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The highly debated three-body dissociation of sym-triazine to three HCN products has been investigated by
translational spectroscopy and high-level ab initio calculations. Dissociation was induced by charge exchange
between the sym-triazine radical cation and cesium. Calculated state energies and electronic couplings suggest
that sym-triazine is produced in the 3s Rydberg and 7% < n manifolds. Analysis of the topology of these
manifolds along with momentum correlation in the dissociation products suggest that the 3s Rydberg manifold
characterized by a conical intersection of two potential energy surfaces leads to stepwise dissociation, while
the 7* < n manifold consisting of a four-fold glancing intersection leads to a symmetric concerted reaction.

1. Introduction

Dissociation of energetic molecules is one of the most
fundamental processes in chemistry.! In atmospheric, planetary,
and biochemical reactions, dissociation is often induced by
photoexcitation, whereas in high-temperature environments (e.g.,
combustion), there is sufficient thermal energy to break bonds.

Proliferation of novel experimental and theoretical techniques
has enabled physical chemists to gain increasingly more detailed
mechanistic insights into dissociation processes. Experimentally,
it has become possible to observe chemical transformations in
a more direct fashion, for example, to investigate dynamics of
a well-characterized initial state rather than ensemble averages,
and even monitor bond breaking in real time by means of
femtosecond spectroscopy. The development of experimental
techniques has been paralleled by advances in theory, which
progressed from qualitative interpretations to rigorous quantita-
tive predictions in electronic structure and dynamics.

Yet, our understanding of the dissociation of polyatomic
molecules is rather incomplete, even for processes as funda-
mental as a three-body breakup.>3 Since the first report of a
three-body dissociation of azomethane in 1929,* only about 30
systems capable of three-body photodissociation were character-
ized.? Among these, there are only six molecules that produce
three molecular fragments, azomethane, s-tetrazine, triazine,
acetone, DMSO, and glyoxal. More examples of three-body
breakup have been observed in dissociative recombination and
photodetachment.’ In dissociative recombination, where more
energy is available, three-body dissociation becomes a dominant
channel for many systems. Unfortunately, the dynamical
information available in those studies is quite limited because
those experiments are typically performed in ion storage rings
at very high beam energies.

For almost every one of the above examples of three-body
breakup, there is a history of controversy of whether the
dissociation proceeds in a stepwise or a concerted fashion. The
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mechanistic controversy stems from the challenges of character-
izing the dissociation of a polyatomic system at the molecular
level. Several of the reactions are believed to be true “triple
whammy” events proceeding through symmetric transition states
and involving simultaneous (i.e., within one rotational period)
breaking of two bonds. These reactions become even more
fascinating when one realizes that the reverse reaction is a
termolecular association reaction and is generally improbable
on account of collision statistics. Yet, termolecular reactions
are important, the most prominent example being ozone
formation in which a three-body reactive collision is an essential
part of the mechanism:®* O, + O + M — O3 + M.
sym-Triazine (Tz), the largest among the few molecules
studied to date capable of photoinduced three-body breakup, is
the only one that produces three polyatomic products. Moreover,
due to its high symmetry, it produces three identical fragments

C;N,;H; — 3HCN (1)

This unique feature of Tz facilitates unambiguous mechanistic
interpretation of the dynamics; indeed, the symmetric kinetic
energy distribution among the three fragments can only be
observed in the concerted three-body process.

The concerted mechanism proposed in earlier studies of Tz
dissociation has been a subject of considerable debate.”~!? In
the photofragment translational spectroscopy (PTS) experiments,’3
dissociation was initiated by 248 and 193 nm photoexcitation
most likely into the 7% <— n and 7* < 7 manifolds, respectively,
but dissociation to three HCN occurs ultimately through decay
to the ground state, as dictated by symmetry correlation
arguments and energy balance.!® The original PTS study by
Ondrey and Bersohn assumed that the HCN photoproducts were
produced in a concerted fashion and, therefore, received an equal
kinetic energy release (KER);” however, the later work by Gejo
et al. presented evidence in favor of stepwise dissociation.® Ab
initio calculations of transition states along with classical
trajectory studies have found that the barrier to a symmetric
concerted reaction lies lowest in energy, but the studies have
suggested that at higher excitation energies, the stepwise
mechanism could become more prevalent.”~!?
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Figure 1. Two-dimensional representation of the ground- and excited-
state PESs, demonstrating mapping of the initial wave function into
the product distribution, that is, reflection principle. The two coordinates
are the reaction coordinate for the three-body dissociation and a
symmetry-lowering displacement, for example, Jahn—Teller deforma-
tion. The reflection principle, which assumes ballistic dissociation on
the lowest PES, predicts symmetric energy partitioning for the process
initiated on the symmetric PES and asymmetric energy partitioning
for a distorted one.

We report the first direct observation of the symmetric three-
body breakup of Tz by using coincidence detection of neutral
products coupled with translational spectroscopy, which allows
a full kinematic description of the process. Coincidence experi-
ments, which are capable of unambiguously distinguishing
between symmetric and asymmetric dissociation, are no longer
limited to ionic products.!* Continetti and co-workers extended
this technique to neutral species, and it has been applied to
H,.15.16

Dissociation is initiated by charge exchange (CE) between
Tz" and cesium, a technique for producing electronically excited
neutral molecules.!”~!? We have observed products with both
symmetric (i.e., equal between the three fragments) and C,,
(further referred to as “asymmetric”) momentum partitioning
corresponding to two fast and one slow or two slow and one
fast fragments. The former case suggests a concerted three-body
breakup, while the latter is consistent with stepwise decomposi-
tion. While the underlying dissociation dynamics may be very
complex and involve multiple electronic states, the reflection
principle?® suggests that the two processes proceed through at
least two different electronic states with symmetric (Ds3;) and
asymmetric equilibrium geometries, as illustrated in Figure 1.

A key feature noted for CE experiments is the potential to
excite multiple initial electronic states.!” If CE occurs in a
resonance regime, Tz is expected to be excited above its ground
state by 6.12 eV,?! that is, the difference between ionization
energies of Tz and cesium (10.01 and 3.89 eV, respectively).
However, the amount of energy deposited in neutrals created
by CE of keV cation beams and alkali electron donors can also
occur off resonance, with transition probabilities depending on
the energy defect, coupling strength, and relative velocity
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between the cation and electron donor.!71822 We found that the
relative ratio of symmetric versus asymmetric momentum
partitioning depends on the beam velocity, which suggests that
different excited states are populated and consequently decay
via different mechanisms. To elucidate the nature of the initially
excited state and to determine how it influences the mechanism
of the three-body breakup, we performed ab initio calculations
of excited-state potential energy surfaces (PESs) and couplings.
The calculations and analysis of several Jahn—Teller (JT)
manifold topologies allowed us to identify the most likely
initially populated states as the A; 3s Rydberg and the A, 7*
< n valence states.

It should be noted that the influence of initially excited
electronic states on the outcome of a reaction in the ground
state is not new to chemistry. For example, mechanisms of
photochemical reactions are often explained by structures of
relevant conical intersections, as was done by Mebel and co-
workers in their study of Tz photodissociation.’ Recently, Suits
and co-workers?® argued that the selection between different
channels of propanal cation dissociation occurs because the
molecule finds itself in different configurations in the ground
state given different starting points (i.e., cis or gauche confor-
mations) in the excited state. The motif suggested by the present
work is different. As evidenced by geometry optimizations of
electronically excited states** and the PES scans presented
below, the distortions of electronically excited Tz are relatively
small owing to a relatively rigid s-system. Thus, the molecule
is unlikely to sample vastly different conformations, and the
momentum partitioning is influenced by whether or not there
is a vibrational excitation in asymmetric modes.

A brief report on this work, which presents the first full
coincidence investigation of a three-body dissociation producing
three neutral polyatomic fragments, has been recently pub-
lished.?> The goal of this paper is to present a more in-depth
discussion on the electronic aspects of the three-body dissocia-
tion of Tz. We will briefly review the experimental methods
and results and focus on the electronic structure and CE
probability calculations.

2. Experimental Methods and Computational Details

2.1. Experimental Methods. The fast-beam translational
spectrometer capable of detecting multiple neutral fragments
in coincidence is a modified version of a previously described
apparatus.2® Tz was produced using an electrical discharge in
a 1 kHz pulsed supersonic expansion (25 psig of backing
pressure) of a mixture of room-temperature Tz (97%, Alfa
Aesar) vapor seeded in 250 psig of He. Cations were then
skimmed, electrostatically accelerated to 12 or 16 keV, and
rereferenced to ground using a high-voltage switch. The cation
of interest (m/z = 81) was mass-selected by time-of-flight and
electrostatically guided through a 1 mm?® interaction region
containing Cs vapor (approximately 10~ Torr). Any unreacted
cations were deflected out of the beam path and monitored with
an ion detector. Neutrals formed in the interaction region were
allowed to propagate 110 cm forward to a time- and position-
sensitive microchannel plate based delay-line anode.?” The
neutral particle detector was capable of coincidence detection
of the time and position of arrival for up to eight particles in a
single event, given a favorable recoil geometry. Given the beam
energy, parent cation mass, and fragment masses, a full three-
dimensional kinematic description of the dissociation process
was obtained, including the center-of-mass-frame KER and
product momentum partitioning.

Empirical product KER distributions were constructed for the
three-body dissociation of Tz upon CE of the Tz" with Cs at
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Figure 2. The Dalitz plot represented as a map of the momentum
partitioned to three equal-mass fragments. Each axis of the Dalitz plot
corresponds to the squared fraction of the momentum imparted to one
of the three fragments. The center point of the plot corresponds to the
equal momentum partitioning. Dashed lines represent regions of Cy,
symmetry within the plot, which correspond to one fast and two slow
(acute feature) or to one slow and two fast (obtuse feature) fragments.

both 12 and 16 keV cation beam energies. Due to the finite
size of the neutral particle detector, certain events were not
detected. Monte Carlo simulations of the detector’s geometric
efficiency were used to correct the empirical distributions to
produce true probability distributions, denoted as P(KER).!6:28
A similar procedure employing Monte Carlo simulations was
also used to correct the Dalitz plots presented below.

2.1.1. The Dalitz Plot. Momentum and energy partitioning
in three-body dissociation can be most clearly examined using
a correlated method of displaying the data such as a Dalitz plot,?
which is an equilateral triangle with each axis corresponding
to the fractional square (f;) of the momentum p; imparted to a
single neutral fragment:

B

Pi
f;Z—
Zilﬁilz

In short, a single point on the three-axis plot within the inscribed
circular region of momentum conservation represents a specific
arrangement of three momentum vectors pointing from the
center-of-mass (c.m.) of the system to the c.m. of the recoiling
fragments, as shown in Figure 2. Thus, the Dalitz plot is a
histogram of events, and the intensity on the plot corresponds
to the number of recorded events with a particular momentum
distribution. Since Tz dissociates to three indistinguishable
equal-mass HCN fragments, the plot exhibits a six-fold degen-
eracy and three-fold symmetry. Note that the momentum vectors
represented in the Dalitz plot are constructed from final c.m.
frame trajectories. For concerted dissociation, the Dalitz plot
can be used to identify an instantaneous impulsive force driving
the fragments apart. However, the final c.m. frame trajectories
in a stepwise process are the result of several intermediate events
and not readily apparent in the Dalitz plot alone.

Monte Carlo simulations were used to interpret characteristic
features observed in Dalitz distributions in the present experi-
ment. While the symmetric Dalitz feature discussed below
represents a concerted process, the mechanism giving rise to
the C,, feature is not as apparent. To determine how a stepwise
mechanism would manifest itself in the Dalitz plot, we
conducted ad hoc Monte Carlo simulations, which will be
described in detail elsewhere.’® The simulations demonstrated

@)
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that the acute feature can indeed be interpreted as the result of
a stepwise reaction.

2.2. Theoretical Methods and Computational Details.
Electronically excited states of Tz were computed using the
equation-of-motion coupled-cluster method with single and
double substitutions (EOM-EE-CCSD)3'—3* employing the
6-311++G** basis set. The cation states were described by
the EOM-CC method for ionized states, EOM-IP-CCSD.33-36
Electronic states of the combined (Cs—Tz)* system were
characterized by EOM-EE-CCSD using a closed-shell reference
state corresponding to the lowest electronic state of the Cst—Tz
system. The Hay—Wadt effective core potential basis set with
an additional polarization function with an exponent of 0.19
for a Cs atom was suggested by Glendenning et al.,>” along
with the 6-311+G* basis set for C, H, and N atoms.

The advantage of EOM-CC methods is that they allow a
balanced description of multiple electronic states of different
nature, for example, Rydberg and valence, degenerate JT states,
interacting charge-transfer (e.g., CsT™—Tz* and Cs—Tz™") states,
and so forth. Moreover, the EOM-CC wave functions for the
electronically excited and ionized states of Tz employ the same
closed-shell reference, that is, the ground electronic state of Tz.
This feature facilitated calculation of electronic coupling ele-
ments governing the CE process.

The EOM-EE wave functions of the combined (Cs—Tz)"
system were used to evaluate the diabatic electronic couplings
(hap) between the Cs—Tzt and Cst—Tz* states (i.e., quantities
that control CE) by the generalized Mulliken—Hush (GMH)
method.?3° The GMH method developed by Cave and Newton
to compute the diabatic—adiabatic transformation matrix and
the coupling elements is based on the assumption that there is
no dipole moment coupling between the diabatic states, and thus,
the dipole moment matrix is diagonal in this representation. This
corresponds to the two states with the largest charge separation,
that is, charge localized on the reactants and products. The so-
defined transformation matrix can hence be applied to the
Hamiltonian matrix in the adiabatic representation, yielding the
coupling as the off-diagonal element. This leads to the following
expression:

ho—= URAE |, 3
ab 2 211/2 (€)
[(Aﬂlz) +4uy,) ]

where the letter and number subscripts refer to diabatic and
adiabatic quantities, respectively, u» is the transition dipole
moment, Au,, is the difference between the permanent dipole
moments, and AE); is the energy gap between the states. These
couplings were used to evaluate probabilities of populating
different electronic states in the CE process using the Demkov
model,** as described below.

PES scans for the (Cs—Tz)" electronic states were computed
in two steps. First, the total energies for the (Cs—Tz)* system
were calculated for the Tz part at the neutral ground-state
geometry and Cs atom on the C; symmetry axis of Tz' by
varying the Cs—Tz" distance. Asymptotic values of these
energies are identical to the excitation energies of Tz and are
given in Table 1. Then, the energies were shifted to account
for the JT relaxation of the Tz" core such that each excited
state of the (Cs—Tz)™ complex asymptotically approached
vertical excitation energies of Tz at the cation geometry at
infinite separation (15 A). This was done by subtracting
differences in excited energies at the neutral and cation
geometries from Table 1. In addition, the energies of Cs—Tz*
excited states (i.e., neutral Cs atom, initial state of Tz in the
experiment) were shifted to match the asymptotic value of 6.12
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TABLE 1: Vertical EOM-EE-CCSD/6-311++G**
Excitation Energies (eV) for Tz at the Neutral (D3,) and the
Cation (C,,) Ground States Geometries”

singlets triplets
Dy, Cyy Dy, Cy,

at<—n Al 499 A, 453 3A; 453 3B, 4.34
A5 5.04 B 478 CE" 471 3A, 4.32

'E" 506 B 5.30 3B, 4.87

1A, 553 3A1 499 A, 5.37

at—mx 'Ay 6.0l B, 6.49 A} 480 3A 5.23
A 754 A 8.14 SE' 5382 B, 6.24

'E' 843 'A; >86 3A 6.32

'B, >86 A, 683 7B, 7.40

Ry~n 'E' 741 A 7.03 GE 734 A 6.97
'B, 7.71 3B, 7.64

R,—n 'A; 824 B, 7.90 A} 8.08 A 7.81
'E' 825 A 7.84 A, 823 B, 7.87

'B, 8.60 °E' 826 B, 8.57

A 829 A 8.61 A1 >8.6
at—mn, 'E" 8.18 A, 831 GE" 758 °B; 7.68
'B, 8.53 3Ay 7.75

@ All energies are relative to the ground-state energy of neutral Tz
at the respective geometries. To recalculate energies relative to three
ground-state HCN molecules, 1.86 eV should be subtracted.

eV at infinite separation (the difference between the experi-
mental IE of cesium and Tz, 3.89 and 10.01 eV, respectively).

The PES scans for the ground and electronically excited states
of Tz along the symmetric three-body dissociation coordinate
were computed by EOM-EE-CCSD/6-311++G** using the
geometries obtained by Pai et al.!? for the dissociation reaction
coordinate on the MP2/6-31G** ground-state PES.

All calculations were performed using the Q-Chem electronic
structure program.*!

3. Results and Discussion

Reaction mechanisms are ultimately defined by the shape of
the underlying PES, and the interpretation of both experimental
observations and theoretical predictions requires the knowledge
of structures and energies of the PES stationary points, for
example, barriers and local minima along the reaction coordi-
nates. The mechanisms of processes that span more than one
electronic state also depend on the couplings and crossings
between different PESs. Below, we will discuss important
features of the relevant PESs, as well as calculations of
electronic couplings determining CE probabilities.

A necessary condition for concerted dissociation is the
existence of an energetically accessible appropriate transition
state, and many theoretical studies of the interplay between
concerted and stepwise mechanisms have focused on locating
and comparing different transition states.*>#” Tz has an
accessible symmetric transition state for the three-body dis-
sociation;'? however, a complete picture of the mechanism
requires information about dynamics, which depends on how
the process was initiated. This aspect of the dynamics—the effect
of initial conditions on the reaction outcome—can be understood
within the reflection principle framework.?® In photodissociation,
the reflection principle assumes a ballistic process (i.e., no
vibrational equilibration) on the excited-state surface, which
therefore acts as a mirror reflecting the initial wave packet onto
the final states of the products. In the present experiment, the
roles of excited- and ground-state surfaces are reversed; Tz is
prepared in an electronically excited state, and the dissociation
occurs ultimately in the ground electronic state. For the three-
body breakup on the PES with the symmetric transition state,
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Figure 3. Energy diagram for the three-body dissociation of Tz. The
P(KER) distribution obtained with a 16 keV cation beam is shown on
the left. Labeled KER intervals correspond to the following energies:
A(0.51—0.68 eV), B(1.69—1.86 eV), C(2.70—2.87 eV), D(3.38—3.54
eV), E(4.05—4.22 eV). The hatched boxes labeled “KER (acute)” and
“KER (symmetric)” mark the region over which the mechanism was
observed. The hatched boxes labeled “3s Rydberg” and “z* <— n”
denote the regions between the lowest and the highest lying states
(triplets included) in each manifold, as computed at the cation
equilibrium geometry (C»,). Zero energy corresponds to the ground-
state energy of three HCNs.

the reflection principle predicts a symmetric KER for the initially
symmetric wave packet and an asymmetric KER for the initial
conditions described by the asymmetric wave packet, as
explained in Figure 1. The shape of the initial wave packet is
determined by the shape of the corresponding excited-state
surface on which Tz is produced by CE. Since all of the
electronically excited states of Tz in the relevant energy region
are derived by transitions between doubly degenerate orbitals,
some of them will themselves be degenerate and therefore
subject to asymmetric JT distortions. However, some of the
states have symmetric PES by virtue of double degeneracy of
both the initial and the target molecular orbitals (MOs) and can,
therefore, result in a symmetric wave packet.*34°

3.1. Kinetic Energy Release and Dalitz Plots. Figure 3
shows the P(KER) distribution for dissociation following CE
of a 16 keV beam of Tz* with Cs, accompanied by the relevant
dissociation limits, calculated electronic state minima, and
energy thresholds. P(KER) distributions obtained at 12 and 16
keV are similar and extend from O to 5 eV with a major feature
peaked at 2.6 eV and a minor feature at 0.5 eV relative to the
three ground-state HCN molecules. On the basis of the Tz
enthalpy of formation®® (AH; = 225.87 kJ/mol), CE in the
resonance regime should produce Tz* 4.26 eV above the 3
HCN(X!=") limit. However, the maximum observed KER
extends well beyond this limit, suggesting a degree of nonreso-
nant excitation in the CE process.

We found that the three-body momentum distribution depends
strongly on the KER. To illustrate this dependence, P(KER)
distributions were divided into 32 KER bins, and Dalitz
representations®® (see section 2.1.1) were used to visualize the
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Figure 4. Dalitz representations of the momentum correlation in the
three-body breakup of Tz obtained over KER intervals denoted in Figure
3. A symmetric partitioning of momentum yields intensity in the center
of the Dalitz plots, whereas the intensity near the apexes (i.e., acute
features) corresponds to one fast and two slow fragments.

momentum partitioning for the events contained within each
KER bin. Several Dalitz representations constructed from the
12 and 16 keV Tz data are shown in Figure 4 and correspond
to the labeled KER ranges in Figure 3. A two-fold symmetric
acute feature (two slow and one fast HCN fragment) dominates
the Dalitz representations between intervals B and E at both
beam energies. A weaker feature corresponding to a three-fold
symmetric partitioning of momentum is also present, and the
Dalitz distributions in Figure 4 have been slightly cropped near
the intense acute apexes in order to highlight it. While more
apparent in the 16 keV Dalitz plots, the symmetric feature is
present (along with the acute feature) for intervals C and D at
both beam energies. This symmetric feature also exhibits slight
asymmetries extending toward the two-fold symmetric obtuse
region of the Dalitz plot.

Dalitz distributions were constructed for intervals spanning
the entire P(KER) distribution and reveal the ranges over which
the acute and symmetric Dalitz features were observed as 1.5—5
and 2—4 eV, respectively (denoted in Figure 3). These two
seemingly independent features and the dependence of their
relative ratio on the beam energy suggest that dissociation
proceeds by two different mechanisms, the origins of which
were an impetus for the ab initio investigation into the electronic
structure of Tz.

Without performing nonadiabatic dynamics simulations in full
dimensionality (as, for example, in refs 51 and 52) and on
multiple PESs, one can gain mechanistic insight by using simple
Franck—Condon considerations and the reflection principle,?
as sketched in Figure 1. In our energy range, the three-body
dissociation necessarily proceeds in the ground state, and the
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TABLE 2: The GMH Couplings (h%b) for CE between Cs
and the Triazine Cation at 5 and 8 A Cs—Tz" Separations®

5 A Cs—Tz" Separation

Auiz, au AEp, eV W12, au hab, €V
a* —n 5.40 —0.15 0.080 0.002
aF = 5.44 0.80 0.000 0.000
Ry<—n —1.00 1.85 2.640 0.909
R, <n —0.36 2.00 1.563 0.993

8 A Cs—Tz*t Separation

Az, au AE\», eV Ui, au hap, €V
TF —n 11.04 —0.35 0.040 0.001
Tt = 11.06 0.55 0.000 0.000
Ri<—n 3.40 0.95 4.360 0.443
R, —n —-0.37 1.80 0.473 0.838

“The couplings are computed by eq 2 using the dipole moment
difference (Aui2), energy separation (AEj,), and transition dipole
moments (¢2).

transition state for this process is symmetric.””'?> Assuming
ballistic dissociation on the ground-state PES (and neglecting
possible involvement of other electronic states in the nonadia-
batic relaxation from the initially populated electronic state to
the ground state), the reflection principle states that dumping a
symmetric nuclear wave packet on the ground-state PES results
in the symmetric dissociation, whereas a nonsymmetric process
corresponds to a nonsymmetric nuclear wave function. Asym-
metric wave packets give rise to vibrational excitation of
asymmetric modes, which ultimately leads to asymmetric
momentum partitioning. Thus, the symmetric and asymmetric
channels can be explained by two different initial electronic
states of neutral Tz, one with three-fold symmetry (Ds3;) and
one with lower symmetry (e.g., C,,), assuming that the
vibrational wave function equilibrates in the excited state prior
to electronic relaxation. To elucidate the nature of the initially
populated states, we performed electronic structure calculations
of the excitation energies, coupling elements, and PES scans
as described below. In light of the dense electronic spectrum
of Tz, only by considering several characteristics of the excited
states, their excitation energies, nonadiabatic couplings, and the
topologies of the corresponding JT manifolds, were we able to
identify the most likely initially populated states as the A; 3s
Rydberg and the A, 7% < n valence states.

3.2. Electronic States of sym-Triazine and Electronic
Couplings between the Cs—Tz" and Cst—Tz States. The
electronic spectrum of Tz consists of dense manifolds of valence
% < 7 and 7* < n states,>!>376 as well as Rydberg states
derived from the transitions from nitrogen lone pairs (n) and 7
orbitals. While in the ground electronic state, Tz is of D3
symmetry, and many of the excited states, as well as the
cation,’” are distorted by virtue of the JT theorem.

Our calculations®* identified more than 20 states of neutral
Tz below 9 eV. Examination of the energy diagram in Figure
3 and the computed excitation energies summarized in Table 1
reveals that several singlet and triplet states are accessible
energetically, that is, all of the 7* < n and 7* < 7 states, as
well as the lowest Rydberg Ry <— n state.

Electronic couplings between the Cs—Tz" and Cs™—Tz*
states (i.e., initial and final states in a CE event) computed by
the GMH approach383 (see section 2.2) are presented in Table
2. In agreement with qualitative considerations,!” the calculations
show that the couplings between the Cs—Tz" and different
CsT—Tz* states are at least 400 times larger for the Rydberg
states than those for the valence states. Furthermore, the % ~—
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7 values are nearly zero due to the two-electron character of
the corresponding electronic transition (the ground state of Tz
has a hole in a lone pair orbital).’® The same arguments apply
to the corresponding triplet states, which are accessible in CE
experiments. Thus, considerable electronic coupling matrix
elements for the 3s Rydberg and 7% <— n manifolds suggest
these states as the most likely initially populated electronic states.
However, the coupling for the Rydberg state is two orders of
magnitude larger than that of the 7* ~— n state. As noted by
Peterson and co-workers,!” CE transitions between loosely
bound orbitals (hence, characterized by large couplings) would
yield large cross sections, whereas CE between tightly bound
orbitals occurs mostly in close collisions and is characterized
by small cross sections. More quantitative analysis of how
couplings of these magnitudes will manifest themselves in
branching ratios of the two channels can be obtained using the
Demkov model,*® as described in the next section.

3.3. Evaluation of CE Probabilities Using the Demkov
Model. To discriminate between the different states, we employ
the simple two-state Demkov model to evaluate transition
probabilities for the CE process.*? The transition probability
derived from this model depends upon the potential energy
difference (i.e., the off-resonant energy defect), the potential
parameter in the coupling matrix element, and the relative
velocity between the cation and atomic electron donor:

T AE) e
w = sech (2\/2_”11 v )sm ( ffw habdt) 4)

where AE is the energy defect (energy difference between the
Cs—Tz" and Cst—Tz states), hy, is a matrix coupling element
between the two states, V is the relative velocity, and #, m, and
I denote time, mass, and the smaller of the ionization energies
of electron donor or acceptor, respectively. This semiclassical
model is derived by assuming that the coupling A, increases
exponentially at short distances and approaches zero as the
fragments scatter apart. The maximum value of the coupling
should be on the order of the energy defect AE, and the latter
is assumed to be constant in the exchange region.

The first term in eq 4, sech?(...), is the CE transition
probability amplitude, which increases with the relative velocity
V and asymptotically approaches unity. At a 12 keV energy,
this term can be rewritten as sech?(aj%evAE), where all
constants and the scattering velocity dependence are included
in the effective cross section parameter 0§%y. At any other beam
energies, Ep, the cross section term equals sech?[0f%.vAE(12/
Ey)'2], where af¥.v is the effective cross section parameter at
12 keV. Figure 5 shows the CE cross sections as a function of
beam energy for the two states with energy defects of 0.2 and
1.0 eV using two different values of 0.y (5 and 1 eV™!).
The top panel showing the cross section for affey = 5 eV ™!
corresponds to the o value before the saturation, which seems
to be the case in the present experiment. As one can see from
Figure 5, the cross section increases (and saturates) faster for
smaller energy defects.

The second term in eq 4, sin?(...), describes the population
oscillation between the two states, Cs—Tz" and Cst—Tz. The
frequency of the oscillation is proportional to the electronic
coupling matrix element integrated over the interaction time.
For the Rydberg Cs*—Tz states, the coupling Ay, is about 1 eV
(0.037 hartree; see Table 2). Assuming an interaction region of
~15 au, the time of interaction between Tz" and Cs is about 5
x 10715 s (200 au) at a 12 keV beam velocity. With the
exponential increase of the coupling from 0O to 0.037 hartree
and the decrease back to 0 over 200 au of time, the value of
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Figure 5. The CE cross sections as a function of beam energy for the
two states with energy defects of 0.2 (solid line) and 1.0 eV (dashed
line) at a 12 keV beam energy. The upper and lower panels show that
the results for the effective cross section parameter af%.v equal 5 and
1 eV, respectively.

the effective coupling hlgV = [T hy,dr is estimated as 5 au.
For a beam energy Ej, other than 12 keV, the effective coupling
is given by

he(Ey, keV) = %hgﬁfkw ©)

b
since the interaction time is inversely proportional to the square
root of the relative velocity. The top panel in Figure 6 shows
strong oscillations in the value of the sin?(...) term with the phase
depending strongly on the exact value of the coupling. In the
experiment, there are variations in the effective coupling due
to the variety of the impact parameters and orientations of Tz,
and the sin%(...) term values are averaged®® with an effective
value of ~0.5 for the Rydberg states (see Figure 6). The
coupling for the valence states from the 7* ~— n manifold is
two orders of magnitude smaller, which results in an almost
constant value of the sin(...) term with respect to the Tz beam
velocity. The value of this oscillating term is ~400 times smaller
for the valence r* < n state that than for the Rydberg state, as

shown in the bottom panel in Figure 6.

Thus, for a given interaction time determined by the
neutral—ion relative velocity, the model predicts a larger
probability for populating states with (i) a smaller energy defect
(i.e., in resonance) and (ii) a larger coupling. The velocity
dependence of the branching ratios between different channels
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Figure 6. The state switching probability term, sin’(...) in eq 4, as a
function of the Tzt beam energy for selected values of effective
couplings (eq 5) on the order of magnitude corresponding to the R ~—
n (top panel) and 7* <— n (bottom panel) states at 12 keV.

is nonlinear and is determined chiefly by the energy defect
through the cross section (eq 5). The probability of populating
the state with a smaller energy defect increases more rapidly
than that of the state with a larger defect as the relative
ion—atom velocity increases. Thus, the observed velocity-
dependent change in the relative intensity of the two features
from Figure 3 suggests that two different initial electronic states
of the neutral give rise to the observed dissociation channels.
The dominant character of the asymmetric channel suggests
stronger couplings for the respective initial state, whereas the
increased intensity for the symmetric dissociation at 16 keV
argues in favor of the smaller off-resonant energy defect of the
corresponding state.

Energy defects of the Rydberg and sr* <— n states (0.75 and
0.66 eV asymptotically) reveal that neither state is in exact
resonance, although the valence state is 0.1 eV closer. However,
as will be demonstrated in section 3.5, at short Cs—Tz"
distances, the valence state becomes nearly degenerate with the
Cs—Tz™" state, whereas the energy defect of the Rydberg state
increases.

Thus, the Demkov model predicts a much higher probability
of populating the Rydberg state, even though it is further off-
resonance compared to the m* <— n state. The respective
equilibrium geometries of these states can be considered as
starting points on the neutral ground-state surface by virtue of
the reflection principle (see Figure 1).

3.4. Analysis of the Excited State’s Topology. It is possible
to determine which of the excited states have symmetric
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Figure 7. Topology of regular (upper panel) and four-fold (lower
panel) Jahn—Teller intersections. The former case corresponds to the
states derived from the transitions between doubly degenerate and
nondegenerate MOs. Four-state intersections occur for the states
originating from the transitions between the two sets of doubly
degenerate MOs. Symmetry analysis predicts that two out of four states
will be exactly degenerate at Ds,. While the topology and degeneracy
pattern might differ, the PES of the upper state always has a (nearly)
symmetric minimum.

equilibrium structures, and which are distorted, by simply
analyzing symmetries and the electronic configurations of the
corresponding wave functions, as in recent studies of N3*.4349
All of the states discussed above are derived from transitions
involving degenerate MOs and can, therefore, be potentially
subject to JT distortions. States derived from the transitions
between degenerate and nondegenerate MOs (e ® a — E) form
a familiar “Mexican hat”’-shaped PES shown in Figure 7. The
pair of R¢ < n Rydberg states in Tz is of this type. A
qualitatively different type of intersection occurs for the states
derived from excitations between two degenerate MO pairs
producing two exactly degenerate and two nearly degenerate
states, that is, e ® e — E + A + B. It can be shown that all
four states are scrambled around the intersection, and the linear
terms for the degenerate states are very small.*3*° Consequently,
the intersection appears to be glancing rather than conical, as
shown in Figure 7. Although the minimum of the upper
degenerate PES is not exactly at Ds,, a small magnitude
distortion (e.g., 0.001 A and 10~* eV in cyclic N3*) suggests a
negligible effect on the corresponding nuclear wave functions,
which, therefore, could be treated as derived from the symmetric
PES. As will be discussed in an upcoming paper,?* the minimum
of the top st* ~— n state of Tz is numerically almost exactly at
D3y,

3.5. The PES Scans. Figure 8 shows the PES scans along
the symmetric three-body dissociation coordinate for the ground
and the lowest electronically excited states of Tz. Note that none
of the excited states correlate with the dissociation limit of the
three ground-state HCN. Moreover, the excited-state curves are
rather parallel to the ground-state one and feature a barrier along
the three-body dissociation coordinate. Thus, Figure 8 suggests
that there are no obvious conical intersections between the
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Figure 8. Potential energy curves for the ground and excited states of
Tz along the symmetric three-body dissociation coordinate.

ground and the excited states in the proximity of the dissociation
coordinate. A nondissociative character of the excited state’s
PES suggests that nonadiabatic relaxation is likely to occur in
the FC region. One can therefore expect slow radiationless
relaxation to the ground state, which will allow electronically
excited Tz* to vibrationally equilibrate prior to the transition.
Of course, only nonadiabatic dynamics calculations in full
dimensionality can reveal where (and how fast) Tz* reaches
the ground-state PES; however, the presently available data
support the above mechanism for symmetric dissociation. The
S1—So conical intersection reported by Dyakov et al.” is at the
opened ring geometry and thus would lead to the asymmetric
momenta partitioning among the fragments.

Figure 9 shows a scan of the calculated PESs for Cs
approaching Tz" in a direction perpendicular to the molecular
plane. Bold and light curves correspond to the Cs—Tz" and
Cst—Tz states, respectively. At infinite separation, the state
ordering is exactly as that in neutral Tz at the cation geometry.
The pictograms on the right show the topology of each PES
around D3, Note that the diffuse Ry < n states become perturbed
by approaching Cs at 7 A, while the PESs of the valence states
remain flat up to about 3.5 A. This numerically demonstrates
the qualitative statement made by Peterson and co-workers!”
regarding the necessity of close collisions for electron capture
into valence states.

Analysis of the topology shows that among the states in the
energy range corresponding to the symmetric dissociation, the
only states with a symmetric equilibrium structure are the upper
7% < n states, as denoted by the pictograms in Figure 9. Thus,
we conclude that these states are responsible for the symmetric
channel. The asymmetric dissociation may occur via all other
states accessible energetically; however, the most likely can-
didate is the lowest Rydberg R <— n state for which the GMH
coupling is two orders of magnitude larger than that for the
valence states. Thus, we conclude that acute and symmetric
dissociations occur following initial excitation into the 3s
Rydberg and s7* <— n manifolds, respectively. This assignment
is supported by qualitative agreement between the observed
intensity of these channels and the GMH matrix coupling
elements.

The energetic locations of the 3s Rydberg and 7% — n
manifolds in the cation Franck—Condon region correlate well
with the KER range over which each Dalitz feature was
observed. The maximum observed KER of 5 eV associated with
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Figure 9. Potential energy curves for the relevant singlet electronic
states of the (Cs—Tz)* system in a T-shaped configuration. Bold and
light curves correspond to Cs—Tz" and Cs™—Tz states, respectively,
whereas solid and dashed lines distinguish between the valence and
Rydberg excited states. The geometry of the triazine fragment is that
of the cation. The pictograms on the right show the PES topology for
each state along the JT coordinate. As in Figure 3, the shaded boxes
denote the KER regions for which symmetric and asymmetric dis-
sociations were observed. Energies are relative to the ground-state
energy of three HCN.
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the acute feature is close to the vertical energy for the Rydberg
states (i.e, 5.17 and 5.11 eV above the three HCN limit for the
singlet and triplet, respectively). Monte Carlo simulations
support the acute Dalitz feature being the result of a stepwise
dissociation.®® The maximum observed KER of 4 eV for
symmetric dissociation lies 0.33 eV higher in energy than the
vertical energy of the highest 7% < n state ('A,), which is
located at 3.67 eV above the three HCN limit and has a Ds,
equilibrium structure. The small separation between the singlet
and triplet states does not allow us to discriminate between these
manifolds. However, due to the three-fold degeneracy of the
triplets, one might expect triplets to be populated more
frequently. On the other hand, the rate of electronic relaxation
to the ground-state singlet PES is likely to be much slower for
the triplets.

Finally, we would like to comment on the obtuse lobes of
the “symmetric” Dalitz feature, which shows slight asymmetries
associated with the symmetric mechanism. Possible explanations
for these features are (i) that the electronic transition to the
ground-state PES occurs too fast, that is, while the molecule
still has vibrational excitation in an asymmetric mode (expected
to be populated because of the JT distorted geometry of the
cation), as suggested by Dyakov et al.;’ (ii) that crossing to an
intermediate lower-symmetry electronic state occurs prior to
dissociation; and (iii) that contributions from the initial popula-
tion of nearby distorted 7* <— n states. Interestingly, it was
observed that excitation into the 7* <— n manifold results in a
partially asymmetric “symmetric” dissociation, which agrees
with recent theoretical predictions aimed at resolving past debate
on the dissociation of Tz.2~1?

4. Conclusions

We report the first direct observation of two unique three-
body dissociation mechanisms of Tz and the first observation
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of experimental signatures of the dynamics proceeding through
both conical and glancing JT intersections within one molecule.
We found that the observed KER in the CE-induced three-body
dissociation of Tz results from two different electronic states.
The analysis of the product momentum partitioning obtained
in coincidence experiments revealed both symmetric and
asymmetric dissociation. The former was observed in the KER
region between 2 and 4 eV, whereas the latter occurred between
1.5 and 5 eV. This energy dependence suggests that the
symmetric dissociation proceeds through an excited electronic
state of Tz populated in the resonance regime, while an off-
resonant electronic state is responsible for the asymmetric
breakup. Neglecting possible involvement of other electronic
states, these observations can be explained within the reflection
principle framework, assuming vibrational equilibration of the
initially populated electronic state prior to a nonadiabatic
transition to the ground state and fast dissociation on the ground-
state PES. With the above provisions, the reflection principle
attributes symmetric dissociation to an initial electronic state
with symmetric equilibrium geometry and asymmetric dissocia-
tion to one with lower symmetry. Ab initio calculations and
the analysis of the topology of the JT manifolds identified these
states as the two highest valence states from the 7% < n
manifold and the lowest 3s Rydberg state, respectively. The
energy defect for % <— n states is smaller than that of the
Rydberg state; however, the coupling strength for the latter is
two orders of magnitude larger, which explains the dominant
presence of asymmetric breakup. These results are in agreement
with the conclusions made by Ondrey et al., who suggested that
Tz does not reach an equilibrium prior to dissociation and thus
the partitioning of momentum to the HCN products depends
heavily on the region of configuration space in which the
ground-state surface was accessed (i.e., the entrance channel),
while the final partitioning of internal energy in the products is
determined by evolution on the dissociative surface.’
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