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ABSTRACT: We constructed a hybrid model of harmonic and anharmonic
oscillators to compute Franck−Condon factors and interpret the photoelectron
spectrum of methylketene. The equilibrium structures of methylketene and its
cation were optimized, and then, the harmonic and anharmonic vibrational
frequencies were computed using the B3LYP, PBE0, APFD, and ωB97XD
approaches of the density functional theory. The photoelectron spectrum of
methylketene was simulated by computing the Franck−Condon factors with
both the harmonic and hybrid models. The adiabatic ionization energy of
methylketene was computed by using the CCSD(T) approach extrapolating to
the complete basis set limit. The simulated photoelectron spectra are consistent
with those from the experiment for both the harmonic and hybrid models.
However, the error in band positions is reduced by using the hybrid model. The
computed adiabatic ionization energies of methylketene are in agreement with
the experiment, with the smallest error being 0.017 eV. Our interpretation
based on the theoretical spectrum led to the reassignment of the experimental photoelectron spectrum of methylketene.

■ INTRODUCTION
Since the first astronomical observation of ketene (H2C�C�
O) in the interstellar medium,1 the search of methylketene
(MK) in space followed.2 MK is regarded as a promising
interstellar molecule to be detected because its energy is
computed to be only slightly higher than trans-acrolein, the
most stable isomer of C3H4O.2−4 Given that trans-acrolein has
been observed in some interstellar mediums,5−8 it is
anticipated that MK can also be detected. This line of thinking
is consistent with the minimum energy principle based on
thermodynamics, which describes that the abundance ratios of
isomers in space are related to their energy differences.9−11

Consequently, the more stable the isomer is, the more likely it
is to be observed in the interstellar medium. However, to the
best of our knowledge, the successful observation of interstellar
MK has not yet been reported.
The unsuccessful hunt for MK in space has been interpreted

by some research studies. For instance, based on computed
potential energy surfaces, Field-Theodore and Taylor proposed
that the lack of MK in interstellar space is owing to high
activation energies and unfavorable kinetics.4 Based on
photoionization experiments, Derbali et al. proposed that
MK might be hydrogenated or photoionized in the interstellar
environment such that its abundance it too low to be
detected.12 In addition to the astronomical studies, MK is
also of interest in the fields of spectroscopy,12−16 theoretical
computation,17−21 photodissociation dynamics,22−26 etc.

This study was inspired by Derbali et al. for their
experimental and theoretical investigation of the photoelectron
spectrum (PES) of MK.12 The spectrum measured by Derbali
et al. is of the highest resolution for the PES of MK reported
up to date.12,16 Derbali et al. also simulated the PES of MK by
computing Franck−Condon factors (FCFs), and they found
that the simulated spectrum was in agreement with the
experiment.12 However, instead of assigning the PES according
to the FCF computation, they assigned the spectrum based on
computations of anharmonic vibrational frequencies. Their
strategy inspired our interest to compare two approaches for
interpreting the vibronic spectrum of molecules. The first
approach is to assign the peaks to the transitions whose
vibrational frequencies are closest to the observed excitation
energies, which is called the frequency approach (FA) in this
study. The other approach is to assign the peaks to the
transitions whose computed spectral patterns, including both
intensities and excitation energies, are consistent with the
observations. We call this the spectral approach (SA). Derbali
et al. adopted the FA to assign the PES of MK, and we
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examined in this study whether the assignments between the
FA and SA are in agreement with each other.12

A variety of approaches for computing FCFs has been
reported in the literature. The harmonic-oscillator model is a
good approximation for molecular vibrations not undergoing
large-amplitude motions. Two harmonic oscillators are termed
as “displaced” if their equilibrium geometries differ and
“distorted” if the shapes of their potential energy curves, and
consequently the vibrational frequencies, differ. For diatomic
molecules which possess only one vibrational mode, the
approaches for computing FCFs using the displaced and
distorted harmonic-oscillator model are well documented.27−31

The one-dimensional FCF formulas can also be applied to
study the vibronic spectra of polyatomic molecules if the
vibrational normal modes are assumed to be parallel between
two electronic states. In this approximation, the FCF of a given
transition is the product of the FCFs of all the individual
modes. For polyatomic molecules, however, the normal
coordinates between two electronic states might be rotated
with respect to each other in addition to being displaced and
distorted. Consequently, the Duschinsky effect,32 which
describes the mixing of normal coordinates arising from
geometrical changes, must be taken into account. This problem
has been tackled by different solutions.33−42 Approaches for
simulating vibronic spectra incorporating the Herzberg−Teller
effect,43 which is essential for symmetry-forbidden transitions,
are also available.40,44,45 In addition, different approaches for
computing FCFs using the anharmonic-oscillator model have
been reported.46−51 However, owing to the high demand of
computational cost, the anharmonic approaches of FCF theory
are applicable only to molecules composed of a few atoms.
In the past decade, we have developed some approaches for

computing FCFs of harmonic oscillators.41,52−55 The Duschin-
sky effect32 has been taken into account in our model for
polyatomic molecules.41 Our harmonic model for computing
FCFs has been successfully applied to the studies of the PES of
some molecules.56−59 However, the excitation energies
computed by the harmonic model are usually larger than the
experimental values. Accordingly, we constructed a hybrid
model of harmonic and anharmonic oscillators to compute the
FCFs and simulate the vibronic spectra of the molecules in this
study. In the hybrid model, the excitation energies are
computed from the vibrational frequencies of anharmonic
oscillators. The vibrational wave functions are still harmonic,
but the vibrational frequencies in the expression of wave
functions are replaced by the fundamental frequencies of
anharmonic oscillators. In this regard, both the excitation
energies and spectral intensities are partially corrected for the
anharmonicity of molecular vibrations in the hybrid model.
Similar approaches have been reported by Barone and co-
workers.45,60−63 The primary difference between our and their
approaches is how the anharmonicity is implemented in the
computation of FCFs. Barone and co-workers compute the
FCF of excited vibrational states from recursive formulas, and
the anharmonic frequencies are used in the recursive
formulas.62 In contrast, the FCF of each transition is computed
using analytical formulas, and the wave functions corrected for
anharmonicity are used directly for computing FCFs in our
model (vide inf ra).
We simulated the PES of MK using both the harmonic and

hybrid models and found that both models performed well in
predicting the PES of MK. However, the error of excitation
energies can be reduced by the hybrid model. Most

importantly, our reassignment of the PES of MK using the
SA is different from that of Derbali et al. using the FA.12 We
propose that the SA is superior to the FA for the interpretation
of vibronic spectra of molecules.

■ THEORETICAL METHODS
Theory. The theory of the hybrid model is modified from

our harmonic model for computing FCFs,41 which is outlined
briefly as follows. The Franck−Condon integral (FCI) for a
vibronic transition between two harmonic oscillators with n
vibrational modes in each can be written as
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where v and v′ are vibrational quantum numbers of the two
electronic states, respectively, N is the product of normal-
ization constants of the two harmonic oscillators, Hv di

is the
Hermite polynomial, Qi represents the normal coordinate, and

i
i=

(2)

where ωi is the angular frequency of the ith mode of the
harmonic oscillator and ℏ is Planck’s constant divided by 2π.
In the harmonic model, ωi’s are obtained from the
computations of the vibrational frequencies of harmonic
oscillators. In the hybrid model, all ωi’s are replaced with the
angular frequencies of the fundamental bands of the
anharmonic oscillators. To solve eq 1, which is the overlap
integral of vibrational wave functions of two electronic states,
the normal coordinates Q′ are expressed as linear combina-
tions of Q,

Q JQ D= + (3)

where

J L LT= (4)

is the Duschinsky matrix, L is the displacement matrix of
normal modes, and LT is the transpose of the L matrix. In eq 3,
D is the shift vector describing the change of equilibrium
geometries between the two electronic states,

D L M X X( )1/2
0 0= (5)

where M is a matrix composed of atomic masses for the
diagonal elements and zeros for off-diagonal elements, and X0
is the Cartesian coordinates of the equilibrium structure. Then,
the arguments of the exponential function and the variables of
the Hermite polynomials in eq 1 are transformed to new
variables xi by

x Q B Q Ci i
j i

n

ij j i
1

= + +
= + (6)

and

Q x B x Ci i
j i

n

ij j i
1

= + +
= + (7)

With such transformations, eq 1 becomes
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By expanding the Hermite polynomials in eq 8 using the
following equation repeatedly,
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the integrals in eq 8 can be transformed to the products of
Gaussian integrals, which can be solved using
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Finally, the general formula of FCI for harmonic oscillators
with arbitrary dimensions is derived as
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is the FCI of the adiabatic transition,
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where the explicit expression of each term not given above can
be found elsewhere.41 By squaring eq 12, one obtains the FCF.
Once the equilibrium geometries, vibrational frequencies,

and normal modes of the two electronic states are obtained,
the FCF corresponding to any vibronic transition can be
computed using the above analytical expressions. To simulate
the vibronic spectra, we take the FCF as the peak height, and
each peak is given a Gaussian function to model its line shape.
The contributions of all of the peaks are summed to construct
the overall spectral profile. We also take the excitation energy
of the adiabatic transition as the origin of the spectrum and
plot the spectrum in a relative energy scale. In the harmonic
model, the vibrational excitation energy, relative to the
adiabatic transition, is computed using

E v vv
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i i
i

n

i i
1 1

=
= = (16)

where ω̅i is the harmonic vibrational frequency (in cm−1) of a
given vibrational mode and the prime denotes the lower-lying
electronic state. In the hybrid model, the anharmonic
vibrational frequencies for the fundamental bands, first
overtones, and combination bands of two fundamental
transitions are taken from the Gaussian 16 computational
outputs.64 In Gaussian 16, the second-order perturbation
theory (VPT2) is adopted for the anharmonic vibrational
analysis,65,66 in which the Fermi and Darling−Dennison
resonances are taken into account by removing the resonant
terms and then recovering them by variational correction.65,66

The vibrational energies of other transitions are computed by
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where Xij’s are the anharmonicity constants.
Quantum-Chemistry Computations. The equilibrium

geometries, normal modes, and harmonic and anharmonic
vibrational frequencies of MK and MK+ were computed using
the B3LYP, PBE0, APFD, and ωB97XD approaches of the
density functional theory (DFT), associated with the basis set
aug-cc-pVTZ (AVTZ). The Gaussian 16 programs were
adopted for the quantum-chemistry computations of this
work.64 All of the optimized geometries correspond to
equilibrium structures, judging from the fact that all vibrational
frequencies have real positive values. The FCFs corresponding
to the PES of MK → MK+ + e− were calculated using both the
harmonic and hybrid models. The PES was simulated by using
the computed FCFs and vibrational excitation energies. The
full width at half-maximum (FWHM) of the Gaussian function
was set to 10 cm−1 for the simulated spectrum with high
resolutions, and was modified to 330 cm−1 for comparing the
theoretical spectrum with the experimental PES recorded by
Derbali et al.12

The adiabatic ionization energy (AIE) of MK was computed
by using the CCSD(T) approach via extrapolating to the
complete basis set (CBS) limit. At the B3LYP/AVTZ
optimized geometries of MK and MK+, single-point energies
were calculated using the CCSD(T) approach in conjunction
with the AVXZ (X = D, T, Q, 5) basis sets. The CCSD(T)
energies were extrapolated to the CBS limit using six different
formulas, i.e.,57,67−70

E x E A x B x( ) 1 exp( ( 1)) exp( ( 1) )CBS
2= + +
(18)

E x E A x B x( ) 2 exp( ) /( 1)CBS
2= + + (19)

E x E A x B x( ) 3 exp( ) /( 1)CBS
3= + + (20)

E x E A Bx( ) 4 exp( )CBS= + (21)

E x E A x( ) 5 / B
CBS= + (22)

E x E A x B x( ) 6 /( 1/2) /( 1/2)CBS
4 6= + + + + (23)

where A and B are adjusting parameters, ECBS is the CBS
energy, and x = 2, 3, 4, 5 corresponding to the AVXZ (X = D,
T, Q, 5) basis sets, respectively. We used six different CBS
formulas because eqs 19 and 20 were developed by our
group,57 and we want to compare the performance of our
formulas with the other four in predicting molecular properties
involving energies. The AIE of MK was computed using
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E EAIE (MK ) ZPE(MK ) (MK) ZPE(MK)= ++ +

(24)

where E is the CCSD(T) energy and ZPE is the vibrational
zero-point energy obtained by the B3LYP/AVTZ computa-
tions. The harmonic and anharmonic ZPEs were adopted in
calculating the AIE of MK when using the harmonic and
hybrid models, respectively, in which the anharmonic ZPE was
computed by65
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Note that the computed ECBS of MK+ does not take into
account the post triple excitation contributions, core
correlation, spin−orbit correction, as well as relativistic and
diagonal Born−Oppenheimer corrections. Consequently, the
AIE computed using eq 24 is an approximation bearing the
errors introduced by missing these corrections.

■ RESULTS AND DISCUSSION
Equilibrium Structures and Vibrational Frequencies.

Figure 1 depicts the structure and numbering of the atoms of

MK. Table 1 lists the equilibrium geometries of MK and MK+

computed by B3LYP/AVTZ, and the results of the other three
approaches can be found in Table S1. The differences of
optimized geometries of MK and MK+ between four
computational approaches are marginal, and the computed
geometries are consistent with the experimental values
determined by Bak et al. using the microwave spectroscopy
(Table 1).14 The similar structures of MK and MK+ render
small values for the components of shift vector D (eq 5), in
which the largest component is 0.138 amu1/2 Å for ν4. In
addition, the diagonal elements of the Duschinsky matrix (eq
4) have absolute values close to 0.8 for ν5 to ν9 and larger than
0.9 for the rest, indicating that the mixing of vibrational wave
functions within the FCI is only moderate.
Table 2 tabulates the harmonic and anharmonic vibrational

frequencies of MK and MK+, and the results of the other three
approaches are provided in Tables S2 and S3. The calculated
harmonic vibrational frequencies of MK are systematically
larger than the experimental values determined by Winther et
al. using the infrared spectroscopy (Table 2).15 In contrast, the
computed anharmonic vibrational frequencies of the funda-
mental bands of MK are in better agreement with the
experimental values (Tables 2). The VPT2 approach might be
performed poorly for hindered rotors, and the rotational
barrier of the methyl group of MK is about 450 cm−1

computed by B3LYP/AVTZ. The corresponding mode for
hindered rotation of MK is ν18. The computed harmonic and
anharmonic vibrational frequencies of ν18 for MK are 145 and

125 cm−1, respectively, which are both in agreement with the
experimental value of 135 cm−1 (Table 2), indicating that the
VPT2 computation does not cause serious problems for the
hindered rotation of MK. The anharmonic frequency of ν11
(651 cm−1) for MK is nearly the same as its harmonic
frequency (652 cm−1), probably arising from the small cubic
and quartic force constants and the Fermi resonance between
ν11 and ν17 + ν18. On the other hand, the anharmonic
frequency of ν16 (582 cm−1) for MK is higher than the
harmonic frequency (554 cm−1), which deserves some
elaboration. There exists a Darling−Dennison resonance
between ν16 and ν17, and the frequencies of ν16 and ν17 prior
to the Darling−Dennison correction are 544 and 502 cm−1,
respectively, which are close to the experimental values of 524
and 506 cm−1 (Table 2). However, they become 582 and 465
cm−1 after deperturbation and diagonalization, indicating that
the extent of the Darling−Dennison resonance between ν16
and ν17 is not as large as computed.
We also list the anharmonic vibrational frequencies of MK+

computed by Derbali et al. using the PBE0/AVTZ approach12

in Table 2. Some of the anharmonic vibrational frequencies of
MK+ are not consistent between our and their computations.
Comparing the PBE0 computations between the two studies,
our calculated anharmonic frequency of ν5 is 1420 cm−1

(Table S3), but the calculated value of ref 12 is 2298.1 cm−1

(Table 2). Similarly, ν13 values are computed to be 2869 and
1408.9 cm−1 in our and their studies, respectively. Such large
deviations should not arise from computational errors between
two independent researches. Rather, it is more likely to result
from the problem of numbering the normal modes. We
optimized the structures of MK and MK+ under the Cs point
group, and thus the symmetries and numbering of normal

Figure 1. Structure and numbering of atoms of MK.

Table 1. Equilibrium Geometries of MK and MK+

B3LYPb expt.c

parametera MK MK+ MK

R(C1,H2) 109.14 109.90 108.3
R(C1,H3) 108.87 108.52 108.3
R(C1,H4) 109.14 109.90 108.3
R(C1,C5) 151.01 147.39 151.8
R(C5,H6) 108.20 108.79 108.3
R(C5,C7) 130.82 137.43 130.6
R(C7,O8) 116.46 112.83 117.1

A(H2,C1,H3) 107.7 110.2 108.8
A(H2,C1,H4) 107.8 104.8 108.8
A(H2,C1,C5) 111.0 108.5 111.1
A(H3,C1,H4) 107.7 110.2 108.8
A(H3,C1,C5) 111.3 114.1 111.1
A(H4,C1,C5) 111.0 108.5 111.1
A(C1,C5,H6) 120.5 122.3 123.7
A(C1,C5,C7) 123.7 122.9 122.6
A(H6,C5,C7) 115.8 114.9 113.7

D(H2,C1,C5,H6) −60.0 −56.7
D(H2,C1,C5,C7) 120.0 123.3
D(H3,C1,C5,H6) 180.0 180.0
D(H3,C1,C5,C7) 0.0 0.0
D(H4,C1,C5,H6) 60.0 56.7
D(H4,C1,C5,C7) −120.0 −123.3

aR denotes the bond length (pm), A denotes the bond angle
(degree), and D denotes the dihedral angle (degree). bValues
computed by B3LYP/AVTZ. cExperimental geometries of MK
determined by Bak et al.14
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modes should be correct. On the other hand, the structures of
MK and MK+ were optimized under the C1 point group in ref
12, and the symmetry species of some normal modes might be
determined incorrectly, such as interchanging the A′ and A″
species. Consequently, the numbering of normal modes might
be different between our and their computations. However, the
agreement of the symmetry species and vibrational frequencies
of MK between our computations and the experimental data
reported by Winther et al.15 (Tables 2) supports that our
numbering of normal modes is correct.

Photoelectron Spectrum and Adiabatic Ionization
Energy. The simulated PES of MK using the harmonic and
hybrid models is compared in Figure 2. The four DFT
approaches predict similar spectral patterns. The peaks
computed using the hybrid model (red) appear at the left of
the corresponding peaks computed using the harmonic model
(blue), manifesting the effect of anharmonic correction to the
vibrational energies. The FCFs of the primary transitions are
provided in Tables 3 and 4 for the harmonic and hybrid
models, respectively.
In Figure 3, we compare the PES of MK simulated using the

harmonic model with the experimental spectrum reported in
ref 12. The agreement between the theoretical and
experimental spectra is quite good, and the spectra simulated
by using the four DFT approaches are almost identical (Figure
3b). However, our assignments (Figure 3b) are different from
those made by ref 12 (Figure 3a). Aside from the origin band,
the 81 band assigned by ref 12 is composed of the 91, 61, and 71
transitions according to the present study, as depicted in
Figure 2. The 51 band of ref 12 is reassigned to 41 in this work
(Figure 3), etc. The assignments of the bands between the two
studies are compared in Table 5.
The inconsistency of spectral assignments made by us and

by ref 12 arises from two sources. One is the problem of
numbering normal modes, and the other is the distinction
between the FA and SA approaches. If corrected for symmetry,

ν5 and ν8 made by ref 12 should be renumbered as ν4 and ν7,
respectively. Hereafter, we use the correct numbering to
describe the assignments made by ref 12, and the corrected
assignments are proposed in Table 5. Consequently, the
assignment of the 9.214 eV band as 41 is consistent between
the two studies. However, for the 9.083 eV band, it was
assigned as 71 by ref 12 using the FA approach, but is assigned
as the overlap of the 91, 61, and 71 transitions by us using the
SA approach. Our assignments are based on the computed
FCFs (Tables 3 and 4) and the simulated spectra (Figure 3b).
Along the line of thinking of the FA, an observed band is most
likely to arise from the transition whose excitation energy is

Table 2. Harmonic and Anharmonic Vibrational Frequencies (cm−1) of MK and MK+ and the Experimental Vibrational
Frequencies of MK

MK MK MK MK+ MK+ MK+

mode sym.a harm.b anharm.b expt.c harm.b anharm.b PBE0d

ν1 A′ 3176 3042 3073 3158 3027 3181.4
ν2 A′ 3105 2964 2988 3137 3001 3155.9
ν3 A′ 3023 2902 2923 2973 2808 3039.3
ν4 A′ 2197 2158 2136 2256 2225 2996.6
ν5 A′ 1512 1469 1477 1474 1422 2298.1
ν6 A′ 1422 1390 1389 1380 1341 1470.7
ν7 A′ 1411 1376 1369 1312 1278 1376.3
ν8 A′ 1154 1135 1132 1144 1114 1159.3
ν9 A′ 1084 1065 1079 1100 1075 1097.6
ν10 A′ 901 887 892 848 841 856.1
ν11 A′ 652 651 644 617 612 621.6
ν12 A′ 211 206 208 209 208 206.7
ν13 A″ 3068 2923 2964 3002 2829 1408.9
ν14 A″ 1485 1446 1452 1415 1363 1309.8
ν15 A″ 1060 1038 1092 942 917 931.9
ν16 A″ 554 582 524 671 660 667.8
ν17 A″ 515 465 506 444 438 451.4
ν18 A″ 145 125 135 118 95 119.3

aSymmetry species of the normal modes corresponding to the Cs point group. bHarmonic (harm.) and anharmonic (anharm.) vibrational
frequencies computed by B3LYP/AVTZ. cExperimental vibrational frequencies measured by Winther et al.15 dAnharmonic vibrational frequencies
computed by Derbali et al. using the PBE0/AVTZ approach.12

Figure 2. PES (FWHM = 10 cm−1) of MK simulated using the
B3LYP (a), PBE0 (b), APFD (c), and ωB97XD (d) approaches
associated with the AVTZ basis set. The blue and red lines
correspond to the harmonic and hybrid models, respectively.
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closest to the experimental value. The assignment of the 9.083
eV band as 71 is a natural consequence, as made by ref 12.
However, this approach is valid only when no overlap of
spectral transitions occurs within the observed band, which
cannot be known a priori from pure experimental measure-
ments. Consequently, we propose that the SA approach is

superior to the FA approach, given that the former provides
both the information on intensities and excitation energies for
assigning the spectrum, whereas the latter provides only the
clue of excitation energies for assignments. The computed
FCFs, taking the B3LYP hybrid model as examples hereafter,
are 8.46 × 10−2, 5.74 × 10−2, and 2.59 × 10−2 for the 91, 61,
and 71 transitions, respectively (Table 4). Therefore, it is
unreasonable to assign this band as the weakest transition (71)
of the three possible components. Similarly, the 9.360 eV band
is primarily composed of 4161 and 4191 transitions, rather than
the weaker 4171 transition (Table 4). In addition, the 9.484 eV
band was assigned as 4172 by ref 12, albeit the possibility of 42
and 417191 transitions not being excluded. However, the FCF
of 42 transition is much larger than those of 4172 and 417191,
and thus it is more reasonable to assign this band as 42.
The vibrational structures of the PES can be further

interpreted by scrutinizing the geometrical changes upon
photoioinization. If the neutral molecule and the cation have
nearly the same equilibrium structures, the PES would be
dominated by the origin band since its FCF, and hence the
transition probability, is close to unity. On the other hand, the
PES will consist of more vibrational excitations if the
equilibrium geometry of the molecule changes appreciably
upon ionization. The change of the geometries results in the
displacement of the potential-energy surfaces between the two
electronic states. Consequently, the relative FCFs for the
vibrational excitations are greater because of the greater
overlap of vibrational wave functions. The four normal modes
dominate the vibrational structures of the PES of MK are
depicted in Figure 4. The ν4 mode corresponds to C�C�O
asymmetric stretching, ν6 CH3 deformation, ν7 CH2 bending,
and ν9 C�C−H bending (Figure 4). Taking the B3LYP
computations as examples, the largest change of bond lengths
between MK+ and MK occurs at R(C�C) (+6.61 pm) and
R(C�O) (−3.63 pm), leading to the strong ν4 excitation of

Table 3. FCFs of the Primary Transitions in the PES of MK Computed Using the Harmonic Model

B3LYP/AVTZ PBE0/AVTZ APFD/AVTZ ωB97XD/AVTZ

ΔEa FCF ΔE FCF ΔE FCF ΔE FCF ionic state

0 3.6913 × 10−1 0 3.6283 × 10−1 0 3.6321 × 10−1 0 3.5439 × 10−1 0°
1100 8.5504 × 10−2 1097 8.1059 × 10−2 1098 8.2328 × 10−2 1105 9.0002 × 10−2 91

1312 2.6375 × 10−2 1309 2.1691 × 10−2 1308 2.3173 × 10−2 1329 2.9939 × 10−2 71

1380 5.8215 × 10−2 1376 6.9499 × 10−2 1373 6.7284 × 10−2 1389 5.6043 × 10−2 61

2256 1.6980 × 10−1 2298 1.6941 × 10−1 2286 1.6894 × 10−1 2306 1.6970 × 10−1 41

3355 3.2891 × 10−2 3396 3.1889 × 10−2 3384 3.2173 × 10−2 3411 3.6493 × 10−2 4191

3635 2.2295 × 10−2 3674 2.7310 × 10−2 3659 2.6282 × 10−2 3695 2.2665 × 10−2 4161

4511 4.3194 × 10−2 4596 4.3672 × 10−2 4573 4.3397 × 10−2 4613 4.5043 × 10−2 42
aΔE is the vibrational excitation energy (cm−1) relative to the adiabatic ionization energy.

Table 4. FCFs of the Primary Transitions in the PES of MK Computed Using the Hybrid Model

B3LYP/AVTZ PBE0/AVTZ APFD/AVTZ ωB97XD/AVTZ

ΔEa FCF ΔE FCF ΔE FCF ΔE FCF ionic state

0 3.7231 × 10−1 0 3.5961 × 10−1 0 3.5931 × 10−1 0 3.5486 × 10−1 0°
1075 8.4601 × 10−2 1075 7.9178 × 10−2 1074 8.1614 × 10−2 1096 8.8079 × 10−2 91

1278 2.5900 × 10−2 1274 2.1018 × 10−2 1272 2.2300 × 10−2 1289 2.9407 × 10−2 71

1341 5.7423 × 10−2 1338 6.7316 × 10−2 1334 6.4995 × 10−2 1346 5.4942 × 10−2 61

2225 1.6827 × 10−1 2263 1.6486 × 10−1 2253 1.6424 × 10−1 2275 1.6579 × 10−1 41

3298 3.1842 × 10−2 3341 3.0523 × 10−2 3330 3.1628 × 10−2 3365 3.4745 × 10−2 4191

3559 2.1435 × 10−2 3604 2.5790 × 10−2 3591 2.4712 × 10−2 3626 2.1595 × 10−2 4161

4408 4.2512 × 10−2 4500 4.2065 × 10−2 4480 4.1588 × 10−2 4527 4.3958 × 10−2 42
aΔE is the vibrational excitation energy (cm−1) relative to the adiabatic ionization energy.

Figure 3. Experimental PES of MK reported by Derbali et al.12 (a)
and the spectra (FWHM = 330 cm−1) simulated using the harmonic
model (b). The spectra simulated using the B3LYP (black), PBE0
(green), APDF (blue), and ωB97XD (red) approaches are consistent
with each other (b) and are also in harmony with the experimental
spectrum. The assignments of bands in (a) are made by Derbali et
al.,12 and our assignments are provided in (b). The top axis
corresponds to the ionization energy of the experimental spectrum.
The experimental spectrum is reproduced from ref 12 with permission
from the Royal Society of Chemistry.
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the C�C�O asymmetric stretching. The C�C bond
elongates, whereas the C�O bond shortens upon ionization,
because the former has bonding characters, while the latter has
antibonding characters, as demonstrated by the highest
occupied molecular orbital of MK (Figure 5). The bond
angles and dihedral angles involving the H atoms also change
slightly (within 3.3°) upon ionization, accounting for the
excitations of ν9, ν7, and ν6.
We compare the PES simulated using the hybrid model with

the experimental spectrum12 in Figure 6, in which the
experimental spectrum is reassigned based on the SA approach.
The agreement between the theoretical and experimental

spectra is as good as the harmonic model (Figure 3). However,
the hybrid model performs better in predicting the excitation
energies, as indicated by the vertical arrow for the 42 band in
Figure 6. More precisely, we computed the mean absolute
error (MAE) of the excitation energy for band maxima. Here,
the excitation energy is defined as the energy of a band relative
to the AIE. Even for an overlapped band, such as the 9.083 eV
band, both the simulated and experimental spectra show a
single band maximum (Figure 6). Accordingly, by analysis of
the band maxima, the performance of a theoretical spectrum
can be evaluated by its MAE of excitation energy with respect
to the experimental spectrum. Note that the excitation energy
of a band maximum needs not be the same as that of any of the
vibrational modes or their combinations, particularly for
overlapped bands. For example, the band maximum of the
9.083 eV band appears at 1177.6 cm−1 (1165 cm−1 computed;
Table 5), but the corresponding modes possess vibrational
energies of 1075, 1278, and 1341 cm−1 for the 91, 71, and 61
transitions (Table 5), respectively. On the other hand, the
excitation energy of a band maximum will be close to the
vibrational energy of the corresponding mode if the overlap of
bands is not severe. For example, the computed band maxima
appear at 2230 and 4412 cm−1 for the 41 and 42 transitions
(Table 5), respectively, only slightly deviated from 2225 and
4408 cm−1 of their vibrational energies (Table 4).
By inspection of Table 5, it can be seen that the MAEs of

excitation energy of the hybrid model are all smaller than those

Table 5. Assignment and Mean Absolute Error (MAE) of Excitation Energy for the PES of MK

band (eV)a 8.937 9.083 9.214 9.360 9.484 MAEb

ΔE(expt.)a 0.0 1177.6 2234.1 3411.7 4411.8
ΔE(PBE0)a 0.0 1159.3 2298.1 3457.1 4616.7 66.5
harmonic modelc

ΔE(B3LYP) 0 1186 2260 3445 4514 34.0
ΔE(PBE0) 0 1226 2302 3532 4599 106.0
ΔE(APFD) 0 1217 2291 3510 4576 71.8
ΔE(ωB97XD) 0 1190 2310 3500 4616 76.2
hybrid modelc

ΔE(B3LYP) 0 1165 2230 3391 4412 7.5
ΔE(PBE0) 0 1199 2270 3466 4506 41.1
ΔE(APFD) 0 1186 2262 3443 4488 28.8
ΔE(ωB97XD) 0 1188 2281 3460 4533 45.4
assignment
ref 12a 0° 81 51 5181 5182/52/518191

ref 12d 0° 71 41 4171 4172/42/417191

this work 0° 61+71+91 41 4161+4191 42
aTaken from ref 12. bThe MAE of excitation energy corresponding to band maxima. cValues analyzed from the harmonic or hybrid model of this
work. dThe assignments of ref 12 if the symmetries are corrected (see text).

Figure 4. Normal modes of ν4 (a), ν6 (b), ν7 (c), and ν9 (d) of MK+

responsible for the primary transitions in the PES of MK, computed
by B3LYP/AVTZ.

Figure 5. Highest occupied molecular orbital of MK for the structure
optimized by B3LYP/AVTZ.
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of the harmonic model for the four DFT approaches. The
B3LYP/AVTZ computation gives the smallest MAEs of
excitation energy, which are 34.0 and 7.5 cm−1 for the
harmonic and hybrid models, respectively. The MAEs of
excitation energy of our hybrid model, distributed from 7.5 to
45.4 cm−1, are also smaller than that of the anharmonic
computations of ref 12 (66.5 cm−1; Table 5).
Although the simulated PES of MK agrees with the

experiment quite well, the relative intensity of the 9.083 eV
band is overestimated by the theoretical spectrum (Figure 6).
A possible reason is that the wave functions of the
corresponding vibrational states (ν9, ν7, and ν6) for computing
FCFs are not accurate enough, albeit the computation
indicating that there is a high overlap with the state to which
it is assigned, for any of the three states. The ν9 mode
undergoes Fermi resonances with ν16 + ν17 and 2ν16, meaning
that the wave function of ν9 should be mixed with those of ν16
+ ν17 and 2ν16. In addition, there exists Darling−Dennison
resonance between ν6 and ν7, and their wave functions must be
mixed, too. The computation of FCFs using the vibrational
wave functions corrected for the Fermi and Darling−Dennison
resonances is beyond the scope of the present study but should
be an interesting issue and will be explored in the future.
The AIEs of MK computed using the CCSD(T) approach

are provided in Table 6, together with the experimental value
(8.937 eV) determined by Derbali et al.12 The error of
computed AIE decreases as the level of basis sets elevated from
AVDZ to AV5Z, and it is even smaller for the CBS limit. The
error of ECBS5 is the smallest (−0.017 eV) of the six CBS
formulas adopted and is also smaller than that (−0.020 eV)
computed using the CCSD(T)-F12 approach by Derbali et
al.12 Our CBS formulas, eqs 21 and 22, also provide accurate
predictions for the AIE of MK, with the errors being −0.019
and −0.024 eV for ECBS2 and ECBS3 (Table 6), respectively.

■ CONCLUSIONS
A hybrid model of harmonic and anharmonic oscillators was
developed to compute FCFs and simulate the vibronic spectra
of molecules. The PES of MK were simulated using both the
harmonic and hybrid models and are compared with the
experimental spectrum recorded by Derbali et al.12 Although
the harmonic and hybrid models perform equally well in
predicting the spectral patterns, the hybrid model provides
more accurate excitation energies for the PES of MK. The AIEs
of MK computed using the CCSD(T) approach extrapolated
to the CBS limit are in agreement with the experimental value,
with the smallest error being −0.017 eV.
The experimental PES of MK was reassigned based on the

SA approach. We propose that the SA approach is superior to
the FA approach in interpreting the vibrational structures of a
vibronic spectrum. In the SA approach, both the information
on intensities and excitation energies are compared with the
experiments, whereas the FA approach is based solely on the
excitation energies. Envisioning from experimental viewpoints,
it would be interesting to acquire the PES of MK with higher
resolutions or to record the infrared emission spectra of the
photoions of MK, such that the conclusions of this study can
be further verified.
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method MK MK+
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