining Coupled Cluster and Perturbation
Theory, J. Chem. Phys., 1999, 111, 10815–10826.
M. Nooijen and V. Lotrich, Extended Similarity Transformed
Equation-of-Motion Coupled Cluster Theory (extended-STEOMCC): Applications to Doubly Excited States and Transition Metal
Compounds, J. Chem. Phys., 2000, 113, 494–507.
N. M. S. Almeida, R. G. McKinlay and M. J. Paterson, Excited
Electronic States of MnO4: Challenges for Wavefunction
and Density Functional Response Theories, Chem. Phys.,
2015, 446, 86–91.
J. M. H. Olsen and E. D. Hedegård, Modeling the Absorption
Spectrum of the Permanganate Ion in Vacuum and in Aqueous
Solution, Phys. Chem. Chem. Phys., 2017, 19, 15870–15875.
P. Sharma, D. G. Truhlar and L. Gagliardi, Multiconfiguration
Pair-Density Functional Theory Investigation of the Electronic
Spectrum of MnO4, J. Chem. Phys., 2018, 148, 124305.
I. B. Bersuker, Modern Aspects of the JahnTeller Eﬀect
Theory and Applications To Molecular Problems, Chem. Rev.,
2001, 101, 1067–1114.
J. Neugebauer, E. J. Baerends and M. Nooijen, Vibronic
Structure of the Permanganate Absorption Spectrum from
Time-Dependent Density Functional Calculations, J. Phys.
Chem. A, 2005, 109, 1168–1179.
H. Nakai and H. Nakatsuji, Mechanism of Photochemical
Reaction of Permanganate Ion, THEOCHEM, 1994, 311,
141–151.
C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Visible
Light Photoredox Catalysis with Transition Metal Complexes:

This journal is © the Owner Societies 2020

Paper

37

38

39

40

41

42

43
44

45

46

47

48

49

50

51

52

Applications in Organic Synthesis, Chem. Rev., 2013, 113,
5322–5363.
E. A. Juban, A. L. Smeigh, J. E. Monat and J. K. McCusker,
Ultrafast Dynamics of Ligand-Field Excited States, Coord.
Chem. Rev., 2006, 250, 1783–1791.
R. J. Bartlett, in Theory and Applications of Computational
Chemistry, ed. C. E. Dykstra, G. Frenking, K. S. Kim and
G. E. Scuseria, Elsevier, Amsterdam, 2005, pp. 1191–1221.
A. I. Krylov, Equation-of-Motion Coupled-Cluster Methods
for Open-Shell and Electronically Excited Species: The
Hitchhiker’s Guide to Fock Space, Annu. Rev. Phys. Chem.,
2008, 59, 433–462.
I. Shavitt and R. J. Bartlett, Many-Body Methods in Chemistry
and Physics: MBPT and Coupled-Cluster Theory, Cambridge
University Press, 2009.
K. Sneskov and O. Christiansen, Excited State Coupled
Cluster Methods, Wiley Interdiscip. Rev.: Comput. Mol. Sci.,
2012, 2, 566–584.
R. J. Bartlett, Coupled-Cluster Theory and its Equation-ofMotion Extensions, Wiley Interdiscip. Rev.: Comput. Mol. Sci.,
2012, 2, 126–138.
T. Rees, The Stability of Potassium Permanganate Solutions,
J. Chem. Educ., 1987, 64, 1058.
G. D. Purvis and R. J. Bartlett, A Full Coupled-Cluster Singles
and Doubles Model: The Inclusion of Disconnected Triples,
J. Chem. Phys., 1982, 76, 1910–1918.
J. Noga and R. J. Bartlett, The Full CCSDT Model for
Molecular Electronic Structure, J. Chem. Phys., 1987, 86,
7041–7050.
J. F. Stanton and R. J. Bartlett, The Equation of Motion
Coupled-Cluster Method. A Systematic Biorthogonal Approach
to Molecular Excitation Energies, Transition Probabilities, and
Excited State Properties, J. Chem. Phys., 1993, 98, 7029–7039.
S. V. Levchenko and A. I. Krylov, Equation-of-Motion Spin-Flip
Coupled-Cluster Model with Single and Double Substitutions:
Theory and Application to Cyclobutadiene, J. Chem. Phys.,
2003, 120, 175–185.
J.-D. Chai and M. Head-Gordon, Systematic Optimization of
Long-Range Corrected Hybrid Density Functionals, J. Chem.
Phys., 2008, 128, 084106.
J.-D. Chai and M. Head-Gordon, Long-Range Corrected Hybrid
Density Functionals with Damped Atom–Atom Dispersion
Corrections, Phys. Chem. Chem. Phys., 2008, 10, 6615–6620.
E. Epifanovsky and A. I. Krylov, Direct Location of the
Minimum Point on Intersection Seams of Potential Energy
Surfaces with Equation-of-Motion Coupled-Cluster Methods,
Mol. Phys., 2007, 105, 2515–2525.
S. V. Levchenko, T. Wang and A. I. Krylov, Analytic Gradients
for the Spin-Conserving and Spin-Flipping Equation-ofMotion Coupled-Cluster Models with Single and Double
Substitutions, J. Chem. Phys., 2005, 122, 224106.
P. Pokhilko, E. Epifanovsky and A. I. Krylov, General Framework for Calculating Spin–Orbit Couplings using Spinless
One-Particle Density Matrices: Theory and Application to
the Equation-of-Motion Coupled-Cluster Wave Functions,
J. Chem. Phys., 2019, 151, 034106.

Phys. Chem. Chem. Phys., 2020, 22, 10043--10055 | 10053

View Article Online

Published on 09 April 2020. Downloaded by University of Southern California on 6/2/2020 4:35:20 PM.

Paper
53 R. A. Kendall, T. H. Dunning and R. J. Harrison, Electron
Aﬃnities of the First-Row Atoms Revisited. Systematic Basis Sets
and Wave Functions, J. Chem. Phys., 1992, 96, 6796–6806.
54 N. B. Balabanov and K. A. Peterson, Systematically Convergent
Basis Sets for Transition Metals. I. All-Electron Correlation
Consistent Basis Sets for the 3d Elements Sc–Zn, J. Chem. Phys.,
2005, 123, 064107.
55 W. J. Hehre, R. Ditchfield and J. A. Pople, Self-Consistent
Molecular Orbital Methods. XII. Further Extensions of
Gaussian-Type Basis Sets for Use in Molecular Orbital
Studies of Organic Molecules, J. Chem. Phys., 1972, 56,
2257–2261.
56 P. C. Hariharan and J. A. Pople, The Influence of Polarization
Functions on Molecular Orbital Hydrogenation Energies,
Theor. Chim. Acta, 1973, 28, 213–222.
57 T. Clark, J. Chandrasekhar, G. W. Spitznagel and P. V. R.
Schleyer, Eﬃcient Diﬀuse Function-Augmented Basis Sets
for Anion calculations III. The 3-21+G Basis Set for First-Row
Elements, Li–F, J. Comput. Chem., 1983, 4, 294–301.
58 K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun,
V. Gurumoorthi, J. Chase, J. Li and T. L. Windus, Basis Set
Exchange: A Community Database for Computational Sciences,
J. Chem. Inf. Model., 2007, 47, 1045–1052.
59 B. P. Pritchard, D. Altarawy, B. Didier, T. D. Gibson and
T. L. Windus, New Basis Set Exchange: An Open, Up-to-Date
Resource for the Molecular Sciences Community, J. Chem.
Inf. Model., 2019, 59, 4814–4820.
60 J. Lee and M. Head-Gordon, Regularized Orbital-Optimized
Second-Order Møller–Plesset Perturbation Theory: A Reliable Fifth-Order-Scaling Electron Correlation Model with
Orbital Energy Dependent Regularizers, J. Chem. Theory
Comput., 2018, 14, 5203–5219.
61 J. Lee and M. Head-Gordon, Distinguishing Artificial and
Essential Symmetry Breaking in a Single Determinant:
Approach and Application to the C60, C36, and C20 fullerenes, Phys. Chem. Chem. Phys., 2019, 21, 4763–4778.
62 Y. Shao, Z. Gan, E. Epifanovsky, A. T. B. Gilbert, M. Wormit,
J. Kussmann, A. W. Lange, A. Behn, J. Deng, X. Feng,
D. Ghosh, M. Goldey, P. R. Horn, L. D. Jacobson, I. Kaliman,
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