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ABSTRACT: Derivative couplings near a conical intersection and spin—orbit couplings
between different spin states are known to facilitate nonadiabatic transitions in molecular
systems. Here, we investigate a prototypical electronic energy transfer process, 1(°P, )+
Oz(alAg) - I(*P, ) + OZ(X3Zg_), which is of great importance for the chemical
oxygen—iodine laser. To understand the nonadiabatic dynamics, this multistate process is
investigated in full dimensionality with quantum wave packets using diabatic potential
energy surfaces coupled by both derivative and spin—orbit couplings, all determined
from first principles. A near quantitative agreement with structural, energetic, and kinetic
measurements is achieved. Detailed analyses suggest that the nonadiabatic dynamics is

P3/2)+Oz(a‘Ag)

largely controlled by derivative coupling near conical intersections, which leads to a small SN ICR,)+0,(X°E)
cold 2 2 g

effective barrier and hence a slightly positive temperature dependence of the rate ) e () cold

coefficient. The new results should extend our understanding of energy transfer, provide " hot f

a quantitative basis for numerical simulations of the chemical oxygen—iodine laser, and
have important implications in other electronic energy transfer processes.

S ince its first demonstration more than 40 years ago,"” the vibration. The key issue here is the breakdown of the Born—
chemical oxygen—iodine laser (COIL) has been optimized Oppenheimer approximation, which allows transitions between
to deliver up to megawatt level continuous wave power output, different electronic states in molecular systems. Nonadiabatic
finding many important applications, such as nuclear fusion.” transitions between different spin states in such spin-forbidden
This near-infrared gas phase laser takes advantage of the 1315 reactions'* are due to SO couplings, a relativistic effect.'*'°
nm emission of spin—orbit (SO) excited iodine atoms (I(*P, ,)) Furthermore, nonadiabatic processes may also be possible for
to their ground state counterpart (I(*P;/,)). The preparation of systems involving electronic degeneracies such as conical
excited iodine atoms is achieved by efficient near-resonant intersections (Cls), which manifest as N—2-dimensional
electronic energy transfer from electronically excited oxygen seams between electronic states, where N is the dimensionality
molecules in the following process of the nuclear configuration space.'””'” Nonadiabatic tran-
_ sitions between two adiabatic states in the same spin manifold

ICP3) + 0y(a'Ay) = ICP, ) + 0,(X°T)) AU =-279em™ coupled by a CI are enabled by derivative couplings, stemming
(R1) from changes of electronic wave functions with respect to

nuclear motion. In R1, both SO and derivative couplings are
present,lz’m making it an interesting and unique system to study
nonadiabatic dynamics.

A comprehensive understanding of the kinetics and dynamics
of R1 requires an accurate characterization of both the electronic
structure and nuclear dynamics. Due to the strong SO coupling
of the heavy iodine atom, the electronic configuration of iodine-
containing molecules is quite complex.”” The nuclear dynamics

To better understand its mechanism and to further optimize
the laser, the kinetics of R1 (and its inverse process) has been
investigated experimentally at room temperature*™* and more
recently at the laser operating temperature of 150 K.”'°
Interestingly, the rate coefficient (k;) is large (~107'" cm?®
s~") and has a slightly positive temperature dependence between
150 and 300 K. These experimental results have stimulated
kinetic modeling,'' but the ultimate understanding requires
microscopic dynamics on ab initio potential energy surfaces
(PESs).'>"? So far, however, a quantitative characterization of
the energy transfer kinetics and dynamics from first principles
has yet to be achieved.

Apart from its relevance to COIL, R1 is also a prototype for
understanding electronic energy transfer, which differs signifi-
cantly from energy transfer involving molecular rotation and
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Table 1. Comparison of Excitation Energy T, (cm™"), Equilibrium Geometries (A), and ZPEs (cm™") for O, with Experimental

and Previous Theoretical Results

T, equilibrium geometry ZPE
species PES“ Kaledin et al.” expt. PES“ expt. PES“ expt.
0,(X°%) 0 0 0 1210 1.2084 769 7784
0,(a'A,) 7880 8009 7882° 1219 12167 758 /

“This work, MRCI+Q/cc-pVQZ for oxygen and cc-pVQZ-pp for iodine. PRef 12. “Ref 32. “Ref 31.

involving nonadiabatic transitions are also challenging, as a
quantum treatment is needed.”’ Earlier theoretical models for
R1 by Morokuma and co-workers have relied on a semiclassical
trajectory surface hopping (TSH) treatment of nonadiabatic
transitions among several relevant PESs obtained at the
complete active space with the second-order perturbation
theory (CASPT2) level of theory.'”"* These diabatic PESs
and their couplings were expressed in two dimensions with the
O-0O bond length fixed at its equilibrium. While the
experimental result at 150 K was reproduced, their theoretical
work predicted a decay of k; with increasing temperature.'* This
disagreement with experiment was attributed to an over-
estimation of the attractive van der Waals interaction in the
reactant channel of R1. Because of the many approximations
involved in these studies, however, it is not obvious if the failure
in reproducing the experimental trend is due to the inaccurate
electronic structure calculations, the reduced dimensional
model, or the semiclassical treatment of the dynamics.
Furthermore, it is not clear which nonadiabatic coupling, SO
or derivative, is dominant.

In this Letter, we report a thorough investigation of R1 by
performing full-dimensional nonadiabatic quantum scattering
calculations on new and much more accurate coupled PESs.
There are two major aims here. The first is to attempt a
quantitative reproduction of the experimental rate coefficient
and its temperature dependence, and the second is to gain
insights into the dynamics by identifying key nonadiabatic
pathways.

The electronic structure calculations for constructing the
diabatic potential energy matrix (DPEM) of the 10, system were
carried out using the MOLPRO package.”” In the first step, spin-
free adiabatic energies of low-lying electronic states were
calculated, using the internally contracted multireference
configuration interaction method with the Davidson correction
(ic-MRCI+Q).” The correlation-consistent polarized valence
quadruple-{ basis set (cc—pVQ_Z)24 was used for O, while the
iodine valence orbitals were described by the same basis set
augmented with a pseudopotential (cc-pVQZ-pp)”” for the core
orbitals (1s2s2p3s3p3d). Near the CI, the mixing angle o was
determined and used to perform diabatization.”® The diabatiza-
tion leads to a full spin-free DPEM, in which the diagonal
diabatic PESs are coupled by the off-diagonal elements.
Subsequently, the SO couplings are computed by using the
Breit—Pauli Hamiltonian at the complete active space self-
consistent field (CASSCF)*”** level and used to further couple
the spin-free states. Finally, the permutation invariant
polynomial-neural network (PIP-NN) method””* was used
in fitting for PESs and couplings.

The calculated properties are in much better agreement with
experiment than the previous theory,'> thanks to the better
treatment of the electron correlation. For example, equilibrium
geometries and zero point energies (ZPEs) for both electronic
states of O, listed in Table 1 are all in very good agreement with
the experimental results.”’ In addition, our excitation energy
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(T,) of O,(a'Ag) of 7880 cm™ is in excellent agreement with
the experimental value of 7882 cm™,*> much better than the
8009 cm ™" value reported by Kaledin et al.'* Our ZPE corrected
exoergicity of R1 is 277 cm™', which is much closer to the
experiment value (279 cm™)* than the 406 cm™" value in earlier
calculations.'” The calculated SO splitting for the iodine atom is
7209 cm™, which is close to the experimental data 7603 cm™.*
The discrepancy is presumably due to the more approximate
theory used in such calculations. To better match the
experimental SO splitting, the theoretical value was modified
by multiplying a factor of 1.0546 in the PESs.

In the absence of SO coupling, the interaction of I(*P) with
the oxygen species (OZ(X3Zg_) and Oz(alAg)) results in a
collinear IOO complex in seven electronic states: 1°%7, 1711,
1*E7,1%T1, 12A, 2°T1, and 1*®. This is clearly seen in Figure 1A,
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Figure 1. Cuts of PESs for the relevant electronic states with y fixed at
0° and r fixed at 1.210 A without (Panel A) and with (Panel B) SO
couplings. The CI between the *IT and *A states (black dot) in Panel A
becomes three CIs in Panel B, one between the Q = 5/2 reactant state
and the Q = 3/2 product state (green dot) and two between the 2 =3/2
reactant state and the two Q = 1/2 product states (blue and red dots).
The energy is referenced to the I(*P) + OZ(X3Z;) asymptote.
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Figure 2. Contour plots of the spin-free adiabatic PESs for the AX, and Aa, states as a function of R and r with the y angle fixed at S0° (Panel A) and as a
function of R and y with the distance r(O—0) fixed at 1.210 A (Panel B). The CI is marked as a dot in the collinear geometry in Panel B.

in which the corresponding potential energy curves are plotted
at the collinear geometry in the Jacobi radial coordinate R with
the O—O distance (r) fixed at its ground state equilibrium (1.21
A), and the Jacobi angle y is defined as 0° for the IOO geometry.
In this figure, a crossing between two states (1°I1 and 1%A) is
clearly visible near R = 2.8 A, thanks to vanishing off-diagonal
elements at linearity. This crossing becomes an avoided one as
the molecule bends, as it develops into a symmetry-allowed CI.
At the C,, geometry, these two states become four with their
corresponding term symbols as 1B and 1°B, for 1°IT and 1%A,
and 1°A, for 1°A. They again cross each other in another set of
symmetry-allowed Cls. These Cls are shown in Figure S1 of the
Supporting Information (SI). The adiabatic PESs and derivative
couplings are represented by the DPEM, in which the diagonal
terms are coupled by the off-diagonal ones, and they all depend
on the three Jacobi coordinates.

The strong SO coupling of the iodine atom leads to two SO
levels, I(*P5),) and I(*P, ;). The j—j coupling scheme dictates
that the total electronic angular momentum is the only good
quantum number, and its projection onto the molecular axis of
the collinear IOO complex couples with that of the oxygen
molecule (Q = 14 + ol with A and ¢ as the projected electronic
and spin quantum numbers), leading to values of Q = 1/2, 3/2,
5/2, and 7/2. When the SO coupling is added, the electronic
states in Figure 1A are transformed into four groups, two
correlating to the reactant and product channels for Rl, as
shown in Figure 1B. The other two are not shown, as they are
not correlated with R1. These potentials in the figure correspond
to the adiabatic states obtained by diagonalizing the total
(electron + spin) Hamiltonian. In the reactant I(*Ps,,) +
Oz(alAg) channel, there are four fine-structure diabatic states
labeled with Da,, Da,, Daj;, and Da, corresponding to = 3/2,
5/2, 1/2, and 7/2 in collinear geometry, following Kaledin et
al."" The product I(*P, ;) + 0,(X*Z;) channel has three fine-
structure diabatic states labeled with DX;, DX,, and DX,
corresponding to Q = 3/2, 1/2, and 1/2. Because of the mixing
of the electronic states by SO coupling, the crossing in Figure 1A
becomes three, as identified in the figure. The lowest crossing
between the diabatic states (DX, and Da, ) is located at (R = 3.66
A, r=121A,y=50°) with an energy of 5344 cm™’, which is very

close to the reactant asymptote. The SO couplings and their
coordinate dependence are shown in Figure S2.

With derivative couplings, there are seven adiabatic states by
labeled with Aa,, Aa,, Aa;, Aa,, AX,, AX,, and AX,
corresponding to the diabatic states Da;, Da,, Das, Da,, DX,
DX,, and DX;.'”"? These adiabatic states have a relatively weak
dependence on the O—O bond length (r), as shown in Figure
2A, in which PESs of the two adiabatic states (AX; and Aa,
denote the product and reactant states with Q = 3/2 and Q =
5/2, respectively) are plotted as a function of R and r, with the
angle y fixed at 50°. This observation justifies the previous
reduced-dimensional assumption of Kaledin et al.'"* On the
other hand, the PESs are lowered as the molecule is bent, as
shown in Figure 2B, where r is fixed at 1.21 A. There are van der
Waals wells in both the entrance and exit channels. As shown in
Table 2, the deepest well in the reactant channel (2 =3/2) hasa
depth of 145 cm™, which is shallower than 250 cm™ reported
by the previous work,"” suggesting less attraction.

Table 2. Equilibrium Geometries” and Well Depths” in the
Reactant and Product Channels

state equilibrium geometry D,

reactant channel Q=7/2 (4.283, 1.219, 90) 39
Q=12 (4.079, 1.219, 90) 115

Q=5/2 (4.067, 1.219, 60) 121

Q=3/2 (3.972, 1.219, 90) 145

product channel Q=1/2 (4.190, 1.210, 90) 91
Q=12 (4.151, 1.210, 90) 92

Q=3/2 (4.138,1.210, 90) 92

“In Jacobi coordinates with the units of A and °. D, in em™.

1

The nuclear Hamiltonian for this system can be written as (%

= 1):

G-, J

2

2upR 24 r

+ V(Rr T, 7)

(R2)
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where the first two terms denote the kinetic energy operators for
the radial Jacobi coordinates R (I—O, distance) and r (O—O

https://dx.doi.org/10.1021/acs.jpclett.0c01278
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distance), with and as the corresponding reduced masses. j and}
are the rotational angular momenta for IOO and O,,
respectively, with y as the Jacobi angle.

The potential (V) is best expressed in electronic bases that
include electronic spin.34’35 Following our earlier work, 3?7 a
diabatic representation denoted as |A0) is used for deriving the
DPEM. Here, 4 and ¢ denote projections of the electronic and
spin angular momenta onto the molecular axis of the linear IOO,
respectively. For convenience, this notation is also used for bent
geometries despite their lack of definition. As discussed in the SI,
there are 15 such states for R1, denoted as I**';; &), but only 12
are included in our model. The Kramers doublets are with labels
e and f. Here, we only consider the coupling for e—e or f—f rather
for e—f, because the latter is much smaller than former.

The dynamics was simulated by solving the Schrodinger
equation under the Hamiltonian defined in eq R2, with an initial
wave packet corresponding to the lowest rovibrational state (v =
0,j=1)of Oz(alAg) in each electronic state. The reaction
probability for rotationally excited O, is assumed to be the same.
The wave packet was propagated in a mixed basis/grid
representation® using the Chebyshev propagator.” Scattering
matrix elements were calculated by cosine Fourier transforming
the Chebyshev correlation functions.*” The reaction proba-
bilities at several ] values were computed, and the rate coefficient
was computed using the uniform J-shifting approach.*"** The
full details of all calculations are given in the SI.

The total reaction probability for O,(vy = 0, jo = 1) as a
function of collision energy is shown in Figure 3A for several
partial waves (J = 0, 10, 20, 40, 60). It is clear that there is no
reaction threshold for low ] values, consistent with the fact that
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Figure 3. Panel A: The reaction probability as a function of the collision
energy for several partial waves (J = 0, 10, 20, 40, and 60). Panel B:
Comparison of the calculated rate coefficient for R1 with
experimental®”'° and previous theoretical results'""'* as a function of
temperature.
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crossings lay energetically close to the reactant asymptote. As a
result, nonadiabatic transitions take place readily without a
barrier. At higher ] values, however, a threshold develops, and it
shifts to a higher energy with increasing J. As demonstrated in
Figure S3, the centrifugal potentials (J(J + 1)/2uR?) at large |
values raise the energy of the CI crossings to higher energies,
manifesting as an effective barrier for the nonadiabatic
transitions. These behaviors clearly suggest an important role
of the Cls. Furthermore, the narrow features at low collision
energies are attributable to resonances supported by the
attractive wells in the reactant channel. On the other hand, the
weak oscillations appearing in collision energies higher than 0.16
eV are due apparently to the first vibrationally excited state of O,
in the product channel, similar to what was observed in our
recent work on the N, quenching of C('D).”’

In Figure 3B, the calculated rate coefficient is compared with
experimental data. The agreement with experiment is much
improved over the previous theoretical results,"* which are also
included in the figure for comparison. Most importantly, our rate
coefficient has a slightly positive temperature dependence,
consistent to the experimental data from Heaven’s group.”'’
The correct temperature dependence can be attributed to the
emergence of an effective barrier in the nonadiabatic process, as
discussed above.

As mentioned above, the reactant and product channels are
coupled by both SO and derivative couplings. While the SO
coupling is a necessity for the formation of the reactant and
product channels as illustrated in Figure 1, the role of the
derivative coupling has not been clearly understood. To throw
light on the nonadiabatic mechanism, we have repeated the
calculation without the off-diagonal term between the 1°IT and
1%A states. The results indicate that the reaction probability (J =
0) almost vanishes (see Figure S4), suggesting an indispensable
role for the derivative coupling around the Cls. An analysis of the
SO Hamiltonian in the SI reveals that the SO coupling between
states in the reactant channel and those in the product channel is
very small, which explains the aforementioned observation.
Hence, we conclude that R1 is most critically controlled by the
derivative coupling near the ClIs. This conclusion is consistent to
the emergence of a reaction threshold and its shift with
increasing J, as discussed above.

To summarize, a full-dimensional quantum dynamical study is
reported for the prototypical electronic energy transfer reaction
I(°Py,) + 0,(a'A) — I(CP,) + 0,(X°E), using a newly
developed accurate DPEM that includes both derivative and SO
couplings. The experimental rate coeflicient and its temperature
dependence are well reproduced, underscoring the accuracy of
the electronic structure and nonadiabatic dynamical calcu-
lations. The slightly positive temperature dependence of the rate
coefficient is attributed to an emerging eftective barrier for the
nonadiabatic process due to the J-dependent centrifugal barrier.
The ClIs near the linear geometry, particularly the lowest one,
play a dominant role in promoting the reaction. These new
theoretical insights shed valuable light on the reaction
mechanism and kinetics of this important reaction in the
COIL and have important implications in other electronic
energy transfer processes.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278.

https://dx.doi.org/10.1021/acs.jpclett.0c01278
J. Phys. Chem. Lett. 2020, 11, 4768—4773


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01278/suppl_file/jz0c01278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01278/suppl_file/jz0c01278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01278/suppl_file/jz0c01278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01278/suppl_file/jz0c01278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01278/suppl_file/jz0c01278_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01278?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

S-I. Electronic structure calculations; S-II. Fitting of PESs
and couplings; S-III. Dynamical calculations; S-IV.
Additional results (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Daiqian Xie — Institute of Theoretical and Computational
Chemistry, Key Laboratory of Mesoscopic Chemistry, School of
Chemistry and Chemical Engineering, Nanjing University,
Nanjing 210023, China; © orcid.org/0000-0001-7185-708S;
Email: dqxie@nju.edu.cn

Hua Guo — Department of Chemistry and Chemical Biology,
University of New Mexico, Albuquerque, New Mexico 87131,
United States; ® orcid.org/0000-0001-9901-053X;
Email: hguo@unm.edu

Xixi Hu — Kuang Yaming Honors School, Nanjing University,
Nanjing 210023, China; © orcid.org/0000-0003-1530-3015;
Email: xxhu@nju.edu.cn

Authors

Feng An — Institute of Theoretical and Computational Chemistry,
Key Laboratory of Mesoscopic Chemistry, School of Chemistry
and Chemical Engineering, Nanjing University, Nanjing 210023,
China

Junjie Chen — Institute of Theoretical and Computational
Chemistry, Key Laboratory of Mesoscopic Chemistry, School of
Chemistry and Chemical Engineering, Nanjing University,
Nanjing 210023, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.0c01278

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is supported by the National Natural Science
Foundation of China (Grant Nos. 21590802 and 21733006 to
D.X,, U1932147 to X.H.), the Chinese Ministry of Science and
Technology (Grant No. 2017YFA0206501 to D. X.), and U.S.
Department of Energy ((Grant No. DE-SC0015997 to H.G.).
H.G. also thanks the Alexander von Humboldt Foundation for a
Humboldt Research Award. Professors Bin Jiang and Changjian
Xie are appreciated for valuable advice. All the calculations have
been done on the computing facilities in the High Performance
Computing Center (HPCC) of Nanjing University.

B REFERENCES

(1) McDermott, W. E.; Pchelkin, N. R.; Benard, D.].; Bousek, R. R. An
electronic transition chemical laser. Appl. Phys. Lett. 1978, 32, 469—
470.

(2) Benard, D. J.; McDermott, W. C.; Pchelkin, N. R.; Bousek, R. R.
Efficient operation of a 100-W transverse-flow oxygen-iodine chemical
laser. Appl. Phys. Lett. 1979, 34, 40—41.

(3) Heaven, M. C. Recent advances in the development of discharge-
pumped oxygen-iodine lasers. Laser Photon. Rev. 2010, 4, 671—683.

(4) Deakin, J. J.; Husain, D. Temperature dependence of collisionally
induced spin orbit relaxation of electronically excited iodine atoms,
1(5%P, ). J. Chem. Soc,, Faraday Trans. 2 1972, 68, 1603—1612.

(5) Derwent, R. G.; Thrush, B. A. Excitation of iodine by singlet
molecular oxygen. Part 2.—Kinetics of the excitation of the iodine
atoms. Faraday Discuss. Chem. Soc. 1972, 53 (0), 162—167.

(6) Burde, D. H.; McFarlane, R. A.; Wiesenfeld, J. R. Quantum
efficiencies for the production of electronically excited iodine atoms

4772

I(5p® *P, ) following laser photolysis of I, near 5000 A. Phys. Rev. A:
At,, Mol, Opt. Phys. 1974, 10, 1917—1920.

(7) Young, A. T.; Houston, P. L. The I(*P, ,)+0,2I(*P; ,)+0,('A)
equilibrium. J. Chem. Phys. 1983, 78, 2317—2326.

(8) Burde, D. H; Yang, T. T.; McFarlane, R. A. Temperature
dependence of the collisional deactivation of I (*P; ;) by I, and O, from
300 to 600 K. Chem. Phys. Lett. 1993, 20S, 69—74.

(9) Marter, T. V.; Heaven, M. C.; Plummer, D. Measurement of the
rate constant for the quenching of I(*P, ;,) by 0,(X) at 150 K. Chem.
Phys. Lett. 1996, 260, 201—207.

(10) Van Marter, T.; Heaven, M. C. I(*P,,,)+0O,: Studies of low-
temperature electronic energy transfer and nuclear spin-state changing
collisions. J. Chem. Phys. 1998, 109, 9266—9271.

(11) Copeland, D. A.; Bauer, A. H. Optical saturation and extraction
from the chemical oxygen-iodine laser medium. IEEE ]. Quantum
Electron. 1993, 29, 2525—2539.

(12) Kaledin, A. L.; Heaven, M. C.; Morokuma, K. Ab initio potential
energy surfaces for the I(2P3/2)+Oz(alAg)©I(2P1/2)+OZ(X3E_g)
energy transfer process. Chem. Phys. Lett. 1998, 289, 110—117.

(13) Kaledin, A. L.; Heaven, M. C.; Morokuma, K. Theoretical
prediction of the rate constant for I+Oz(a1Ag) electronic energy
transfer: A surface-hopping trajectory study. J. Chem. Phys. 2001, 114,
215-224.

(14) Harvey, J. N. Spin-forbidden reactions: computational insight
into mechanisms and kinetics. WIREs Comput. Mol. Sci. 2014, 4, 1—14.

(15) Marian, C. M. Spin-orbit coupling and intersystem crossing in
molecules. WIREs: Comput. Mol. Sci. 2012, 2, 187—203.

(16) Pyykks, P. Relativistic effects in chemistry: More common than
rou thought. Annu. Rev. Phys. Chem. 2012, 63, 45—64.

(17) Yarkony, D. R. Diabolical conical intersections. Rev. Mod. Phys.
1996, 68, 985—1013.

(18) Domcke, W.; Yarkony, D. R.; Kdppel, H. Conical Intersections:
Electronic Structure, Dynamics and Spectroscopy; World Scientific:
Singapore, 2004.

(19) Baer, M. Beyond Born-Oppenheimer: Electronic Nonadiabatic
Coupling Terms and Conical Intersections; Wiley, 2006.

(20) Ndome, H.; Welsch, R;; Eisfeld, W. A new method to generate
spin-orbit coupled potential energy surfaces: Effective relativistic
coupling by asymptotic representation. J. Chem. Phys. 2012, 136,
034103.

(21) Guo, H.; Yarkony, D. R. Accurate nonadiabatic dynamics. Phys.
Chem. Chem. Phys. 2016, 18, 26335—26352.

(22) Werner, H. J.; Knowles, P.J.; Knizia, G.; Manby, F. R;; Schiitz, M.
Molpro: a general-purpose quantum chemistry program package.
WIREs Comput. Mol. Sci. 2012, 2, 242—253.

(23) Werner, H. J.; Knowles, P. J. An efficient internally contracted
multiconfiguration-reference configuration interaction method. J.
Chem. Phys. 1988, 89, 5803—5814.

(24) Dunning, T. H. Gaussian basis sets for use in correlated
molecular calculations. I. The atoms boron through neon and
hydrogen. J. Chem. Phys. 1989, 90, 1007—1023.

(25) Peterson, K. A.; Figgen, D,; Goll, E.; Stoll, H; Dolg, M.
Systematically convergent basis sets with relativistic pseudopotentials.
II. Small-core pseudopotentials and correlation consistent basis sets for
the post-d group 16—18 elements. J. Chem. Phys. 2003, 119, 11113—
11123.

(26) Simah, D.; Hartke, B.; Werner, H.-J. Photodissociation dynamics
of H,S on new coupled ab initio potential energy surfaces. . Chem. Phys.
1999, 111, 4523—4534.

(27) Werner, H.-J.; Knowles, P. J. A second order multiconfiguration
SCF procedure with optimum convergence. J. Chem. Phys. 1985, 82,
5053—-5063.

(28) Knowles, P. J.; Werner, H.-J. An efficient second-order MC SCF
method for long configuration expansions. Chem. Phys. Lett. 1985, 115,
259-267.

(29) Jiang, B.; Li, J.; Guo, H. Potential energy surfaces from high
fidelity fitting of ab initio points: The permutation invariant
polynomial-neural network approach. Int. Rev. Phys. Chem. 2016, 35,
479-506.

https://dx.doi.org/10.1021/acs.jpclett.0c01278
J. Phys. Chem. Lett. 2020, 11, 4768—4773


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01278/suppl_file/jz0c01278_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daiqian+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7185-7085
mailto:dqxie@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hua+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9901-053X
mailto:hguo@unm.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xixi+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1530-3015
mailto:xxhu@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junjie+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01278?ref=pdf
https://dx.doi.org/10.1063/1.90088
https://dx.doi.org/10.1063/1.90088
https://dx.doi.org/10.1063/1.90590
https://dx.doi.org/10.1063/1.90590
https://dx.doi.org/10.1002/lpor.200900052
https://dx.doi.org/10.1002/lpor.200900052
https://dx.doi.org/10.1039/F29726801603
https://dx.doi.org/10.1039/F29726801603
https://dx.doi.org/10.1039/F29726801603
https://dx.doi.org/10.1039/DC9725300162
https://dx.doi.org/10.1039/DC9725300162
https://dx.doi.org/10.1039/DC9725300162
https://dx.doi.org/10.1103/PhysRevA.10.1917
https://dx.doi.org/10.1103/PhysRevA.10.1917
https://dx.doi.org/10.1103/PhysRevA.10.1917
https://dx.doi.org/10.1063/1.445085
https://dx.doi.org/10.1063/1.445085
https://dx.doi.org/10.1016/0009-2614(93)85168-N
https://dx.doi.org/10.1016/0009-2614(93)85168-N
https://dx.doi.org/10.1016/0009-2614(93)85168-N
https://dx.doi.org/10.1016/0009-2614(96)00804-4
https://dx.doi.org/10.1016/0009-2614(96)00804-4
https://dx.doi.org/10.1063/1.477587
https://dx.doi.org/10.1063/1.477587
https://dx.doi.org/10.1063/1.477587
https://dx.doi.org/10.1109/3.247711
https://dx.doi.org/10.1109/3.247711
https://dx.doi.org/10.1016/S0009-2614(98)00372-8
https://dx.doi.org/10.1016/S0009-2614(98)00372-8
https://dx.doi.org/10.1016/S0009-2614(98)00372-8
https://dx.doi.org/10.1063/1.1330205
https://dx.doi.org/10.1063/1.1330205
https://dx.doi.org/10.1063/1.1330205
https://dx.doi.org/10.1002/wcms.1154
https://dx.doi.org/10.1002/wcms.1154
https://dx.doi.org/10.1002/wcms.83
https://dx.doi.org/10.1002/wcms.83
https://dx.doi.org/10.1146/annurev-physchem-032511-143755
https://dx.doi.org/10.1146/annurev-physchem-032511-143755
https://dx.doi.org/10.1103/RevModPhys.68.985
https://dx.doi.org/10.1063/1.3675846
https://dx.doi.org/10.1063/1.3675846
https://dx.doi.org/10.1063/1.3675846
https://dx.doi.org/10.1039/C6CP05553B
https://dx.doi.org/10.1002/wcms.82
https://dx.doi.org/10.1063/1.455556
https://dx.doi.org/10.1063/1.455556
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.1622924
https://dx.doi.org/10.1063/1.1622924
https://dx.doi.org/10.1063/1.1622924
https://dx.doi.org/10.1063/1.479214
https://dx.doi.org/10.1063/1.479214
https://dx.doi.org/10.1063/1.448627
https://dx.doi.org/10.1063/1.448627
https://dx.doi.org/10.1016/0009-2614(85)80025-7
https://dx.doi.org/10.1016/0009-2614(85)80025-7
https://dx.doi.org/10.1080/0144235X.2016.1200347
https://dx.doi.org/10.1080/0144235X.2016.1200347
https://dx.doi.org/10.1080/0144235X.2016.1200347
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01278?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(30) Xie, C.; Zhu, X.; Yarkony, D. R.;; Guo, H. Permutation invariant
polynomial neural network approach to fitting potential energy
surfaces. IV. Coupled diabatic potential energy matrices. J. Chem.
Phys. 2018, 149, 144107.

(31) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular
Structure, 1V, Constants of Diatomic Molecules; van Norstrand:
Princeton, NJ, 1979.

(32) Herzberg, L.; Herzberg, G. Fine structure of the infrared
atmospheric oxyen bands. Astrophys. J. 1947, 105, 353—354.

(33) Luc-Koenig, E.; Morillon, C.; Verges, J. Etude Expérimentale et
Théorique de I'lode Atomique. Observation du Spectre d’Arc
Infrarouge, Classification et Structure Hyperfine. Phys. Scr. 1975, 12,
199-219.

(34) Alexander, M. H,; Manolopoulos, D. E.; Werner, H.-J. An
investigation of the F+H, reaction based on a full ab initio description of
the open-shell character of the F(*P) atom. J. Chem. Phys. 2000, 113,
11084—11100.

(35) Alexander, M. H.; Capecchi, G.; Werner, H.-J. Details and
consequences of the nonadiabatic coupling in the C1(*P)+H, reaction.
Faraday Discuss. 2004, 127, 59—72.

(36) Jiang, B.; Xie, C.; Xie, D. New ab initio coupled potential energy
surfaces for the Br(*Ps ,, *P, ;,) + H, reaction. J. Chem. Phys. 2011, 135,
164311.

(37) An, F.; Han, S.; Hu, X; Xie, D.; Guo, H. First-principles dynamics
of collisional intersystem crossing: resonance enhanced quenching of
C('D) by N,. Phys. Chem. Chem. Phys. 2019, 21, 8645—8653.

(38) Light, J. C.; Carrington, T., Jr. Discrete-variable representations
and their utilization. Adv. Chem. Phys. 2007, 114, 263—310.

(39) Guo, H. Recursive solutions to large eigenproblems in molecular
spectroscopy and reaction dynamics. Rev. Comput. Chem. 2007, 25,
285—347.

(40) Lin, S. Y.; Guo, H. Quantum state-to-state cross sections for
atom-diatom reactions, A Chebyshev real wave packet approach. Phys.
Rev. A: At, Mol, Opt. Phys. 2006, 74, 022703.

(41) Bowman, J. M. Reduced dimensionality theory of quantum
reactive scattering. J. Phys. Chem. 1991, 95, 4960—4968.

(42) Zhang, D. H.; Zhang, J. Z. H. Uniform J-shifting approach for
calculating reaction rate constant. J. Chem. Phys. 1999, 110, 7622—
7626.

4773

https://dx.doi.org/10.1021/acs.jpclett.0c01278
J. Phys. Chem. Lett. 2020, 11, 4768—4773


https://dx.doi.org/10.1063/1.5054310
https://dx.doi.org/10.1063/1.5054310
https://dx.doi.org/10.1063/1.5054310
https://dx.doi.org/10.1086/144910
https://dx.doi.org/10.1086/144910
https://dx.doi.org/10.1088/0031-8949/12/4/004
https://dx.doi.org/10.1088/0031-8949/12/4/004
https://dx.doi.org/10.1088/0031-8949/12/4/004
https://dx.doi.org/10.1063/1.1326850
https://dx.doi.org/10.1063/1.1326850
https://dx.doi.org/10.1063/1.1326850
https://dx.doi.org/10.1039/B314189F
https://dx.doi.org/10.1039/B314189F
https://dx.doi.org/10.1063/1.3656242
https://dx.doi.org/10.1063/1.3656242
https://dx.doi.org/10.1039/C8CP07171C
https://dx.doi.org/10.1039/C8CP07171C
https://dx.doi.org/10.1039/C8CP07171C
https://dx.doi.org/10.1002/9780470141731.ch4
https://dx.doi.org/10.1002/9780470141731.ch4
https://dx.doi.org/10.1002/9780470189078.ch7
https://dx.doi.org/10.1002/9780470189078.ch7
https://dx.doi.org/10.1103/PhysRevA.74.022703
https://dx.doi.org/10.1103/PhysRevA.74.022703
https://dx.doi.org/10.1021/j100166a014
https://dx.doi.org/10.1021/j100166a014
https://dx.doi.org/10.1063/1.478802
https://dx.doi.org/10.1063/1.478802
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01278?ref=pdf

