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The semi-diabatic potential energy surfaces (PESs) of the excited states of polyatomic molecules can be
constructed for use iab initio molecular dynamics (AIMD) studies by relying on the continuity of the
electronic energy, oscillator strength, and spherical extent of an excited state along with first derivatives of
these quantities as computed by using the equation-of-motion coupled-cluster (EOM-CC) method. The semi-
diabatic PESs of both tre— 17 valence excited state and the 3s-type Rydberg state of ethylene are presented
and discussed in this paper, in conjunction with some of the AIMD results we obtained for these states.
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Introduction However, we will choose the adiabat which is being follow-
ed according to continuity criteria applied to both the energy
The development of amb initio molecular dynamics and properties computed from the electronic wavefunction.
(AIMD) method for the study of dynamical phenomena The reliability of an AIMD study depends on the accuracy
involving excited electronic states of polyatomic moleculesof the PES it uses. Among the seveaahl initio methods
is one of the most important recent advances in theoreticavailable for the calculation of electronic structure, the use of
and computational chemistry research. When excited electronibe coupled-cluster and the equation-of-motion coupled-
states are involved, avoided and true crossings of electronmuster (CC/EOM-CC) theories for the ground and excited
states are usually encountered. This means that in principleetectronic states respectively is now established as one of the
is necessary to also confront the multi-electronic statdest single-reference theorigs The analytic method of
problem, that is to say the breakdown of the Born-evaluating the energy gradient of the ground and excited
Oppenheimer approximation. In this case, one can choose &ectronic states by the CC/EOM-CC theory has been
define the electronic states in either adiabatic or diabatiimplemented in computer programs like Ace<2The
representations. Since the potential energy curves are oftavailability of analytic energy gradient is crucial to the
smoother in the diabatic representation, diabatic PESs caafficient AIMD study of polyatomic molecules.
make the study of multi-electronic state molecular dynamics Several kinds of semi-diabatic PESs have been suggested
considerably simpler than is the case for the adiabatiand used in molecular dynamics studies. These PESs were
representation. However, there is no unique method ofonstructed based on the continuity of some of the properties
diabatization of the PESs of polyatomic molectlesyd of electronic states, such as the dipole moment and polariz-
diabatization schemes usually require global informatiorability.” Another way of constructing a semi-diabatic PES,
about the PESs. This makes the adiabatic representatidiased on the continuity of the oscillator strength and of the
indispensable for practical AIMD studies, where only localspherical extent (4¢) of an excited state, is suggested in
information about the PESs is available at any given point ithis work. This approach is applied here to the AIMD
time. Solution of the dynamical problem including all of the simulation of the nuclear motions of ethylene in an excited
coupled electronic states in the adiabatic representation alstate reached by photoabsorption.
requires the computation of the nonadiabatic coupling
matrix elements (NACME) These are not always available, Methods
in which case one would still like to be able to follow the
dynamics. An approximate way to accomplish this is by The initial values of the positions and momenta of all the
following an individual adiabatic excited state surface. Thisatoms of ethylene were sampled from a Wigner distribdtion,
becomes ambiguous when the energy gap between statesrresponding to the ground state vibrational wavefunction
vanishes, but a useful first approximation in these cases is to the harmonic approximation. The dynamic changes in the
follow an adiabatic state according to auxiliary conditionspositions and momenta of the atoms of ethylene, referred to
which lead to diabatic propagation. In this paper, we call thdiere as a trajectory, were then computed by solving the
resulting PESs semi-diabatic. Strictly speaking, these arelassical equations of motion with the velocity Verlet
adiabats because they diagonalize the electronic Hamiltoniamethod® The time step of the classical molecular dynamics
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(MD) calculation was set at 10 atomic time units, about ]
0.242 fs. At each time step of the classical MD calculation 5 o044 77 O-state
the ground and excited electronic states were computed ¢ GJ(E 1 T
the fly by using the coupled-cluster singles and double: 03 — Vstate
(CCsSD) and the equation-of-motion coupled-cluster single: T T 7
and doubles (EOM-CCSD) methotfs The roots of the 04

L . . . = ] - \/-state
similarity transformed Hamiltonian matrix correspond to the @, 02
excitation energies of the excited stdteBhe Davidson g ] — os t\
procedur® for finding the roots was slightly modified in our 00 A
approach by the use of the eigenvector of the specific sta s54 T
from the previous MD step as the initial guess for the curren g 30 RCO)
MD step, and by the search for at least four additiona *@ B
nearest roots. The oscillator strength and the spherical exte & 25 7 R(C-H)
(<r>>) of the electronic wavefunction were calculated by 20 e o e
using thel- and theR-vector of the similarity transformed 180
Hamiltonian matrix, as described elsewHeecause the $ 204 ——-—u
PES is not predefined in AIMD methods, we have to selec §> 60 - <HCH
an electronic state at each MD step and then extend the Pl S <HC,CH

on the fly by using theb initio results of the current MD 1 T
step. The correct state is selected by comparing not only t 0 v 2 30 4 50
electronic energy (i.e. the continuity of the PES, which is the Time (fs)
basic requirement) but also the oscillator strength and thFigure 1. The changes in potential energy, oscillator strength, bond
spherical extent at the current MD step with those of theengths, and angles of ethylene obtained by a single-trajectory
previous MD step. We also insisted on the continuity of theAIMD simulation on the PES of the V-state along the centroid
first derivatives of these properties. Although the excitecrSCtory: The Vostate and the O-state represent the vaiencer

. . : excited state and the nearest other state respectively, as computed
statg obtained by using the e_lggnvector of the state fr(_)m trby the EOM-CCSD/6-31G method.
previous MD step as the initial guess of the Davidsor
procedure usually corresponds to the same state, this is not
always guaranteed. The roots of the excited states are als@s found to be too small to be useful in the construction of
not always found in the correct order, especially when a twothe semi-diabatic PES, and so the changes in spherical extent
electron excited state appears nearby. To make sure we fouack not included in Figures 1-3.
the correct state in the correct order in the examination of the Figure 1 shows the AIMD results for the centroid trajectory,
possible nearby states, we insisted on finding four additionakhich starts from the geometry of the equilibrium molecular
states, which meant that we examined a total of five excitedtructure of the ground state with no initial velocity. The x-
states in the construction of a semi-diabatic PES of axis represents the elapsed time (in fs) after the start of the

particular excited state. AIMD simulation. In this trajectory the molecular structure
retains a planar geometry, and the dihedral angl€,C,H
Results and Discussion does not deviate from zero, as shown in the fourth panel. The

solid line in the first panel is the PES of the V-state, while the
The semi-diabatic PESs of te— 7i valence excited dotted line represents that of the nearest electronic state,
state (V-state) and the 3s-type Rydberg statest@te) of which we will call the O-state. The O-state may have
ethylené® were constructed and examined along about thirtydifferent character at different points in the trajectory, as
classical trajectories for the initial 50 fs after photoabsorp-discussed at various points later in the text. The potential
tion. When a classical trajectory proceeds far from anyenergy E (in a.u.) in the first panel is defined with respect to
intersection involving the target electronic state, no specialhe energy of the ground state at its equilibrium geometry.
attention is required and the construction of a PES is s@he discontinuities of the first derivative of the O-state
simple it need not be discussed further here. When anergy at 6 and 37 fs stem from the fact that it changes
classical trajectory crosses or approaches a conical inteelectronic character at these points, i.e. it is involved in a true
section involving the target electronic state, the semior avoided crossing with another electronic state. The solid
diabatic PES was constructed as described above. Onbnd dotted lines in the second panel represent the changes in
some of the potential energy curves we obtained in our thirtyhe oscillator strengths of the V-state and the O-state
AIMD cases are presented and discussed below. The PES i&fspectively. The changes in bond lengths and angles are
the ground state is not shown in the following figuresshown in the third and fourth panels respectively. The
because it is typically located about 0.25 Hartrees (a.u.glectronic energies of the V-state and the O-state become
below the energies shown in the figures. When the 6-31@qual at around 31-34 fs, which implies that the trajectory
electronic basis set was used for the PESs as in Figures 1€3psses a conical intersection involving these states. Though
the difference between the spherical extents of the two statésr such a crossing the continuity of the PES or of the first
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Figure 2. AIMD results with the EOM-CCSD/6-31G basis for a Figure 3. AIMD results with the EOM-CCSD/6-31G basis for a
trajectory showing a large torsional motion. trajectory with several encounters between two states.

derivative of PES are not sufficient conditions for theproblematic region. Though these artificial cusps can be
unambiguous construction of the PES, semi-diabatic PES®moved by some arbitrary adjustments, we did not make
of the two states are easily constructed because of the cleadyy such adjustment here because the additional potential
distinguishable oscillator strengths of the two states, asnergies produced by the artificial cusps are two orders of
shown in the second panel. magnitude smaller than the kinetic energies of the atoms at
When the initial geometry of a classical trajectory is onethese points. In spite of the appearance of these artificial
that is slightly distorted from the equilibrium structure of the cusps, the present results show that the single reference
ground state, as shown in the third and fourth panels of FigzOM-CCSD method used in this work is able to describe
2, the two states approach each other at 14 fs, earlier thansnch demanding situations successfully.
the case of the centroid trajectory shown in Figure 1. The The most difficult situation for constructing the semi-
oscillator strengths are very similar, and are of little help indiabatic PES that we observed in our test work is shown in
the construction of the PESs. However, the continuity of thé-igure 3. The two PESs in the first panel show that there are
first derivative of the electronic energy is sufficient for the about four possible points at which the nonadiabatic
construction of the PES in this case. In this instance, theoupling vector is very large. In this case, insisting on the
shape of the PES of the O-state resembles that of the twegentinuity of the first derivative of the oscillator strength was
electron excited state, the Z-state, as has been describedniecessary for the construction of the PESs. Though the
several earlier work¥. The dihedral angleBlHC,C;H shown  situation here looks quite troublesome, the probability of this
in the fourth panel indicates that the ethylene molecule israjectory as computed by the Wigner methisdwo orders
twisted about the C=C double bond. The detailed analysis aff magnitude smaller than those of other trajectories such as
the structure also reveals that half of the ethylene moiety, thifiose in Figures 1 and 2. Most of the other thirty trajectories
-CH> unit, has a pyramidal shape at this point. All theseare more similar to those presented in Figures 1 and 2. As a
aspects are in accordance with the Z-state described prevesult, the contribution of the trajectory shown in Figure 3 to
ously. It has to be mentioned here that not only the PESs dlie overall AIMD results is expected to be marginal. It is
both the V-state and the O-state but also the PES of thiateresting to note that one of the C-H bonds is significantly
ground state (not shown here) have small cusp shapes at égtended at 37 fs. The dihedral angld-Ci:-Cx-H is about
and 38 fs. These are artifacts due to the limitations of th&5 degrees. This could be a movement toward H-atom
single reference CCSD method, which have been discussexigratiort* from one C-atom to another C-atom on the
elsewheré? These cusps indicate the divergence of the firsexcited PES, but the consequences of this trajectory for the
derivatives of the PESs. Because we use fixed time steps, vazerall dynamics of ethylene are not explored here.
effectively average over these discontinuities which could Although the results presented here using the 6-31G
nevertheless cause difficulties even when using analytielectronic basis set demonstrate our procedure for construct-
gradients if the trajectory came sufficiently close to theing semi-diabatic PESs, this basis is too small to properly
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Figure 4. AIMD results with the EOM-CCSD/6-31+G basis for the ]
centroid trajectory. The third panel shows the changes in the § 90
spherical extents (2¥) of the excited states. The changes in bond §’
lengths and angles are not shown here because the molect | " R
remains in a planar structure, as shown in the fourth panel of Fig. : o+ - -
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balance the effects of dynamic correlation and Rydber Time (fs)

character in the electronic wavefunctions. The excitatiorgigyre 5 AIMD results with the EOM-CCSD/6-31+G basis for a
energy of the V-state was calculated to be about 1.5 €'rajectory on the PES of the 3s type Rydberg stagestRe. The
larger than its experimental valtieEurther, the ordering of nearest state, the O-state, is eitherrthe 77 excited V-state or the
the four lowest excited states is not correctly described b3p/3p, Rydberg state.
calculations using the 6-31G basis. According to our study
with several different basis-set sizes, the 6-31+G basis turrthe EOM-CCSD/6-31+G method, the 3s-type Rydberg state
out to be the smallest electronic basis set that can descrilf@ssstate) is found to be the lowest singlet excited state.
the V-state and the other three nearby Rydberg stateSther singlet excited states are located about 0.5 eV above
quantitatively and qualitatively. The semi-diabatic PESs of the Regstate for most domains of the trajectories, so the
the m— 1 excited state (V-state) and the 3s type Rydbergconstruction of its PES is a simple matter. However, the PES
state (Rsstate) were constructed with the 6-31+G basis, asn Figure 5 has an interesting feature: the PES of the R
shown in Figures 4 and 5. state crosses the PES of another state at 6 and 37 fs. These
The PES of the V-state was calculated by the EOM-<rossings imply the existence of a conical intersection
CCsSD/6-31+G method along the centroid trajectory and igesponsible for radiationless quenching to the ground state.
shown in the first panel of Figure 4. It shows that the V-staté'hough the conical intersection between the V-state and the
crosses the 3pz-, 3py-, and 3s-type Rydberg states at 3, ground state is well knowti the conical intersection shown
and 12 fs respectively, and crosses those states again imFigure 5 has not previously been studied. The changes in
reverse order at 21, 27, and 29 fs. All these Rydberg statése C-H bond lengths in the third panel suggest that the main
are designated by the O-state here. The semi-diabatic PES @faracteristics of this trajectory correspond to an asymmetric
the V-state was easily constructed by using the changes siretch mode,e. thevs or thevio mode!! Further exploration
the oscillator strength and the spherical extent shown in thef this new conical intersection is not carried out here.
second and third panels respectively. Due to the diffuse s-
and p-type basis functions included in the 6-31+G basis set, Conclusions
the spherical extents of the Rydberg states are distinctly
larger than that of the V-state, and this difference can be an A method for constructing the semi-diabatic PES of a
additional help in the construction of the semi-diabatic PESpecific excited electronic state, based on the continuity of
of a state. The semi-diabatic PES of the V-state washe electronic energy, the oscillator strength, and the
calculated with the EOM-CCSD/6-31+G method along aspherical extent of the state, as well as the first derivatives of
trajectory starting from a slightly distorted structure as in thehese quantities, was suggested and tested by conducting
cases of Figures 2 and 3, and is virtually identical to thaaictual AIMD studies. It was shown that insisting on the
calculated with the EOM-CCSD/6-31+G method shown incontinuity of the first derivatives of the electronic energy and
Figures 2 and 3. The use of diffuse functions in the 6-31+@®f the oscillator strength is sufficient for the construction of
basis set means that spherical extent may also be dhe semi-diabatic PES. When Rydberg states are involved
additional property that is useful in the construction of semi-and the electronic basis set includes the diffuse basis
diabatic PESs. functions necessary for the description of Rydberg states,
When the electronic states of ethylene are calculated bgpherical extent of the electronic wavefunction can offer an
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additional guide to the construction of the PES.

Our results demonstrate the potential of the use of the3:
equation-of-motion coupled-cluster singles and doubles
(EOM-CCSD) method for the handling of excited states in
the AIMD study of phenomena involving excited electronic
states. The PESs discussed in this work also reveal severdl.
interesting features of the overall PES for the photo-
absorption dynamics of ethylene. A new AIMD method is
under development that combines the EOM-CCSD methodg
for calculating electronic structure with the full-multiple-
spawning (FMS) methd@l for calculating the nuclear
wavefunction. Results of AIMD (EOM-CCSD/FMS) studies 7
that use semi-diabatic PESs as constructed in this work will
be presented elsewhére.
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