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The studies of shape and core-excited resonances are essential in the bonding and electronic processes of 

quinones. So far, the experimental results of temporary anion states for p-benzoquinone cannot be fully 

ascertained computationally. In this paper, both resonances of p-benzoquinone are investigated via 

stabilization method (SM). For shape resonances, the stabilized Koopmans theorem is adopted in the 

framework of long range corrected density functional theory (LC-DFT). As for core-excited resonances, 10 

the SM coupled with long range corrected time-dependent density functional theory (LC-TDDFT) is 

employed. The resonance energies and lifetimes are then estimated via an analytic continuation procedure 

in conjunction with the stabilization plots. Using this novel combination, previous experimental results of 

temporary anion states can be successfully identified. It is believed that this novel approach can be an 

accurate and efficient methodology in the study of temporary anion states of quinones. 15 

1. Introduction 

Quinones and their derivatives have aroused considerable 
scientific interest due to their importance in the diverse areas of 
synthetic and environmental chemistry, biology and 
pharmacology.1-5 For instance, quinone based molecular receptors 20 

can be used for recognition of anions and metal ions.1 In addition, 
quinones can also enhance dechlorination of carbon tetrachloride 
by Geobacter sulfurreducens.2 Quinones extracted from rhubarb 
are found to have proficient ability in grabbing and releasing 
electrons and can be used in metal-free flow battery technology 25 

for large-scale energy storage.3 It is also well-known that 
quinones can function as the primary electron and proton carriers 
in basic metabolic processes such as respiration and 
photosynthesis.4 Natural quinones and many of their synthetic 
derivatives have a variety of biological activities that can inhibit 30 

the growth of tumors pharmacologically.5 It is believed that p-
benzoquinone (p-BQ), the prototypical quinone species, plays an 
important role in electron-accepting ability.  
 From the brief introduction of the previous paragraph, it is 
crucial to understand the so-called temporary anion states (TASs) 35 

of p-BQ. The important reason is that TASs are essential in the 
study of bonding and electron transfer processes of quinones. 
TASs can, in general, be divided into two categories according to 
how the extra electron attaches to their parent state.6 The first 
category of “shape resonance” (SR) stands for the case that an 40 

extra electron is attached to an unfilled valence orbital of the 
neutral ground state. As to the second category of “core-excited 
resonance”, it is associated with the electron attachment to an 
excited state of the neutral molecule. The second category can be 
further divided into two types according to their energy with 45 

respect to the excited state of the neutral molecule. Type I or 
Feshbach resonance lies energetically below its parent state, 
while Type II resonance or core-excited shape resonance lies 
above its parent state.  
 To gain a fundamental understanding of the TASs of p-BQ, a 50 

combination of experimental and computational methods is 
required. Cooper et al.7 observed 3 peaks of TASs at 0.70, 1.35, 
and 1.90 eV using the SF6-scavenger technique. A 4th peak at 4.35 
eV could not be definitely assigned. Based on electron 
transmission spectroscopy measurement, Modelli and Burrow8 55 

assigned 4 TASs at 0.69, 1.41, 2.11, and 4.37eV. A weak 5th broad 
band at 5.8 eV was also observed. Allan9 has identified 4 TASs at 
0.72, 1.43, and 2.15 eV using electron energy loss spectroscopy 
as well as trochoidal electron spectrometer. Out of these 
controversial assignments, the multi-configurationally second-60 

order perturbation CASPT2 calculations by Pou-Amérigo et al.10 
and the symmetry adapted cluster-configuration interaction 
(SAC-CI) by Honda et al.11 have identified 3 TASs around 0.7, 
1.4 and 2.0 eV. However, the assignment of higher TASs of p-BQ 
is still an open problem.  65 

 As a matter of fact, the computation on the energies of TASs is 
arduously challenging. First of all, proper size of basis set 
containing diffuse functions is required to describe the electron 
densities in the TASs. To deal with the variational collapse of 
TASs onto the neutral plus a discretized approximate 70 

continuum13,14 (DC) solutions, the stabilization method (SM) 
pioneered by Taylor and Hazi15 can be invoked. In particular, the 
vertical attachment energies (AEs) for temporary anion computed 
via the stabilized Koopmans' theorem13,14 (SKT) method (i.e., the 
SM coupled with Koopmans' theorem16) is related to the energies 75 

of the stabilized virtual orbitals of the neutral molecules. The 
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SKT can be used within the frameworks of Hartree-Fock or 
density functional theory17 (DFT). Notice that when the DFT is 
used, the Kohn-Sham virtual orbitals are less diffuse than those of 
Hartree-Fock.18 Yet, many DFT potentials will not yield 
asymptotic behaviour properly and often underestimate the SR 5 

energies. Nevertheless, the problem, when using the DFT, can be 
remedied by using asymptotically corrected potentials.19,20 As for 
core-excited resonances, their energies can be evaluated by 
comparing the energies of the excited vertical anion states with 
that of the ground neutral state.21 However, the excited anion 10 

states could be derived from the excitations of an electron to 
either unfilled orbital or DC solutions. Hence, their energies may 
change when the basis set is varied. Consequently, these two 
types of excitations have to be differentiated via the SM.   
 The aim of this paper is to settle the assignment problem of 15 

TASs of p-BQ. First, we will focus on the SRs, and then the core-
excited resonances. In particular, the SM using LC-DFT and LC-
TDDFT will be adopted in this investigation. Their resonance 
energies and lifetimes will be calculated via analytic continuation 
method in conjunction with stabilization plots (SPs). Finally, the 20 

results of stabilization calculations will be compared with 
previous studies. 

2. Computational Method  

In this paper, six different basis sets of Gaussian-type, A1, A2, 
B1, B2, C1, and C2 are used in the stabilization calculations. The 25 

reason for using the shorthand notation A1,…, C2 in naming is 
because the conventional standard basis set has to undergo a 
scaling procedure.  For instance, the basis set A1 stands for the 6-
311++G(d,p) basis set with scaling of the exponents in the diffuse 
“+” functions on all atoms. Here, as it is well-known, that the first 30 

+ represents the diffuse sp functions on C and O atoms and the 
second + stands for the s function on H atom. For the scaling 
procedure for the basis set A1, we mean that the exponents of 
diffuse “++” functions will be multiplied by a scale factor α. 
As for the other basis sets, A2 is formed by firstly augmenting the 35 

6-311+G(d,p) basis set with the diffuse sp function on C and O 
atoms and then simultaneously scaling the exponents of the two 
most diffuse sets of sp functions on C and O atoms. The 
exponents of augmented diffuse sp functions are 0.01460 and 
0.02817 for the C and O atoms, respectively. B1 is formed by 40 

replacing the outermost diffuse p functions on the C and O atoms 
of the lanl2dzdp22 basis set with diffuse sp functions, which were 
scaled. B2 is formed by replacing the outermost diffuse p 
functions on the C and O atoms of the lanl2dzdp basis set with 
two diffuse sp functions with exponents of 0.03110 and 0.01037 45 

on C and 0.06730 and 0.02243 on O, which were simultaneously 
scaled. C1 stands for the aug-cc-pvtz23 basis set with scaling of 
the outermost diffuse s and p functions on the C and O atoms and 
the outermost s function on the H atom. Finally, C2 is formed by 
augmenting the C1 basis set with the diffuse p function on C and 50 

O with exponents of 0.01190 on C and 0.01991 on O, which were 
scaled. The purpose for such selection of six different basis sets is 
to understand the stability of stabilization calculations with 
respect to basis set variation. 
 In the present study, the SM that determines the eigenvalues of 55 

interest as a function of an adjustable factor α for the TASs is 
invoked. The SPs are obtained by graphing the calculated 

energies as a function of α. As the parameter α is varied, TA and 
DC solutions mix and avoided crossings (ACs) between two 
types of solutions may occur in SPs. In the calculation of 60 

resonance energies, the ‘midpoint method’ in Burrow et al.24 will 
be adopted here, i.e., the energy of TAS is obtained by taking the 
average of two eigenvalues in the avoided crossing of closest 
approach at αac.

25 To estimate resonance energies (ER) and widths 
(Γ), the calculated results of E(α) on the real axis will be 65 

extended via analytic continuation method into the complex plane 
from the ACs of the SPs. The method of analytic continuation has 
been used since the 1970s, various approaches have been 
proposed to extract parameters of resonances.26 As to the 
procedure of analytic continuation in this study, the (i,i,i) 70 

generalized Padé approximants26h-j are employed by the following 
formula: 

P(α) E2 + Q(α) E + R(α) = 0,  (1)              

where 

P(α) = 1 + p1α + p2α
2 + … + piα

i,  (2) 75 

Q(α) = q0 + q1α + q2α
2 + … + qiα

i,  (3) 

R(α) = r0 + r1α + r2α
2 + … + riα

i. (4) 

By substituting 3i+2 pairs of data points {E, α} into eq. (1)-eq. 
(4), the 3i+2 coefficients of these three polynomials can be 
determined from 3i+2 linear equations by standard matrix 80 

methods. Then, the Newton-Raphson procedure is used to solve 
dE/dα = 0 to determine the stationary points, αstat. The acquired 
values of αstat are substituted into eq. (1)-eq. (4) to yield the 
corresponding stationary energies of Estat(αstat). The complex 
resonance parameters are then determined by the real and 85 

imaginary parts at the above stationary point, Estat(αstat) = ER – 
iΓ/2. The width is associated with the lifetime τ via τ = h /Γ. 
 In the SKT computations for the SRs of p-BQ, the ωB97XD27 
and M1128 LC functionals have been adopted. For comparison, 
the double-hybrid functional B2PLYPD329 that contains second-90 

order perturbation corrections with Grimme's D3BJ dispersion is 
also included. In addition, the SM in conjunction with the 
electron-attached (EA) SAC-CI30 and outer valence Green’s 
function31 correlated methods are also studied. The former will be 
denoted as S-EA SAC-CI and the latter as S-OVGF. In this paper, 95 

the EA-EOM-CCSD32 will not be used because it suffers from the 
problem of non-convergence for small values of α in the 
stabilization calculations for p-BQ molecule.33 In the same vein, 
neither the Hartree-Fock will be used since the energies of the 
unfilled orbitals would be too high.18 As for the core-excited 100 

resonances, the same ωB97XD and M11 LC functionals have 
been chosen in the S-LC-TDDFT computations.34 All 
calculations in this paper are performed using the Gaussian 0935 
program with geometric optimization of neutral p-BQ being 
carried out at the B3LYP/6-311++G(d,p) level under D2h 105 

symmetry constraints. The optimized bond lengths of C=O, C=C, 
C-C, and C-H are 1.22, 1.34, 1.49, and 1.08 Å respectively. The 
calculated structural parameters are in good agreement with 
experimental structural parameters for the p-BQ.36 

3. Results and Discussions  110 
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First, we will present results in the SKT calculations for the SRs 
of p-BQ using ωB97XD. In the D2h point group, p-BQ has eight 
ag, one b1g, seven b1u, one b2g, five b2u, four b3g, and two b3u 
occupied orbitals. Our symmetry in the labelling of the orbital is 
based on a molecular orientation with the x-axis being 5 

perpendicular to the molecular plane, and the z-axis lying along 
two carbonyl groups. The eight 2p orbitals of C and O atoms of 
p-BQ molecule can yield four π and four π* orbitals. According 
to our analyses for the π orbitals, the 1b3u(π

+
u) is from the 

bonding interaction between two carbonyl π+
C=O and ethylene 10 

π+
C=C group orbitals. The 1b2g(π

-
CO) is primarily from the two 

πC=O and 1b1g(π
+

CC) from the two πC=C group orbitals. The 
2b3u(π

+
u) is predominantly from the antibonding interaction 

between two π+
C=C and π+

C=O group orbitals. As for the π* 
orbitals, the 2b2g(π*-

g) is primarily from the bonding interaction 15 

of the two π*-
C=O and π*-

C=C group orbitals. The 1au(π*-
CC) results 

from the two π*-
C=C, and the 3b3u(π*+

CO) is primarily from the 
two π*+

C=O group orbitals. The 3b2g(πg*
-) is primarily from the 

antibonding interaction between two π*-
C=O and π*-

C=C group 
orbitals. Here, the superscripts + and - indicate the symmetry with 20 

respect to the x-y plane. 
 

    

 

Fig. 1  SPs for p-BQ via SKT ωB97XD. Energies of (a) au, (b) b3u, and (c) 25 

b2g (solid curves) and the 1e DC (dashed curves) virtual orbitals as a 
function of α.  

2b2g 1au 

3b3u 3b2g 

 30 

Fig. 2 Plots of the 2b2g, 1au, 3b3u, and 3b2g orbitals at α = 0.8 for p-BQ. 
The iso surface values are chosen to be 0.02 for all plots. 

 To discern the unfilled orbital and DC solutions of the p-BQ, 
the Schrödinger equation for one free electron (1e) in the absence 
of nuclear charges and other electrons as described by the 35 

molecular basis set is solved.13c,d Figure 1a-c shows the SPs of p-
BQ for the au, b3u, and b2g virtual orbitals and the 1e DC solutions 
using the SKT ωB97XD method with basis set A1. The spectrum 
of eigenvalues in the SKT calculations consists of unfilled orbital 
and virtual DC solutions. One can determine the possible TASs 40 

by comparing the energies and characteristics of these two kinds 
of virtual orbitals with those of the 1e DC. In Fig. 1a, the energies 
for the first two 2Au eigenvalues are reported. The 1st and 2nd 
roots undergo an AC near αac(1,2) = 0.2, indicating the presence 
of a TAS. The corresponding energy is 0.92 eV. In Fig. 1b, three 45 

ACs are from the couplings between 3b3u orbital and the first 
three DC solutions. Their corresponding energies are 1.83 eV at 
αac(1,2) = 0.6, 2.01 eV at αac(2,3) = 0.4, and 2.09 eV at αac(3,4) = 
0.2. The mean value from each set will be defined as the energy 
of the TAS. Hence, the energy of the 3b3u orbital is 1.98 eV.  In 50 

Fig. 1c, the 1st root is primarily from the 2b2g whose energy lies 
below zero (~-2.05 eV). The two ACs are from the couplings 
between 3b2g orbitals and the 2nd and 3rd DC solutions, 
respectively. Their corresponding energies are 5.47 eV at αac(3,4) 
= 1.0 and 5.61 eV at αac(4,5) = 0.6. Thus the energy of the 3b2g 55 

orbital is 5.54 eV. Figure 2 shows the 2b2g, 1au, 3b3u, and 3b2g 
orbitals for α = 0.8. 
 Table 1 reports the calculated AEs using various methods 
along with the experimental data for p-BQ. Notice that all basis 
sets contain polarization functions on H. The basis sets A1, C1, 60 

and C2 contain polarization functions and scaled diffuse function 
on H. As shown in Table 1, the AEs vary within 0.2 eV for each 
orbital for all basis sets. Hence, the SM results are reasonably 
stable with respect to the basis set variation. In Table 1, the 
increasing order of AEs of unfilled orbitals is 2b2g < 1au < 3b3u < 65 

3b2g for all stabilization calculations. For the 2B2g ground anion 
state, previous experimental and theoretical studies have 
indicated this lowest anion state is stable.7,10-12 Our SKT 
ωB97XD and M11 calculated results on AEs (~ -1.8 – -2.1 eV) 
are in agreement with those of Cooper et al.7 (-1.89 eV) using the 70 

cesium collisional ionization technique and Schiedt and 
Weinkauf12a (-1.86 eV) via photoelectron spectroscopy. 
Nevertheless, S-EA SAC-CI and S-OVGF approaches 
overestimate AEs (~ -1.0 – -1.2 eV) while SKT B2PLYP3D 
approach underestimates AEs (~ -2.2 eV). The first AE can also 75 

be obtained as the difference between the total energy of neutral 
and anion ground state, both in the optimized geometry of the 
neutral state. According to our study, the energies of the first 
vertical anion state relative to the neutral ground state with 
B3LYP calculations are -1.90, -1.85, and -1.86 eV using 6-80 

311++G(d,p), lanl2dzdp, and aug-cc-pvtz basis sets, respectively. 
These calculated AEs are also in agreement with those of 
previous experimental studies.  
 Next, for the three unbound π* TASs, our SKT ωB97XD and 
M11 calculated AEs are in agreement with previous experimental 85 

data.7-9 It is clear from Table 1 that the SKT ωB97XD and SKT 
M11 calculations generally yield better AEs as compared to those 
of the SKT B2PLYPD3, S-EA SAC-CI and S-OVGF methods. 
The AEs obtained from the S-OVGF method are larger than those 
obtained from the other methods (~ 1 eV). Notice that previous 90 
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assignments for TASs are not conformable among themselves. 
Based on comparison with calculated orbital energies, Cooper et 
al.7 associated the resonances (0.7, 1.35, and 1.90 eV) determined 
from their SF6-scavenger technique with 2Au, 

2B3u, and 2B2g SRs. 
They revised their assignments to 2B3u, 

2Au, and 2B3u resonances 5 

based upon optical study later on. Previous studies by Modelli 
and Burrow8 associated the resonances at 0.69, 1.41 and 4.37eV 
observed in their electron transmission spectrum with 2B3u, 

2Au, 
and 2B3u SRs and those at 2.11 and 5.8 eV with core-excited 
resonances. Electron energy loss spectroscopy and electron 10 

transmission spectroscopy studies by Allen9 attributed the 
resonances at 0.72, 1.43, and 2.15 eV as the 2B3u, 

2Au, and 2B3u 
SRs and the resonance around 4.37 eV as the 3B3g second π-π* 
state. From the CASPT2 calculations, Pou-Amérigo et al. 
predicted 2Au, 

2B3u, and 2B3u resonances at 0.91, 1.31 and 1.87 eV 15 

(Table 7 of ref 10). Based on SAC-CI theoretical study, Honda et 
al. reported 2Au, 

2B3u, and 2B3u resonances at 0.83, 1.79, and 2.44 
eV (Table 8 of ref 11). It is clear from Table 1 that our 
assignments of the two TASs, i.e., 2Au and 2B3u, are in accordance 
with the results by Pou-Ame´rigo et al and Honda et al. It is 20 

noteworthy that for the experimental data around 1.35-1.43 and 
4.2-4.37 eV, they are not corresponding to SRs in our results. It is 
because there are only three possible π* SRs at most as we have 
indicated. Consequently, when one considers the assignment of 
TASs, the core-excited resonances should also be taken into 25 

account. 
 To investigate the core-excited resonances, the energies of the 
excited states of the vertical anion of p-BQ were obtained with 
ωB97XD and M11 S-LC-TDDFT calculations using basis sets 
A1. Figure 3a-h shows the SPs for the 2Au, 

2B1u, 
2B2u, 

2B3u, 
2Ag, 30 

2B1g, 
2B2g and 2B3g excited states solutions of the vertical p-BQ 

anion using the S-LC-TDDFT ωB97XD method with basis set 
A1. It is noteworthy that the eigenvalues in the S-LC-TDDFT 
calculations may consist of the following four solutions: (1) core-
excited resonance, (2) the excitation of an electron to DC (E-DC) 35 

solutions, (3) SR, and (4) DC solutions.  The 3rd and 4th solutions 
are the results of the excitation of an electron from the LUMO to 
higher lying virtual orbitals. Similar to those of SRs, the 
eigenvalues of the core-excited resonance solutions remain stable 
while those of the E-DC solutions change as α varies. 40 

Accordingly, TDDFT should be used with considerable caution 
for determining the energies of excited states. In Fig. 3a for the 
2Au resonances, the 1st solution for α > 0.2 and 5th solution for α > 
1.9 are primarily from the 2Au resonance solutions. Yet, the 2nd 
solution for α > 0.5, 3rd for α > 0.6, 4th for 0.8 < α < 1.9, and 5th 45 

for 0.8 < α < 1.7 correspond to the E-DC solutions. The 2nd 
solution for 0.2 < α < 0.5 and 4th for 0.6 < α < 0.8 correspond to 
the DC solutions. Five ACs are found in the SP. According to our 
observation, the first AC near αac(1,2) = 0.2 is mainly from the 
couplings between 12Au resonance and the first DC solutions. The 50 

4th and 5th roots undergoing an AC near αac(4,5) = 1.9 is from the 
couplings between 22Au resonance and the E-DC  solutions. The 
energy values acquired from the ACs are 2.78 eV at αac(1,2) = 0.2 
and 7.31 eV αac(4,5) = 1.9, respectively. On the other hand, the 
2nd–4th ACs near αac(2,3) = 0.5, αac(3,4) = 0.6, and αac(4,5) = 0.8 55 

are due to the couplings between E-DC and DC solutions. Hence, 
these spurious results need to be excluded. The SPs for other 
core-excited resonance states have been analysed in a similar 

manner as those of 2Au and they have been presented in Fig. 3b to 
3h. For the 2B1u anion states, the acquired energies of the 60 

12B1u−32B1u states are 5.27, 5.72, and 7.55 eV, respectively. For 
the 2B2u anion states, the acquired energies of the 12B2u−32B2u 
states are 2.99, 5.87, and 6.78 eV, respectively. For the 2B3u anion 
states, the acquired energies of the 12B3u−52B3u states are 3.49, 
4.25, 5.48, 7.36, and 7.77 eV, respectively. For the 2Ag anion 65 

states, the acquired energies of the 12Ag−32Ag states are 5.59, 
5.96, and 7.17 eV, respectively. For the 2B1g anion states, the 
acquired energies of the 12B1g−32B1g states are 4.00, 6.04, and 
7.02 eV, respectively. For the 2B2g anion states, the acquired 
energies of the 12B2g−22B2g states are 6.14 and 7.82 eV, 70 

respectively. For the 2B3g anion states, the acquired energies of 
the 12B3g−42B3g states are 2.86, 6.20, 6.54, and 7.47 eV, 
respectively.  
 

   75 

   

   

   

Fig. 3 SPs for vertical p-BQ radical anion via S-LC-TDDFT ωB97XD. 
Excitation energies for the (a) 2Au, (b) 2B1u, (c) 2B2u, (d) 2B3u, (e) 2Ag, (f) 80 
2B1g, (g) 2B2g, and (h) 2B3g anion states as a function of α. 

 We then examine the characteristics of excited states for p-BQ 
vertical anion. Based on our analysis, the 12Au state represents 
π*LUMO-π* (2b2g → 1au) SR. The 12B3u and 22B3u states can be 
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ascribed to a mixture of the π-π* core-excited with π*LUMO-π* 
(2b2g → 3b3u) shape resonances. The 12B2g and 22B2g states are 
mainly described by a mixture of the π-π* core-excited with 
π*LUMO-π* (2b2g → 3b2g) shape resonances. The 12Ag-3

2Ag, 
12B3g-4

2B3g, 1
2B1u-3

2B1u, and 12B2u-3
2B2u states can be ascribed 5 

to n-π*/σ-π* core-excitations. The 12B1g-3
2B1g, 3

2B3u-5
2B1g, and 

22Au states represent π-π* core-excited resonances. 
 Table 2 reports the energies of the excited states of p-BQ 
vertical anion via ωB97XD and M11 S-LC-TDDFT calculations 
using basis set A1. To compare with experimental results, the 10 

energies of the excited anion states relative to the ground neutral 
state are also included in the table. Accounting for a calculated 
vertical electron affinity of 1.90 eV, three electronic states, the 
12Au, 1

2B3g, and 12B2u, are possible candidates for the assignment 
of the resonances observed around 0.7 eV. With regard to the 15 

resonance detected around 1.4 eV, only the 12B3u state has 
computed energy in this range. For the resonance observed 
around 2 eV, the 22B3u and 12B1g states are possible choices. As 
for the resonance observed around 4.37 and 5.8 eV, several π-π* 
(22B1g, 1

2B2g, 2
2B2g, 2

2Au, 4
2B3u, and 52B3u) and n-π*/σ-π* (22Ag, 20 

22B3g, 3
2B3g, 4

2B3g, and 32B1u) possible states are predicted in the 
energy range. Among these, the 12B2g and 22B2g states have the 
same symmetry as the third 2B2g SR. Based on comparison 
between the experimental results observed in electron 
transmission spectroscopy and our calculations on p-BQ, the 0.69 25 

eV feature is ascribed to 12Au SR state which is derived from 
electron capture into 1au π*-

CC orbital. The 1.41 and 2.11 eV 
features are ascribed to the 12B3u, and 22B3u resonances that are 
the mixtures of shape (3b3u π*+

CO) and core-excited resonances. 
As for the 4.37 and 5.8 eV features, they are associated with the 30 

mixtures of shape (3b2g πg*
-) and core-excited resonances.  

 It is proper and fitting to comment here that the calculated 
energies inside the parentheses of Table 2 actually correspond to 
one of the following three possibilities: (a) SRs, (b) core-excited 
resonances, or (c) a mixture of both. While the calculated AEs for 35 

the three unbound π* TASs presented in Table 1 correspond to 
pure SRs, here in Table 2 they are more complicated. To illustrate, 
let us consider the case of pure SR in Table 2. The energy value 
obtained from ωB97XD S-LC-TDDFT method (0.88 eV) for pure 
12Au SR  is in good agreement with the AE in Table 1 for 1au 40 

orbital obtained from SKT ωB97XD method (0.92 eV) when 
using the same A1 basis set. In addition, when core-excited 
resonances are taken into account, the experimental data around 
1.35-1.43 and 4.2-4.37 eV which were not corresponding to any 
calculated SRs in Table 1 can now be assigned in Table 2. 45 

 For resonance parameters (ER and Γ) of three π* SRs, the low 
lying 12Au, 12B3g, 12B2u, 12B3u, 12B1g, and 22B3u excited anion 
states, and the third SR related 12B2g, and 22B2g excited anion 
states, are all extracted from each AC via aforementioned (i,i,i) 
generalized Padé approximants. In case there are several ACs for 50 

one resonance state, the average values of ER and Γ obtained 
from each set of resonance parameters are used. Table 3 reports 
the calculated resonance parameters for (a) SRs obtained by SKT 
ωB97XD, and (b) the vertical anion excited states of p-BQ 
obtained by S-LC-TDDFT ωB97XD calculations using basis set 55 

A1. Since generalized Padé approximant works best in the 
vicinity of ACs, the α range near αac is always used to extract ER 
and Γ. In Table 3, the results of resonance parameters are 

reported from the average of four different calculations where 
each one is from the (3,3,3), (4,4,4) and (5,5,5) generalized Padé 60 

approximants employing slightly different E(α) data sets as input. 
As can be seen from the resonance energies of Table 3, our 
results are in agreement with those of the midpoint method. Next, 
for the resonance widths of SRs, our calculations of the resonance 
widths are 0.17, 0.35, and 1.76 eV using SKT ωB97XD for 1au, 65 

3b3u, and 3b2g π* orbitals, respectively. Thus, their corresponding 
lifetimes are about 4, 2, and 0.4 fs for 1au, 3b3u, and 3b2g π* 
orbitals, respectively. As for the resonance widths of excited 
anion states, our calculations indicate the values are 0.35, 0.04, 
0.01, 0.35, 0.06, 0.14, 0.40, and 0.38 eV for 12Au, 1

2B3g, 1
2B2u, 70 

12B3u, 12B1g, 22B3u, 12B2g, and 22B2g anion states, respectively. 
Hence, the corresponding lifetimes are about 2-5 fs for the 12Au, 
12B3u, 2

2B3u, 1
2B2g and 22B2g SR associated TASs, and 11-47 fs 

for the 12B3g, 1
2B2u and 12B1g core-excited states. Notice that the 

12B3g, 1
2B2u and 12B1g states correspond to Feshbach resonances. 75 

Thus, it is logical for them to have longer lifetimes than either 
SRs or a mixture of both resonances.  
 To sum up, the fundamental reasons for the success of our 
SKT LC-DFT and S-LC-TDDFT could be as follows. (1) The 
adoption of LC functionals can reduce the discontinuity of 80 

exchange-correlation potentials so that more reasonable energy 
gaps can be obtained37a. (2) The LC functionals can incorporate 
both relaxation and correlation effects appropriately.37b (3) The 
SM is invoked to distinct the unfilled orbital from the DC 
solutions.  85 

4. Conclusion 

The TASs of p-BQ have been studied by coupling the SM with 
DFT. Our calculation results can yield energies of shape and core-
excited resonances in complete agreement with experimental 
data. For SRs, the SKT ωB97XD and M11 LC-DFT methods can 90 

efficiently generate better agreement in energy results when 
compared with S-EA SAC-CI and S-OVGF methods. As for core-
excited resonances, the finding of using S-LC-TDDFT to 
distinguish them from the excitation of an electron to “virtual” 
DC solution is significant. More importantly, the proposed 95 

method can compute resonance lifetimes via analytic 
continuation method in conjunction with SPs. Thus, the previous 
experimental results of TASs for p-BQ have now been fully 
identified by taking into account of both SRs and core-excited 
resonances.  100 
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Table 1 Calculated AEs (eV) for p-Benzoquinone 20 

method basis set 2b2g 1au  3b3u  3b2g 

SKT ωB97XD A1 -2.06 0.92   1.98  5.43 
 A2 -2.05 0.87   1.95  5.43 
 B1 -1.97 0.89   1.90  5.70 
 B2 -1.97 0.85   1.85  5.40 
 C1 -1.98 0.89  1.90  5.52 
 C2 -1.98 0.88   1.92  5.61 

SKT M11 A1 -1.88 0.93   2.09  5.89 
 B1 -1.77 0.96   2.19  5.89 
 C1 -1.78 0.90   2.18  5.85 

SKT B2PLYPD3 A1 -2.24 0.59   1.70  5.82 
 B1 -2.24 0.57   1.85  5.65 
 C1 -2.23 0.49   1.64  5.51 

S-EA SAC-CI A1 -1.21 1.27  2.31  5.99 
 A2 -1.16 1.14   2.29  5.98 
 B1 -1.19 1.22  2.30  5.99 
 B2 -1.21 1.14  2.32  6.02 

S-OVGF A1 -1.03 2.05   3.37  6.91 
 B1 -1.04 2.05   3.14  7.27 
 C1  -1.21 1.80   2.87  7.10 

expt a  -1.89 0.70 (b3u) 1.35 (au)  1.90 (b3u)  4.35 (c.e.)f  
expt b    0.69 (b3u) 1.41 (au) 2.11 (c.e.) f 4.37 (b2g) ~5.8  
expt c   0.72 (b3u) 1.43 (au) 2.15 (b3u) 4.2 ~5.4 

theory d  -1.64 0.91 (au) 1.31 (b3u) 1.87 (b3u)     
theory e  -1.57 0.83 (au) 1.79 (b3u) 2.44  (b3u)   

a ref 7. b ref 8. c ref 9. d ref 10. e ref 11. f core-excited resonance. 

 
 
 
 25 
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Table 2 Energies a (eV) of the excited states of p-BQ vertical anion obtained by ωB97XD and M11 S-LC-TDDFT calculations using basis set A1 

Excited state main contribution   nature ωB97XD M11 Expt b Expt c Expt d Expt e Theory f Theory g 
12Au 2b2g →  1au  π*-π* 2.78 (0.88) 2.66 (0.76) 0.70 0.69 0.72 0.77 0.91 0.83 

12B3g 4b3g →  2b2g  n-π* 2.86 (0.96) 2.72 (0.82)     0.87  

12B2u 5b2u →  2b2g  n-π* 2.99 (1.09) 2.95 (1.05)     0.96  

12B3u 2b2g →  3b3u  π*-π* 3.49 (1.59) 3.30 (1.40) 1.35 1.41 1.43 1.6 1.31 1.79 

 2b3u →  2b2g  π-π*         

12B1g 1b1g →  2b2g  π-π* 4.00 (2.10) 3.94 (2.04)     1.99  
 

2b3u →  1au π-π*         

22B3u 2b3u →  2b2g π-π* 4.25 (2.35) 4.25 (2.35) 1.90 2.11 2.15 2.0 1.87 2.44 

 1b1g →  1au  π-π*         

 2b2g →  3b3u  π*-π*         

12B1u 4b3g →  1au n-π* 5.27 (3.37) 5.31 (3.41)       

32B3u 1b1g →  1au π-π* 5.48 (3.58) 5.46 (3.56)       

 1b3u →  2b2g π-π*         

12Ag
 

5b2u →  1au n-π* 5.59 (3.69) 5.96 (4.06)       
22B1u 4b3g →  1au n-π* 5.72 (3.82) 5.81 (3.91)       
22B2u 4b3g →  3b3u  n-π* 5.87 (3.97) 5.80 (3.90)       
22Ag 5b2u →  1au n-π* 5.96 (4.06) 6.07 (4.17)       
22B1g 2b3u →  1au π-π* 6.04 (4.14) 6.34 (4.44)       

 1b1g →  2b2g  π-π*         
12B2g 1b2g →  2b2g π-π* 6.14 (4.24) 6.35 (4.45) 4.35 4.37 4.2 4.2   

 2b3u →  3b3u π-π*         
 2b2g →  3b2g π*-π*         

22B3g 5b2u →  3b3u  n-π* 6.20 (4.30) 6.21 (4.31)       

32B3g 3b3g →  2b2g  σ-π* 6.54 (4.64) 6.48 (4.58)       

32B2u
 

4b3g →  3b3u  n-π* 6.78 (4.88) 7.11 (5.21)       

32B1g
 

2b3u →  1au  π-π* 7.02 (5.12) 7.31 (5.41)       
32Ag

 
8ag →  2b2g σ-π* 7.17 (5.27) 7.18 (5.28)       

42B3u 1b1g →  1au π-π* 7.36 (5.46) 7.49 (5.59)       
 1b3u →  2b2g π-π*         

22Au 1b1g →  3b3u  π-π* 7.31 (5.41) 7.48 (5.58)       
42B3g 5b2u →  3b3u  n-π* 7.47 (5.57) 7.99 (6.09)       

 3b3g →  2b2g  σ-π*         
32B1u 7b1u →  2b2g σ-π* 7.55 (5.65) 7.57 (5.67)       

 
1b3u →  2b2g π-π*         

52B3u
 

1b1g →  1au π-π* 7.77 (5.87) 7.53 (5.63)       
 1b2g →  3b3u π-π*         

22B2g
 

2b3u →  3b3u π-π* 7.82 (5.92) 7.98 (6.08)  ~5.8     

 1b2g →  2b2g π-π*         

 2b2g →  3b2g π*-π*         
 

a The values in parentheses are energies of the excited anion states relative to the ground neutral state. b ref 7. c ref 8. d ref 9a. e ref 9b. f ref 10. g ref 11. 
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Table 3 Resonance parameters (eV) for (a) SRs obtained by SKT ωB97XD and (b) the vertical anion excited states of p-BQ obtained by S-LC-TDDFT 
ωB97XD calculations 

   ER Γ 
SRs 1au π* 0.958 0.170 

3b3u π* 1.955 0.345 
3b2g π* 5.536 1.760 

Excited States a 12Au 0.910 0.346 
12B3g 0.956 0.042 
12B2u 1.136 0.014 
12B3u 1.587 0.351 
12B1g 2.099 0.058 
22B3u 2.332 0.139 
12B2g 4.410 0.397 
22B2g 5.910 0.375 

a The values of ER are the energies of vertical anion excited states relative to the ground neutral state. 
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Graphical Abstract for Table of Content 

 

The energies and lifetimes of shape and core-excited resonances of p-benzoquinone have been studied in this paper. The obtained 
resonance parameters are of fundamental importance in understanding the bonding and electronic processes of quinones. 5 
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