
The Theoretical Estimation of the Bioluminescent Efficiency of the
Firefly via a Nonadiabatic Molecular Dynamics Simulation
Ling Yue,† Zhenggang Lan,*,‡ and Ya-Jun Liu*,†

†Key Laboratory of Theoretical and Computational Photochemistry, Ministry of Education, College of Chemistry, Beijing Normal
University, Beijing 100875, China
‡CAS Key Lab of Bio-based Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences,
Qingdao, 266101, P.R. China

*S Supporting Information

ABSTRACT: The firefly is famous for its high bioluminescent efficiency,
which has attracted both scientific and public attention. The chemical
origin of firefly bioluminescence is the thermolysis of the firefly
dioxetanone anion (FDO−). Although considerable theoretical research
has been conducted, and several mechanisms were proposed to elucidate
the high efficiency of the chemi- and bioluminescence of FDO−, there is a
lack of direct experimental and theoretical evidence. For the first time, we
performed a nonadiabatic molecular dynamics simulation on the
chemiluminescent decomposition of FDO− under the framework of
the trajectory surface hopping (TSH) method and theoretically estimated
the chemiluminescent quantum yield. The TSH simulation reproduced
the gradually reversible charge-transfer initiated luminescence mechanism
proposed in our previous study. More importantly, the current study, for
the first time, predicted the bioluminescence efficiency of the firefly from a theoretical viewpoint, and the theoretical prediction
efficiency is in good agreement with experimental measurements.

Living organisms that can produce cold light are extremely
fascinating, and accordingly, great efforts have been

devoted to elucidating the mechanism behind such mysterious
light over several centuries. This light emission, denoted as
“bioluminescence”, is a special type of chemiluminescence that
is the consequence of chemical reactions in living organisms.
The firefly may be the most famous and important

bioluminescence system. Due to their extremely high
luminescent efficiency (41.0 + 7.4%),1 the chemical origin of
their luminescence has received great interest from exper-
imental and theoretical scientists. These studies determined
that the chemical conversion from D-luciferin to oxyluciferin is
responsible for the bioluminescence emission of the firefly, as is
shown in Scheme 1. The D-luciferin first reacts with ATP in the
presence of a catalytic enzyme (luciferase) and cofactors
(Mg2+) to form an intermediate (luciferin-AMP) that can be
oxidized by O2 to produce the so-called “firefly dioxetanone”
(FDO). Due to low stability, FDO quickly decomposes into
oxyluciferin and CO2. During this thermolysis step, a portion of
the oxyluciferin is nonradiatively excited to its first singlet
excited state (S1). In other words, the ground to excited state
(S0 → S1) nonadiabatic transition is induced by a chemical
decomposition reaction, and the process is thus called chemi-
excitation. Finally, the decay of the excited-state oxyluciferin to
its S0 state emits the visible light.2

It is generally believed that the decomposition of FDO starts
from its anionic form (FDO−), rather than its neutral form

(FDOH).2 Both experimental3−5 and theoretical6−10 studies
have indicated that firefly bioluminescence corresponds to the
emission from the S1-state anionic oxyluciferin (OxyLH−)
instead of the neutral one (OxyLH2). This provides strong
evidence on the dominant role of FDO− because its
decomposition can directly produce the S1 state of OxyLH−.
The study of biomimic 1,2-dioxetane systems also provides
additional support for the importance of FDO−. As McCapra et
al.11 and Zaklik et al.12 note, a charge-transfer (CT) or electron
transfer (ET) process from OxyLH2/OxyLH

− to a CO2 moiety
plays a very important role in the production of chemi- and
bioluminescence with high efficiency.11,13−16 Nevertheless, it is
clear that the CT/ET process is considerably more feasible in
FDO− than in FDOH.
The chemically initiated electron exchange luminescence

(CIEEL) proposed in the 1970s13,14,17,18 is widely accepted as
the mechanism for the chemiluminescence of 1,2-dioxetane and
its derivatives, including firefly bioluminescence. The CIEEL
mechanism assumes that the thermolysis of 1,2-dioxetane
derivatives is initiated by a full single electron transfer (ET)
from the electron donor (e.g., from the oxyanion on the
benzothiazole group in FDO− to the peroxide bond), and the
chemi-excitation takes place during the next step of the back
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electron transfer (BET). However, the existence of a full single
ET/BET process and the efficiency of the BET excitation were
controversial. Other mechanisms such as charge transfer
induced luminescence (CTIL)19−21 and charge transfer
induced decomposition (CTID)22−25 were also proposed to
elucidate the anionic decomposition of 1,2-dioxetanes, the
formation of the S1 state product, and the high luminescent
efficiency. The CTIL mechanism assumes that a partial CT
process from OxyLH− to CO2, rather than a full ET one,
induces the decomposition of FDO−, and the excited-state
product is produced by nonadiabatic transitions in the vicinity
of a conical intersection (CI) instead of the CO2 → OxyLH−

BET process. Our previous theoretical investigation using state-
of-the-art multiconfiguration calculations26 also supported the
CT-induced (anionic) decomposition. It showed that the
chemiluminescent decomposition of FDO− can be described by
the gradually reversible charge transfer initiated luminescence
(GRCTIL) mechanism, which consists of a gradual CT and
back charge transfer (BCT) process accompanied by the
cleavages of O−O and C−C bonds, respectively. During the
CT/BCT process, the “double crossing” (two CIs) between the
S0 and S1 potential energy surfaces (PESs) along the reaction
pathway is responsible for the high chemi-excitation efficiency.
Moreover, the GRCTIL mechanism also explains some
experimental observations on the chemiluminescence of 1,2-
dioxetane derivatives successfully.23

Up to the present, all of these studies and proposed
mechanisms were based on either experimental assumptions by
indirect measurements or theoretical computations by charac-
terizing the key points (equilibriums, intermediates, transition
states (TSs) and CIs) and PESs. They could not directly verify
the proposed mechanisms or provide the corresponding
luminescent efficiencies.
Recently, Farahani et al.27 studied the dynamics of 1,2-

dioxetane, which is the simplest analogue of FDO, by high-level
multireference calculation and ab initio molecular dynamics
(AIMD) simulation. Their results provide further details on the

mechanisms that qualitatively explain the high ratio of triplet to
singlet dissociation products. However, the AIMD simulation is
based on the Born−Oppenheimer approximations and does not
include nonadiabatic transitions, so it could not produce the
quantum yield of the excited-state product. Thus, this approach
does not provide a complete description of the formation of the
excited-state product, the light emitter, which is essentially
responsible for chemi- and bioluminescence. Moreover, this
study focused on the decomposition of the neutral FDO
analogue, not on the decomposition of FDO−. The
decomposition mechanisms of FDOH and FDO− are quite
different.19,26,28−33

Therefore, neither experimental nor theoretical studies have
thus far provided direct evidence on the roles of the CT process
and nonadiabatic transitions in the FDO− decomposition. The
study of the formation probability of S1 state OxyLH

−, which is
essential to estimating the chemi- or bioluminescent efficiency
for 1,2-dioxetane and its derivatives, is also lacking.
The chemi- or bioluminescent efficiency (ΦCL or ΦBL) is

defined as the quantum yield of the production of a photon
from a single reactant.34 It can be described as the product of
the quantum yields of two independent processes, (i) the
formation of electronic excited-state products during the
thermolysis of FDO (chemi-excitation process), i.e., the yield
of the chemi-excited state product (ΦCS), and (ii) the radiative
decay of the excited product (fluorescence process), i.e., the
fluorescent yield (ΦFL). Because step (i) directly determines
the yield of the light emitter and further influences the
luminescent efficiency of the firefly, it has been widely
investigated experimentally14,35 and theoretically.19,20,29,31,36

Thus, theoretically computing the quantum yield of chemi-
excitation (ΦCS) for the proposed mechanisms, which is the
branch ratio of the S0- and S1-state products after the
nonadiabatic transitions, can offer direct and powerful evidence
to clarify the actual decomposition process that produces the
light.

Scheme 1. Rough Mechanism of Firefly Bioluminescence
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As many 1,2-dioxetane derivatives are successfully applied in
chemical analysis and clinical assays,37−43 a detailed under-
standing of the chemical mechanism governing the production
of chemi- and bioluminescence is extremely important. Thus,
for the first time, we performed a nonadiabatic molecular
dynamics simulation on the decomposition process of FDO−,
the most representative derivative of 1,2-dioxetane. Because the
current dynamical calculations include the nonadiabatic
transition between the S0 and S1 states, it is possible to
estimate the quantum yield of the S1-state OxyLH

− (ΦCS) and
furthermore of the chemiluminescence (ΦCL). The simulation
results also provide direct evidence to clarify the role of the CT
process in the decomposition reaction and identify the relevant
nuclear motions. This work should provide more detailed
information to understand the mystery of the bioluminescence
of the firefly.
Review of Previous Study. In previous work, we constructed

the reaction pathways of FDO in both its neutral (FDOH) and
anionic (FDO‑) forms at both the CASPT2 and DFT/TDDFT
levels. The Coulomb-attenuated hybrid exchange-correlation
(CAM-B3LYP) functional was used in the DFT/TDDFT
calculation.26 The decomposition of FDOH requires a two-step
pathway via two TSs (Figure 1 and Figure S2B). The two TSs

correspond to the stretching of the O3−O4 and C1−C2 bonds,
labeled as TSO−O and TSC−C, respectively. The ground and
excited (T1 and S1) states have no obvious CT properties. They
become close to each other and become nearly degenerate at a
flat biradical region. The nearly degenerate non-CT PESs leads
to nonadiabatic transitions, which provide the possibility for S0
→ T1 intersystem crossing.26 This mechanism is similar to 1,2-
dioxetanone,30 whose thermolysis will produce a large quantity
of triplet products without fluorescent activity. Thus, the
decomposition of FDOH is not expected to provide a high
quantum yield of chemiluminescence. The previous work
basically rules out the possible involvement of FDOH, so this
species is not important in our next study.
The decomposition of the FDO− species follows a

completely different mechanism because it takes place through
an asynchronous two-stage pathway via only one CT TS
(TSO−O) (Figure 2 and Figure S2E). Neither the radical anion
pair nor the full single ET/BET required by the CIEEL
mechanism was observed in the thermolysis of FDO−. Thus, we
proposed an accurate mechanism denoted as gradually
reversible CT-initiated luminescence (GRCTIL) (see ref 26
for details). Instead of the nearly degenerate ground and excited

PESs in the biradical region along the FDOH decomposition
pathway, “double crossings” (two CIs) between the S0 and S1
PESs (Figure 2) presented along the pathway of the
decomposition of FDO−.26,36 Moreover, different from the
neutral (FDOH) decomposition, the near degenerated S0 and
T1 PESs of FDO

− at the biradical region do not fulfill the El-
Sayed’s rule44 for the S0 → T1 transition to form the triplet
products, which is forbidden in the zero order. The high yield
of bioluminescence for the firefly was assumed to be relevant to
the S0 → S1 nonadiabatic transition in the vicinity of the two
CIs.
Validation of the SF-BHHLYP Approach. The reliability of SF-

BHHLYP method used in current work needs to be examined
by comparing the results obtained from the previous (TD-
)CAM-B3LYP and multiconfigurational study.26 As mentioned
in previously, theoretical calculations by the (TD-)CAM-
B3LYP and CASPT2 methods show that the decomposition of
FDO− is governed by a CT-induced asynchronous concerted
process, which is completely different from the neutral form’s
decomposition.26 In fact, the SF-BHHLYP/6-31G and SF-
BHHLYP/6-31G** calculations in the current work reproduce
the correct mechanism very well according to the following
comparisons.
First, a unique TS in the reaction pathway for the

decomposition of FDO− was located at the SF-BHHLYP/6-
31G and SF-BHHLYP/6-31G** levels, consistent with the
results at the (TD-)CAM-B3LYP/6-31G** level in the
previous study.26 The imaginary vibrational mode shows that
the TS is characterized by the stretching of O3−O4. According
to the key geometric parameters at both the ground-state
minimum (Min) and the TS (Table S1), the geometric
distortion from Min to TS in the current calculation is very
similar to the previous results at the CAM-B3LYP/6-31G**

Figure 1. S0, T1, and S1 PESs for the decompositions of FDOH,
calculated at the CASPT2//CAM-B3LYP level (Combination of
Figure 2A and Figure 4 in ref 26, adapted with permission from ref 26.
Copyright 2012 American Chemical Society).

Figure 2. S0 and S1 PESs (A, modified from Figure 2D of ref 26,
adapted with permission from ref 26. Copyright 2012 American
Chemical Society), CT and BCT on S0 PES (B, reproduced from
Figure 3 of ref 26, reprinted with permission from ref 26. Copyright
2012 American Chemical Society) for the decompositions of FDO−

calculated at the CASPT2//CAM-B3LYP level.
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level. Second, the ground (S0) and excited (S1) state PESs
calculated at the SF-BHHLYP/6-31G** (Figure 3A and C)
and SF-BHHLYP/6-31G (Figure S1A and C) levels show the
similar tendency as the (TD-)CAM-B3LYP (Figure S2A and
D) and CASPT2 (Figure 1, 2A, S3A, and C) levels in the
previous work. Third, the Mulliken charge population at the
SF-BHHLYP/6-31G** (Figure 3B and D) and SF-BHHLYP/
6-31G (Figure S1B and D) levels show a non-CT thermolysis
for FDOH and a gradually reversible CT (CT/BCT)
decomposition for FDO−. The CT and BCT between the
OxyLH− and CO2 moieties in FDO− also take place during the
O3−O4 and C1−C2 bond breaking processes, respectively,
consistent with the results obtained at the CAM-B3LYP
(Figure S2C and F) and CASPT2 (Figure S3B and D) levels.
Overall, the decomposition mechanism by the SF-BHHLYP

calculations are qualitatively consistent with those using the
(TD-)CAM-B3LYP and CASPT2 methods. Particularly, the
mechanism of the dominant reaction channel (FDO−

decomposition) seems to be well-reproduced by the SF-
BHHLYP method (Figure 4B and S4B). Although some minor
differences may still exist for the decomposition path of the
neutral species FDOH (Figure 4A and S4A), this reaction
channel does not play an important role according to previous
studies. In addition, the minor difference between the different

methods is acceptable, as one of our aims in this work is to
estimate the magnitude of the quantum yield of the species
with strong emission during the decomposition of FDO− and
the resulted chemiluminescence efficiency. As it is still
impossible to perform nonadiabatic dynamics simulations for
such complex systems at the CASPT2 level, the SF-BHHLYP
method is a proper choice for the trajectory surface hopping
(TSH) simulation of the FDO− decomposition process to
achieve a balance between accuracy and cost.
Decomposition Dynamics of FDO−. The dynamics of the

FDO− decomposition was investigated by the TSH simulation
at both the SF-BHHLYP/6-31G and SF-BHHLYP/6-31G**
levels.26

Asynchronous Decomposition. The geometric distributions
of C1−C2 and O3−O4 bond lengths at different times (Figure 5
and more details in Figure S5) clearly indicate the system
evolution with time. In the early stage of the reaction (within
30 fs), only fast O3−O4 elongation takes place, while the C1−
C2 distance remains unchanged until the O3−O4 distance
reaches ∼3.0 Å. After 50 fs, the further cleavage of C1−C2 bond
is also observed. Therefore, both the distribution of bond
lengths and the variation of average values (Figure S6 and S7)
show the mechanism of the asynchronous O3−O4 and C1−C2

cleavage taking place at 0−30 fs and >30 fs, respectively.

Figure 3. S0 and S1 PES and the Mulliken charge population of S0 PES, calculated at the SF-BHHLYP/6-31G** level (current work). The reaction
pathway is based on the IRC of previous calculations at the CAM-B3LYP/6-31G** level (data from Figure S11 A and C of ref 26).

Figure 4. Comparison of S0 PES, calculated at the SF-BHHLYP/6-31G** (current work), CAM-B3LYP/6-31G**and CASPT2/ANO-RCC-VDZP
(data from Figure S12 of ref 26) levels. The reaction pathway is based on the IRC of previous calculations at the CAM-B3LYP/6-31G** level.
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Therefore, the TSH dynamics provides a clear view of the
mechanism of a two-stage decay process, consistent with
previous studies.26,27

Gradual CT and BCT. The evolution of the average charge
population (Figure 6 and S8) clearly displays a gradual negative

OxyLH− → CO2 CT within ∼30 fs and a gradual CO2 →
OxyLH− BCT at 30−70 fs. The time scales of the CT and BCT
match exactly with the asynchronous cleavage of the O3−O4
(0−30 fs) and C1−C2 (>30 fs) bonds (Figure 5), respectively.
This shows that the so-called GRCTIL mechanism is driven by
the successive cleavage of the O3−O4 and C1−C2 bonds.

Hence, the result from the TSH simulation commendably
reproduces the decomposition of FDO− and confirms the
previous gradual CT/BCT mechanism derived from reaction
pathway calculations by the SF-BHHLYP, CAM-B3LYP, and
CASPT2 methods.26

Role of Two CIs in Dynamics. The time evolution of the
average fractional occupations of the S0 and S1 states (Figures 7
and S9) shows that the dynamical process can be separated into
two stages. In the first stage (stage 1 in Figures 7 and S9), the
average fractional occupation of the S1 state increases from zero
to approximately 0.3, implying the formation of the excited
state by chemi-excitation within 30 fs. During this period, the

Figure 5. Two-dimensional distribution of the C1−C2 and O3−O4 bond lengths at 0, 30, 50, and 90 fs during the dynamics evolution, obtained using
the TSH dynamics at the SF-BHHLYP/6-31G** level.

Figure 6. Time evolution of the average Mulliken charge population of
oxyluciferin and the CO2 moiety during the dynamics evolution of
FDO− (average over 100 trajectories), obtained by the TSH dynamics
simulation at the SF-BHHLYP/6-31G** level.

Figure 7. Time evolution of the fractional occupation of the S0 and S1
states during the dynamics evolution of FDO− (average over 100
trajectories), obtained by the TSH dynamics simulation at the SF-
BHHLYP/6-31G** level.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/jz502305g
J. Phys. Chem. Lett. 2015, 6, 540−548

544

http://dx.doi.org/10.1021/jz502305g
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jz502305g&iName=master.img-006.jpg&w=415&h=299
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jz502305g&iName=master.img-007.jpg&w=211&h=156
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jz502305g&iName=master.img-008.jpg&w=199&h=152


O3−O4 bond experiences a clear prolongation (up to 1.8−3.0
Å, Figure 5B), while the C1−C2 bond only becomes slightly
longer (1.5−1.7 Å, Figure 5B). At the same time, the
pronounced OxyLH− → CO2 CT is also observed (Figures 6
and S8), implying that the initial reaction is governed by the
CIO−O. In the second stage (stage 2 in Figures 7 and S9), the
average fractional occupation of the S1 state increases slightly
from 30 fs and becomes stable after 90 fs. During this stage, the
significant prolongation of the C1−C2 bond (2.0−2.6 Å, Figure
5C) induces the CO2 → OxyLH− BCT, indicating that the
CIC−C

26 becomes dominant. Therefore, the two rising periods
for the S1 population could be attributed to two successive
nonadiabatic transitions governed by the two CIs. Therefore,
the results of the TSH calculations not only display the role of
the two CIs in the decomposition dynamics of FDO− but also
primarily support the successive CT and BCT required by the
GRCTIL mechanism.26

Quantum Yield of FDO− Decomposition. At the SF-BHHLYP/
6-31G** level, the TSH calculations indicate that FDO−

decomposes completely at 150 fs (Figure S5 and S6). Sixty-
one and 39 trajectories were found on the S0 and S1 surfaces,
respectively. Thus, the theoretical quantum yield of chemi-
excitation (ΦCS) of FDO− in the gas phase is 39%. This value
falls into the range of experimental measurements (ΦCS = 33%
∼ 55% in different organic solvents) of the oxyluciferin
analogues in which two α-hydrogens of the carbonyl group
were substituted by two methyl groups.45 Using the
experimental fluorescent quantum yield (ΦFL = 62%) of the
oxyluciferin analogue, the overall chemiluminescent efficiency
(ΦCL) in the FDO− decomposition in the gas phase may be
approximately estimated to be 24% (ΦCL = ΦCS × ΦFL). Similar
theoretical ΦCS (54%) and ΦCL (33%) values in the gas phase
were obtained at the BHHLYP/6-31G level. Although the
estimated chemiluminescent efficiencies (24% and 33%) are
slightly lower than the real value of firefly luminescence (ΦBL =
41%),1 possibly due to the gas phase model, the current work
excellently explains the highly efficient production of bio-
luminescence in the firefly. Moreover, according to the
nonadiabatic dynamics features discussed above, two successive
S0/S1 CIs play essential roles to control the formation of
OxyLH− in its S1 state responsible for fluorescent emission.
Thus, this “double-crossing” feature provides an interesting
explanation for the high chemi- and bioluminescent efficiency
of FDO− and other 1,2-dioxetane derivatives. However, a
previous study36 by Morokuma’s group only found the second
CI, which is significantly different from this study and our
previous studies.26,29,30,32

The current work represents the first effort to simulate the
nonadiabatic dynamics of the firefly FDO− and estimate the
quantum yield of the fluorescence emitted from the S1 state
generated by chemi-excitation. The decomposition dynamics of
FDO− were investigated by the TSH method with the SF-DFT
calculations. At first, we reinvestigated the decomposition
mechanism of FDO− by the SF-DFT method for validation.
The results of the SF-DFT approach are consistent with
previous state-of-the-art multiconfigurational computations.
The TSH nonadiabatic dynamics simulation fits well with
previous CASPT2//CAM-B3LYP results. The geometric
distributions of the O3−O4 and C1−C2 distances at different
times clearly show a successive cleavage of the two bonds and
imply an asynchronous decomposition. Corresponding to the
bond breaking of O3−O4 and C1−C2, the evolution of the
average charge population also clearly displays a gradual

negative CT (OxyLH− → CO2) and BCT (CO2 → OxyLH−),
respectively. In addition, the evolution of the average fractional
occupation of the S1 state also displays the important
population transfer twice. Their time scales are coincident
with the cleavage of the O3−O4 and C1−C2 bonds, also
implying the existence of two successive S0/S1 CIs responsible
for the nonadiabatic transitions producing OxyLH− in the S1
state. The non-negligible yields of the emission species (ΦCS =
39%) and luminescence (ΦCL = 24%) derived by the
nonadiabatic dynamics of FDO− demonstrate that the two
S0/S1 CIs in anionic decomposition probably govern the high
chemi- and bioluminescent efficiency of firefly dioxetanone and
its analogues. Therefore, the current work not only offers direct
evidence to support the dominant role of anionic decom-
position but also validates the GRCTIL mechanism.

■ COMPUTATIONAL DETAILS
The chemiluminescent decomposition of FDO− was inves-
tigated by on-the-fly TSH dynamics46,47 in the framework of
Tully’s fewest switches approach. It is well-known that Tully’s
TSH approach suffers from the deficiencies in the description
of the dual crossing on the potential-energy surface,48 our
current treatment (even with decoherent correction49,50) is
rather approximated. However, since we only focus on the
qualitative understanding of nonadiabatic dynamics, the
involved nuclear motions and chemiluminescence, Tully’s
TSH approach was employed to treat such medium-sized
molecule due to its simplicity. Dynamics treatment with other
more accurate theoretical methods should represent the great
challenge for the future. The potential energies and nuclear
gradients were computed by the linear-response time-depend-
ent density functional theory (LR-TDDFT). The spin-flip (SF)
scheme51−54 within the Tamm/Dancoff approximation
(TDA)55−57 was employed here, i.e., SF-TDDFT/TDA or
simply SF-DFT57−61 because it is expected to provide a better
description of open-shell systems (such as bond-breaking
process and biradical) than the traditional Kohn−Sham density
functional theory (KS-DFT).57−65 In addition, recent work has
suggested that the SF-DFT method can give the correct
topology of the S0/S1 conical intersection, which is quite critical
for the current simulation.61,66 The BHHLYP functional (50%
Hartree−Fock +50% Becke for exchange and LYP for
correlation) was selected in the SF-DFT calculation.67

Certainly, the performance of the SF-DFT with the BHHLYP
functional should be carefully examined. For validation, the
current results at the SF-DFT/BHHLYP (or simply SF-
BHHLYP) level were compared with previous data26 at the
DFT/TDDFT and the second-order multiconfigurational
perturbation theory (CASPT2) levels. Due to the inclusion of
a large fraction of the Hartree−Fock exchange,60,61 the SF-DFT
calculations with the BHHLYP functional give a good
description of the current system,63 which includes a CT
process.68,69 The 6-31G** basis set70,71 was used in the SF-
DFT TSH simulation. For comparison, the 6-31G basis set was
also employed.
Currently, the analytical nonadiabatic couplings at the SF-

DFT level still represent a great challenge.66 Thus, in the
current paper, a more straightforward approach was employed
to numerically estimate the nonadiabatic coupling by
computing the wave function overlaps72,73 of different
electronic states at two successive time steps with a small
duration. The SF-DFT calculations and the TSH simulation
were performed using the US variant of General Atomic and
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Molecular Electronic Structure System (GAMESS-US)67 and
Newton-X program package,74,75 respectively. To connect
them, a new interface between Newton-X and GAMESS-US
was added to allow the usage of SF-DFT in TSH calculations.
The CIOVERALP program in Newton-X, which was originally
designed for closed-shell reference, was adapted to calculate the
nonadiabatic coupling terms of the open-shell reference of SF-
DFT.
The Newton equations were integrated using the Velocity

Verlet algorithm76−78 with a constant time step of 0.5 fs and a
maximum simulation time of 150 fs. In the initial samplings,
random velocities at a constant temperature of 300 K and a
fixed TS geometry were sampled as an initial condition,
according to the algorithm proposed by Sellner et al.79 Thus,
the statistical behavior of the trajectories can be described by
the canonical (NVT) ensemble. The zero-point vibrational
energy of the TS, including all real vibrational modes (4.14 eV
for 6-31G** and 4.17 eV for 6-31G basis set, respectively), was
chosen as the initial kinetic energy.

■ ASSOCIATED CONTENT
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