Dissociative electron attachment to 5-bromo-
uracil: non-adiabatic dynamics on complex-valued
potential energy surfacest
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Electron induced dissociation reactions are relevant to many fields, ranging from prebiotic chemistry to
cancer treatménts. However, the simulation of dissociation electron attachment (DEA) dynamics is very
challenging because the auto-ionization widths of the transient negative ions must be accounted for.
We propose an adaptation of the ab initio multiple spawning (AIMS) method for complex-valued
potential energy surfaces, along the lines of recent developments based on surface hopping dynamics.
Our approach combines models for the energy dependence of the auto-ionization widths, obtained
from scattering calculations, with survival probabilities computed for the trajectory basis functions
employed in the AIMS dynamics. The method is applied to simulate the DEA dynamics of 5-bromo-
uracil in full dimensionality, i.e., taking all the vibrational modes into consideration. The propagation
starts on the m; resonance state and describes the formation of Br~ anions mediated by non-adiabatic
couplings. The potential energies, gradients and non-adiabatic couplings were computed with the
fractional-occupancy molecular orbital complete-active-space configuration-interaction method, and

the calculated DEA cross section are consistent with the observed DEA intensities.
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1 Introduction

Electron induced dissociation reactions' are relevant to many
technological fields, including plasma
astrophysics,”  atmospheric  sciences,>®
711 sciences, prebiotic chemistry,">
15721 and chemo-radiation

scientific and
processing,*?

materials”® and nano
radiation damage to biomolecules,
cancer treatments.”>® In some aspects, those dissociative
electron attachment (DEA) processes are similar to photoche-
mical and photophysical phenomena. The vibration dynamics
are initiated by sudden changes in the potential energy surfaces
(PESs), induced by either photon absorption or electron attach-
ment (EA), and non-adiabatic couplings often play a prominent
role in the reaction pathways. The electronic states are also
quasi-stationary, since the excited states of neutral molecules
and the anion states formed by EA can decay, respectively, by
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spontaneous emission and autoionization. Nevertheless,
photoemission can be safely neglected in ultrafast phenomena,
in view of the large time scales compared to those for vibra-
tional relaxation, internal conversion and dissociation, while
electron detachment typically takes place on the femtosecond
timescale.

The inherently short-lived transient negative ions (TNIs)
pose a challenge to theory, since conventional electronic struc-
ture methods, based on spatially localized wave functions,
cannot account for the coupling to the continuum of autoioni-
zation states. To incorporate the electron detachment widths,
one usually resorts to scattering” or modified quantum chem-
istry methods,>® which are significantly more computationally
intensive than conventional electronic structure theory (assum-
ing a similar description of electronic correlation). This is the
main reason why the gap between theory and experiment is
much more significant in DEA studies than in photodynamics.
Formally the TNI potentials depend non-locally on the electro-
nic energy and vibrational coordinates.* The inclusion of these
non-local effects, which can be relevant for broad resonances
and near-threshold phenomena, is restricted to diatomics or
pseudo-diatomic models.>*** Also, most of the DEA studies
employ the local approximation®® to build complex PESs, whose
imaginary parts account for autoionization. Even in this case
the computations are restricted to small molecules or reduced
dimensionality models with up to three vibrational


http://orcid.org/0000-0001-7597-8327
http://orcid.org/0000-0002-4798-8947
http://orcid.org/0000-0002-5812-0342
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp05663h&domain=pdf&date_stamp=2022-03-04
http://rsc.li/pccp
https://doi.org/10.1039/d1cp05663h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024011

coordinates.>**° Thus, important dynamical aspects of DEA
processes in small and medium sized molecules are not fully
understood.

When dealing with small to medium sized molecules, DEA
can be direct or indirect, depending on whether it requires non-
adiabatic coupling between anion states to occur. In the direct
DEA mechanism the electron attaches to an antibonding c*
orbital, and the dynamics of the corresponding TNI can be
viewed as a competition between autoionization and the fast
dissociation. In indirect processes the dissociative state is not
directly formed, but instead it is reached via internal conver-
sion from another anion state. Particularly for insaturated
systems, the formation of a n* resonance followed by a n*/c*
conversion is a relevant mechanism to DNA strand breaks'’
and radiosensitizing activity.*'*?

We report non-adiabatic DEA simulations for 5-bromo-uracil
(BrU) carried out in full dimensionality, i.e., taking all vibra-
tional modes into consideration. BrU is a halo-substituted
nucleobase which has been considered as a radiosensitizing
drug for cancer treatment.***> The incorporation of BrU into
the DNA sequence is known to enhance the electron induced
damage to nucleosides and oligonucleotides,*®*® and its bioac-
tivity is believed to arise, at least in part, from the efficient
production of radicals through DEA reactions.**>" Our simula-
tions were performed in the doublet spin manifold, and
include three vibronically coupled anion states, denoted as
n}, ™5 and gy, at the vertical attachment geometry*' (Fig. 1),
where the first is a valence bound state and the others are shape
resonances. Effects of intersystem crossings were not included
in this first application. A connection between resonances an
photo-excited states can be made. The n; and o¢, states can be
understood as (n] — 73) and (1] — o¢p,) single excitations. In
view of the relevance of the indirect mechanism, our model
considers the bromide (Br~) elimination channel, with the DEA
dynamics starting in the n anion state. To account for the non-
adiabatic TNI dynamics we employ the semiclassical ab initio

multiple spawning (AIMS) technique,®* employing a similar

-
* *
OCBr T

Fig. 1 Equilibrium geometry of the neutral species with the relevant
atomic numbering (upper left), and the n}, oy, and n} orbitals.

approach as that of the recent studies based on surface
hopping.”*** These methods are representative of on-the-fly
mixed-quantum-classical techniques®”® which have been
broadly applied to photodynamics problems in the last dec-
ades. While on-the-fly approaches are the the most efficient way
to describe the excited states dynamics in full dimensionality
for polyatomic molecules, it would be impractical to perform
scattering or modified quantum chemistry computations along
the dynamics.”® We therefore resort to complex PES models
based on quantum chemistry techniques, incorporating correc-
tions from scattering calculations. The absolute DEA cross
sections are expected to be sensitive to the parametrization,
but describing the relative yields of anion fragments for a
molecule as large as BrU would be significant in view of the
aforementioned difficulties and the amount of data reported in
abitrary units. Few theoretical methods have properly
addressed the DEA measurements for biomolecules performed
in the last two decades, so we hopefully take a step towards
bridging this gap.

2 Theory

In the present semiclassical approach for the TNI dynamics, the
physical observables are obtained from nuclear ensemble sta-
tistics. The DEA cross sections can be then computed from
phase-space integration over the initial conditions.>”*® The
final expression is given by

- (B

where E is the collision energy, Nic is the number of initial
conditions (R),P)), I'(R,E) is the autoionization width of the TNI
formed by electron attachment (entry width) and f;(R),E) is an
empirical broadening function applied to the initial conditions,
which is similar to those employed in photoabsorption cross
sections computed with the nuclear-ensemble method.>® The
term ¢; reflects the survival and dissociation probabilities of
the j-th initial condition, and will be discussed later in this
section.

The AIMS method for non-adiabatic dynamics is well-
known, and the details of the theoretical background are
available elsewhere.®*®* The total wave function is given by
|P) =" (R, 0)y;), where |y;) are the electronic states and

T

1:1(R,t) are nuclear wave functions, which are expanded in a set
of time-evolving trajectory basis functions (TBFs). In this work
we followed the usual AIMS methodology, so the TBFs are
multi-dimensional nuclei-centered frozen Gaussians,®® with
time-dependent phase factors. Each TBF is propagated on its
potential energy surface until the trajectory reaches a spawning
region, where the non-adiabatic coupling becomes significant.
The wave packet might bifurcate (spawn), so the time propaga-
tion accounts for the pair of coupled electronic states. In the
local approximation,?® however, resonances are described by
complex potential energy surfaces, E..s(R) — iI'y(R)/2, where the

Nic

opea(E) Zr (R), E)f;(R)), E)P;, 1)
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real part (resonance position) is the relative energy of the anion
state with respect to the ground state of the neutral molecule.
The imaginary part (resonance width) describes the decay to the
continuum of autoionization states, t = %/I';, where 7 is the
lifetime and the subscript L denotes the local approximation.
Formally, non-adiabatic transitions between resonance states
can involve the continuum (J — continuum — I).>* These
couplings rely on the imaginary part of the off-diagonal terms
of the electronic Hamiltonian, and can be understood as higher
order effects in comparison with TDCs. The inclusion of these
effects is beyond the scope of the present model. As described
below, we approximate E,.s(R) by anion state energies obtained
from quantum chemical calculations (apart from model correc-
tions), and the non-adiabatic couplings are calculated in a
similar fashion.

We employ the semilocal approximation which keeps
the energy dependence of the entry widths, as indicated in
eqn (1), along with the local approximation for the complex
potentials that govern the time propagation. In doing so, we
impose a decomposition of the entry width,

= £ (R)y(E), (2)

where the purely geometry dependent factor g(R) is unitless.
This procedure avoids ill behaved cross sections for near-
threshold collisions, with no significant increase in the numer-
ical effort to propagate the nuclear wave packets.®® It is also
convenient to employ the model form

29,66

I'(R,E)

V(E)

(R, E) V(Eres(R))’

=TL(R) (3)

which ensures that I'(R,E;.s(R)) = I'L(R) for on-resonance colli-
sions, consistent with the definition of the local-approximation
resonance energy as a pole of the K-matrix.”® The energy
dependence is modeled as

y(E) = E""exp(~DE), (4)

according to Berman et al.,*” such that choosing the parameter
[ as the lowest symmetry-allowed partial wave component
recovers the Wigner thresold law.®® Based on electron scatter-
ing calculations, we propose analytical models for the y(E) and
I't(R) functions (details and numerical procedures discussed in
Section 2.2). In addition, the broadening function in eqn (1) is
assumed to have a Lorentzian form as in previous studies,>*>*

f;(R()’E) - E (E — Eres(RO))2

+(2)2)% )

which is normalized for any value of the phenomenological
width 4 and energy Ejs.

2.1 The survival probabilities

The term (; in eqn (1) accounts for the autoionization prob-
ability along the dynamics, and it is dependent on the

particular fragmentation channel of interest in opga. It is
written as

TBF

Pi= Z O Py (1 — 00), (6)

nj=1

where Nigg is the total number of TBFs arising from the j-th
initial condition along the dynamics, the index n; runs over that
set of TBFs and ¢ — oo is in practice taken as the final
simulation time, tg,.. The factor HDEA equals one if the TBF
undergoes the fragmentation process of interest and zero
otherwise. The sum over n; in eqn (6) is therefore restricted to
the TBFs that contribute to the dissociation reaction under
consideration.

The final survival probability, Pg(trinal), is @ fundamental
piece in our model. We explore a simple example to explain
how it is constructed. Let us consider the spawning of a given
TBF, labelled k and originally on the state I, which is coupled to
the state J. After the non-adiabatic transition we end up with
the TBF k on state I and another one, say k’, on state J (I # J
hereafter). Following usual AIMS teminology,®® the spawning
mode initiates at ¢ = feney, €nds at ¢ = fey, and we defined the
dwell time (or spawning duration) simply as fexc — fenay- FOr
simplicity, in this illustration we neglect non-adiabatic cou-
plings involving the continuum, and also the overlap matrices
take the form S, = S; = 1 and $;; = §; = 0. The two-level time-
dependent Schrodinger equation (TDSE) governing the coeffi-
cients during the spawning is given by the system

Ci = —iH[C] — iH}3,Cl) 7)
and

Cl = =il Cl, — iH{}C}. (8)
We also impose  C{(lenwy) =0 and  |Cl(tenwy) =

|Cl (texit)|* + | CY (exit) |*. As usual, the Hamiltonian is the sum
of the nuclear kinetic energy and the electronic Hamiltonian,
and the off-diagonal elements can be neglected except for
t e [tentryytexit]-

The inclusion of the discrete-continuum coupling modifies
the electronic Hamiltonian, which gains an imaginary part
(resonance width). Since we neglect the off diagonal elements
of I', the modified Hamiltonian relates to the real-valued one
(usual AIMS) by A = Hiy — il'W/2 and HY,, = H, —il'}, /2.

T pgld 27/4 JI
Also, H}j, = H}j, and Hj, = H}j,,
AIMS criteria for entering the spawning mode. The new
TDSEs become

therefore we do not alter the

Tiz

]
C, = —iH[,C{ — CA Hij,Cl, 9)

and

A JI AT
Cp = H{LCL.

o Ff/ A7
iH}}, C, — 2‘0— (10)

It is interesting to relate the solutions of eqn (9) and (10)
whith those of eqn (7) and (8). Writing the solutions as


https://doi.org/10.1039/d1cp05663h

Cit) = Clt) fi(®) and CY (1) = CL(0)fw (1), the f functions for
t < tenuy are

70 =fot) =exp |3 riar].
while for ¢t > teys,
filt) = o exp [j | r;i(r')dz’] (12)
and |
fit) = g exp {—%j:mri/o')dr'} , (13)

where o) are constants. The exponent in eqn (11) depends
only on I}, for both electronic states. Even though
C(t < fenuy) = 0, the auto-detachment rate of the parent TBF
affects the survival probability of the child. That information is
passed to the child for ¢ > t. such that the o) values ensure the
continuity of the f functions. FOr fengy < ¢ < tey, the solutions are

lentry

ﬁ((k’) (t) = eXp [754[ Fi(l/)d[,:| 8k(k') (lemryv l)v (14)

0

where gy (i) (fenuy, t) are continuous functions with initial condition
i) (Tentry Lentry) = 1.

The survival probabilities attributed to each TBF depend on
the coefficients € at ¢ = fgpa > texit, SO uUltimately only the
solutions 12 and 13 are relevant for the DEA cross sections. In
terms of gy,

1 lentry
ﬁ((t > [exit) = eXp [_EJO F;{,(Z/)dl/:|

(15)
IH
X gk(zentry» texil) exp |:_§‘ F{,(l‘,)dl/:|
J lexit
and
1 lentry
Si(t> teit) = exp [_EJ F,’\,(z’)dt’]
0
(16)
I
X gk’([cmrw tcxit) €Xp |:_§‘ Fi’ (l/)dt/:| .
Jlexit

Finally, we make another approximation on expressions (15)
and (16). We approximate

Al ) mewo| 5 rtanar] )

for the parent TBF, and

Tentry t

1

S (> texit) = exp |:2J rihde — %J Fﬂ([’)dz’] (18)

0

lentry

for the child, in such a way that the survival probability P, of
the two TBFs considered in this example can be written as

inal
P (tnar) ~ prcexp H ri(r@dr'} (19)
0

and

Ifinal

F,{,(t’)dz’—J Fﬁ,(z’)dz’}, (20)

lentry

) lentry

Pi.‘:,(tﬁnal) ~ P €Xp {—J

where pr = |Ciltana)|”> and pu = |C/ (fana)|*> are the AIMS
populations of the TBFs on state I and J at the final simulation
time. This approximation is the same of making

1 Texit ]
gk([enlrya texit) ~ exXp |:J F,l((t,)dt/ (21)
lentry i
and
1 Lexit J o ,-
gk’([emrya texit) ~ exXp 75 Fk/(t )dl ) (22)
lentry 1

which clearly becomes accurate when the dwell time is short. In
AIMS simulations, fexit — fentry iS Often on the order of a few
femtoseconds.

In practical cases, one initial condition may give rise to
several child TBFs, and the concept can be easily generalized as
illustrated in Fig. 2.

2.2 Complex potential models

We performed fixed-nuclei elastic electron scattering simula-
tions to obtain accurate estimates for the positions and widths
of the mj, ogp, and nj anion states. Eigenphase sums and
integral cross sections (ICSs) were computed with the Schwin-
ger Multichannel (SMC) method®*”® implemented with the
norm-conserving pseudopotentials proposed by Bachelet,
Hamann and Schluter.”"”> The details of the method are
described elsewhere,”® and since we proceed along the lines
of the previous scattering calculations for BrU,*! the numerical
procedures are given as ESL{

For neutral BrU, the lowest energy geometry of the ground
state is planar, so the eigenphase sum and the ICS can be
decomposed into the A’ and A” components of the Cs group. At
the minimum of the neutral molecule PES, n] is a valence
bound state, while o5 and w5 are shape resonances with A’
and A” symmetry, respectively. As discussed below, the scatter-
ing results are used to build the complex potential models
employed in the AIMS-based DEA dynamics. Since we pay
special attention to the dissociation coordinate, the
cross sections and eigenphases were computed for different
Cs-Br bond lengths, described as displacements, ARcg; = (Rcpr
— R&L)=-0.2A,—0.14,0,+0.1 A and +0.2 A, where R}, is the
equilibrium bond length. Since the remaining geometric para-
meters were kept fixed, the A’/A” decomposition could be
performed in all cases.

The symmetry-resolved ICS is shown in Fig. 3a (4’) and b
(A"). As expected, the energies and widths of the ©} anion states
do not strongly depend on the C5-Br bond length, in contrast to
the oy, resonance, and the results obtained for the equili-
brium geometry are in good agreement with the electron
transmission’* and DEA”® data.
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tl

entry §

témw tﬁnm,
PIBES (¢ pinal) & p3 exp [—/ To(t)dt' | exp |- :
0 T

tentr tpinal
PEBF2 (1 tina) A pa exp {—/ ’ Fz(t/)df/] exp [— Fl(t/)dt,}
0 f’!:ntry
TBF, TRF,

tfinal

+2
entry entry

I, (t’)dt’} exp {— / Fo(t’)dt’]

J =12
t= tfinal
TBF, TBF3 TBF,

TBF; TBF2 TBF3

tfinal
R;J{ZBFI (tfinat) = p1exp [—/ FQ(t,)dt,}
0

TBF;

Fig. 2 Scheme illustrating how the survival probabilities are evaluated in practical simulations. In this example, at t = 0 the simulation is initiated with one
single TBF, representing the initial condition, and it terminates at t = tgn4 With TBFs 1, 2 and 3, with final populations p;, p, and ps. The concept used to
build equation? is replicated as many times as the number of spawnings, and the Pg,'s are calculated as shown on the right. The times temryl and l‘emry2

denote tenyy for spawnings 1 and 2, respectively.

From the corresponding eigenphase sums (dgym), We
obtained the positions (E.s) and widths (I'y) of the shape
resonances by performing least-squares fits of the standard

a. b.
T T (S R o e | T T T T
—~ 1000 — =02 | . 1401 . — AR=02A
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~ 800 AR=0(eq) 4 ~ AR =0 (eq.)
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Resonance position (eV) C-Br bond length (A)
Fig. 3 (Upper panels) Integral cross sections for different geometries of

BrU decomposed in A" (upper left) and A” (upper right) components, as
functions of the incident electron energy (in eV). The colors black, red,
cyan, blue and orange represent ARcg, = —0.2 A, —0.1 A, 0 (optimized
geometry), +0.1Aand +0.2 A, respectively. The blue and orange curves are
omitted from the A’ plot because the 6, anions are bound states at those
geometries. (Lower left) Resonance widths (in eV) for both c¢y. and w3
anions as functions of the resonance positions (in eV). The green and blue
dashed lines represent the polynomial fit. (Lower right) Real part of the
potential energy curves of the neutral ground state (Sg) and the three
studied anions. The solid grey lines indicate the adiabatic FOMO-CASCI
doublets.

local-approximation formula,

Suum(E,R) = — arctan <%) +on(ER),  (23)
to the eigenphase sums computed with the SMC method. The
dependence on the nuclear coordinates is indicated in the
above expression, where Jy,4(E) is the background component,
which was modelled with a second degree polynomial.

The definition of a resonance state as pole of the K-matrix,”®
establishes a relation between the local position and width,
I'i(R) = I'(R,Ees(R)), which is useful to build complex potential
models.”*>*7® For the nj shape resonance, the linear relation

.
45

IS (R) = 0.0471 E5 (R)[eV] (24)

provided a good description of the weak geometry dependence,
as shown in Fig. 3c. It should be clear that the Wigner threshold
law is relevant for the entry width, given in eqn (4), but not for
the local width, I'y, used to compute the autoionization survival
probability.®® For the oy, shape resonance, we employed the
form I'; = E"exp(—fE), based on previous studies,®®”® obtaining

I (R) = [Ex™ (R)]"2 exp(—0.228E§§“"(R)> eV]. (25)

The oy, state stabilizes as the CsBr bond stretches, becom-
ing a bound state for ARcg, = 0.1 Aand 0.2 A, such that we only
used three points to obtain eqn (25), namely ARcp, = —0.2 A,
—0.1 A and the equilibrium bond length. In addition, the large
background in the A’ symmetry component, arising from the
dipolar interaction,” increases the uncertanties of the reso-
nance parameters, ie., the background makes the eigenphase
model in eqn (23) more difficult. Both the small number of
points underlying eqn (25), and the spread of those points
arising from the large background, would be expected to affect
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the quality of our results. Fortunately, the non-adiabatic trans-
tions typically take place in early times of the dynamics,
essentially within the Franck-Condon region of the neutral
molecule, making the calculated DEA cross section rather

insensitive to the I :EBF model (see below). In fact, we performed
simulations with a different model, employing a third-order
polynomial instead of eqn (25). As shown in the ESLt the
polynomial model provides a better fit (smaller variance),
although with unphysical oscillations. The DEA cross section
obtained with both models are similar, demonstrating that the
dynamics is only sensitive to the resonance states in the vicinity
of the equilibrium geometry of the neutral BrU molecule. Most
of the dynamics takes place on the bound anion ground state,
where I', = 0.

We also need to estimate the parameter b in eqn (4), related
to the energy dependence of the semilocal entry width, eqn (3).
Since our model assumes electron attachment to the m; shape
resonance, we also imposed [ = 1 in eqn (4), according to the
Wigner Law (the p-wave is lowest symmetry-allowed partial
wave in the A” component). The parameter was estimated from
the least-squares fit of a non-local model to the eigenphase sum
computed with the SMC method at the optimal geometry of the
neutral molecule, R,. The model is given by

g’ (Ro)y(E)/2 >
E— &d — AS(E,R())

5sum (E, RO) = — arctan(

+ dbg(E, Ro), (26)
and
1 I'(E Ry g*(Ry) P(E")
=—9 ! ? = F g
As(E,Ry) zandE e I JJdE 22 @)

where 2 indicates the Cauchy’s principal value. Using well-
known formulas®” for the real level-shift Ag5, and a second
degree polynomial for the background, we obtained b =
0.44 eV~ '. Once more, we carried out exploratory studies to
assess the robustness of the model, and we find the DEA cross
sections to be little affected by parameter values within 0 < b <
1.0 eV. The explanation for the weak dependence on b mostly
relies on the influence of the parameter on the semilocal entry
width for energies near E,.s, where y(E)/y(E.s(R)) ~ 1 indepen-
dently of b. It is worth noting that the broadening function (5)
makes the contributions from energies around the resonance
position more important.

2.3 Computational details and numerical procedures

The AIMS simulations require energies, gradients and cou-
plings at every time step, so caution must be taken to keep
the numerical effort at a reasonable level. The real part of the
TNI complex potentials were approximated by anion states
obtained with the fractional occupancy molecular orbital -
complete active space - configuration interaction (FOMO-
CASCI) method.”” We employed the 6-31+G(d) basis set and a
small active space comprising 3 electrons in 4 orbitals, per-
forming the electronic structure calculations with the GPU-
accelerated version of TeraChem software.”®®® The reference

for the CASCI is the electronic structure of the neutral BrU, and
the 4 orbitals included in the active space are the HOMO (m4),
LUMO(n;), LUMO + 1(ogg,) and LUMO + 2(n3), where the
last three are displayed on Fig. 1. The broadening parameter f§
was fixed at 0.2 a.u. Since the neutral species is a closed shell
molecule, the anion states are doublets indicated as D;, with
J =0, 1, 2. At the vertical attachment geometry, these states
correspond to the valence bound nj state, and the c¢, and w;
shape resonances, in order of increasing energy. The dipole
bound state (DBS)*' was not included in the dynamics. The
compact basis set and active space employed in our model are
suitable to reduce the computational effort, and they also give
rise to anion states with clearly defined electronic character,
avoiding significant admixtures of pseudo-continuum states.
The description of the DBS would require an agmented active
space and very diffuse basis sets that could give rise to
numerical instabilities. We only consider initial conditions on
the n5 potential surface, which is expected to couple more
strongly to the closer-lying oy, resonance than to the DBS.
While the DBS could play a role in the DEA dynamics, in view of
the expected couplings to the nj and o¢y, anion states, we
presently explore the model described above, postponing the
inclusion of DBSs in mixed quantum-classical DEA simulations
to future work.

The D, and D, anion states are obtained along the AIMS
dynamics as the anion ground state, D,. The excitation energies
should be rescaled to represent anion energies with respect to
the ground state of the neutral species, so the resonance
energies are formally expressed as

E]res(R) = ¢(R) — 4(R), (28)
where ¢ = (Ep, — Ep,) is the excitation energy of the J-th anion
state with respect to the D, bound state, presently obtained
with the FOMO-CASCI method, and 4 = (Es, — Ep ) is the
binding energy of the anion with respect to neutral ground
state, So. In practice, 4(R) is an empirical correction to enforce
accurate resonance energies, which is only relevant for the TNI
dynamics, not for the D, bound state (see below). For most of
the initial conditions, we verified that the decays to D, take
place within the Franck-Condon (FC) region of S,, so we only
need to compute 4(R) for small distortions with respect to the
So minimum, R,. We therefore employed the simple approxi-
mation 4(R) =4,(R) + 6, where 4y(R) is the binding energy
computed with the FOMO-CASCI and Hartree-Fock (HF) ener-
gies for D, and S,, respectively, while ¢ is a constant shift to
tune the vertical resonance energies from eqn (28) to those
obtained with scattering calculations at the optimal geometry
of the neutral molecule.

The potential energy curves along the Cs-Br coordinate are
shown in Fig. 3d. In those geometries, the doublets Dy, D, and
D, correspond to the n}, 6, and n; anions. The vertical shift
d = 5.34 eV was chosen to impose the agreement between the
position of the =}, obtained from the SMC method, and the
energy of the D, FOMO-CASCI state at the equilibrium geome-
try of the neutral ground state. This same vertical shift was
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reasonable for the other bond lengths, and also for the ¢y,
resonance and the D, state. We therefore employed the same
constant shift for both resonances at all relevant geometries,
i.e., prior to the decay to the D, state along the dynamics. It is
worth emphasizing that we perform standard AIMS simulations
for the anion states, relying on the FOMO-CASCI wave functions
and non-adiabatic couplings described above, so the complex
potential models given in eqn (24), (25) and (28) are only used
to compute the survival probabilities in eqn (1). In addition,
further investigations on the quality of FOMO-CASCI descrip-
tion of the states were conducted with a higher level of electro-
nic structure theory. Fig. S1 of the ESI, shows the comparison
between the potential energy curves, along the Rcg, reaction
coordinate, of the doublet states with those obtained with the
multistate CASPT2 level of theory. Although the curves present
similar features up to Rcgy ~ 2.3 A, the main differences rely on
the topology of D, state and the geometry in which Ep — Ep is
minimized, about 0.1 A lower than the FOMO-CASCI predic-
tion. Another difference is the energy barrier along D, asso-
ciated with this transition state, which is about 0.2 eV lower at
the FOMO-CASCI level. The comparison between the levels of
theory suggests that the FOMO-CASCI may favor the Br~ dis-
sociation, when compared with the CASPT2, although a rigor-
ous analysis requires entire simulations with different
electronic strucuture levels.

In the present work, the criteria for AIMS to enter the
spawning region was based on the projection of the non-
adiabatic coupling vector, dy, on the classical velocities of the
TBFs, A5 (R) = |dy(R)-R|, with the numerical threshold 0.02 a.u.

2.4 Nuclear ensemble and temperature effects

Gas-phase DEA measurements for BrU and other halouracils
were reported for temperatures around 420 K to 470 K.*°7>!
While we performed room-temperature simulations, tempera-
ture effects were investigated with the importance sampling of
the nuclear ensemble initial conditions.® We start from a
standard Wigner sampling®> at T, = 300 K, computing the
DEA cross section with eqn (1). For different temperatures,
the weight of the j-th initial condition is rescaled with

(Po)?
woih )|’

(29)

3Natom—6 T N2
pl l [ % ;i (Ro?
W(R‘é,P{)): a—}oexp{—@f_%?'o) (‘uz 1(710 ) n
i

i=1

where o = tanh(hw;/2ksT), R),; is the initial value for the i-th
normal coordinate of the neutral target, Pj; the corresponding
momentum, y; is the reduced mass, and w; the angular
frequency. The w factors in eqn (29) correct the Wigner weights
generated for T, = 300 K to those for T # T,.

3 Results and discussion

We obtained 122 trajectories from 21 initial conditions, thus
generating ~6 TBFs per initial condition. Fig. 4a-c show
superpositions of all the initial and spawning geometries for
the D,/D; and D,/D, transitions. The plots indicate modest
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Fig. 4 Superposition of all (a) initial geometries, (b) J = 2 - J =1
spawning geometries, (c) J = 1 —» J = 0 spawning geometries and (d) final
geometries. Distributions of spawning times tsawn are presented in the
two histograms, referring to (b) and (c) decay processes. Mean values of
the coordinate Rcgr for the (a), (b) and (c) sets are also indicated.
(e) Population Py(t) of the electronic states J = 0, 1, 2 obtained over 122
TBFs. The thinner grey lines represent each initial condition. On the panel
sides it is shown the nature of all electronic states (SOMOs) at the
beginning and at the end of the simulation.

geometry distortion suggesting that internal conversion takes
place around the FC region of the neutral molecule. The
spawning times are shown in the histogram plots, pointing
out that 66% of D,/D; conversions occur in less than 50 fs,
while the D;/D, transition frequency reaches a maximum
around 50 fs and then decreases monotonically. The distribu-
tion of spawning times in Fig. 4a and b was obtained from the
AIMS dynamics without accounting for autoionization. The
survival probability on the n5 resonance, corresponding to
the D, state in early times of the dynamics, is below 1% for
t = 50 fs, such that all the D,/D; transitions relevant to DEA
occur in the first few tens of femtoseconds.

The AIMS population dynamics, also neglecting autoioniza-
tion, is shown in Fig. 4(e). The thin gray lines correspond to
different trajectories while the thick lines indicate the average
populations, P((t), for J = 0 (red), J = 1 (green) and J = 2 (blue).
The population is initially transferred from D, to D, although
significant probability is observed in the D, state in early
simulation times, around 25 fs. The population of the J = 1
state reaches a maximum around 30 fs, while the ground state
population increases monotonically, reaching 0.6 around 50 fs.
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From exponential fits, we obtained the time constant 38.7 fs for
the decay of the D, state, and 56.8 fs for the probability transfer
to the D, state. In summary, the results in Fig. 4 indicate that
the non-adiabatic decay from D, to the anion ground state
takes place in the first ~50 fs of the dynamics. This fast decay
is of course relevant to the DEA reactions that compete with the
autoionization channels.

The non-adiabatic dynamics also points out different dis-
sociation mechanisms. The anion molecule may undergo dis-
sociation through the cascade n5(D,) — o¢p,.(D1) — o&g, (Do),
or it may form a vibrationally hot wj(Dy) state, which dissoci-
ates stochastically. All TBFs will therefore undergo some frag-
mentation if the trajectories are propagated for long enough.
Out of the final 122 TBFs, 76 dissociated into Uyl® + Br~ for
tfinal = 380 fs.

The time evolution of relevant parameters are shown in
Fig. 5. Specifically, we consider the Cs-Br (Rgg;) and N;-H
(Rn,n) bond lengths, the ring puckering angle (¢) and the angle
(¢c.) describing the out-of-plane motion of the bromine atom.
The thin gray lines correspond to the TBFs, while the thick lines
indicate averages for the anion states J = 0 (red), / = 1 (green)
and J = 2 (blue). The average Rc_ s bond length of the anion
ground state increases somewhat slowly as a function of time.
The gray lines also suggest that halide elimination does not
arise immediately after the decay to D, state, but rather over a
long span of time (10” fs). The symmetry-breaking coordinates
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Fig. 5 Time evolution of internal coordinates of anion BrU along the AIMS
simulation. The left two panels show the time evolution of the reactive
coordinates RCSB, and RNlH, while the right two panels show the evolution
of internal angles ¢c, and ¢ which lead to nonplanarity (coordinates
schematically displayed in the upper part of the figure). Thin grey lines
represent distinct TBFs while the colored thicker lines represent averages
for each J. The opacities of the colored lines are proportional to the
population.

¢ and ¢¢_ should also play a role in the DEA dynamics because
the m;/c¢y, coupling would be forbidden by symmetry if the
planarity was preserved. As seen in Fig. 5, the average of the ¢¢_
coordinate for the J = 0 state does not significantly deviate from
zero. On the other hand, the average values of the ¢ coordinate,
defined as C,-N;-C4-C; torsion angle, show significant oscilla-
tions, around —20° and 20°, in the three anion states.

The AIMS simulations also point to hydrogen elimination
from the N;-H bond as a possible DEA channel, as inferred
from the dynamics of the Ry u coordinate, shown in Fig. 5.
However, only 5 trajectories produced that dissociation reac-
tion (see the gray lines). The AIMS population at tg,, of these
five TBFs sum up less than 0.03, indicating a low probability for
the reaction. Besides, typically, oy, resonances are very
broad,*! which would cause the corresponding survival prob-
abilities to vanish very quickly. Because of this, and also
because H elimination from BrU was not observed in DEA
measurements, we excluded the oy, orbital from the active
space in our model. Nevertheless, the molecule could access
regions of the configuration space where one of the adiabatic
electronic states developed oy character, leading to rare N;-H
bond breaking events. In addition, we have observed ring
opening and other complex outcomes in three TBFs of distinct
ICs. However, the AIMS populations of these TBFs at tfina are
less than 0.06, and they will not be discussed further.

The results in Fig. 5 indicate that several trajectories have
long dissociation times in comparison to the fixed-nuclei
resonances lifetimes. However, the survival probabilities con-
verge to constant values as the anion becomes more stable than
the neutral molecule, since in this case I', = 0. The most
significant contributions to the DEA cross section arise from
the trajectories that undergo fast transitions to the bound
anion (Fig. 6 — bottom). Basically every TBF that lives long
enough to undergo internal conversion to the D, state will
dissociate, in view of the significant energy of the initial m}
anion state (x~1.4 eV), but the contribution of the TBFs to the
DEA cross section is weighted by the survival probabilities,
which are larger for the transitions that occur at earlier times.
In Fig. 6 we show the distribution of stabilization times,
defined as the instant the TBFs decay to D,. The onset of
stabilization is around ~7 fs, and from a biexponential fit
(dashed line) we estimate the maximum of the distribution at
18.6 fs. The final survival probabilities, over 122 TBFs, range
from 10'° to ~10" ", which corroborates that fast decays are
essential to build up the DEA cross section.

Finally, the DEA cross section was calculated with eqn (1)
once all Py, were computed. Fig. 7 presents the results along
with the experimental data reported by Abdoul-Carime et al.*’
The measurements correspond to the negative ion yield as a
function of the incident electron energy, which were not
normalized to a cross section. Nevertheless, the authors esti-
mated the cross section peak height as ~10~'*> em? (tens of a,°)
for Br™ in gas phase BrU. The sensitivity of our model in respect
to the parameters ¢ and 1 is presented in Fig. S3 and S4 of the
ESL ¥
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Fig. 7 DEA cross section for Br~ dissociation of BrU obtained within our
model using 2 = 0.22. The curves for T = 375 K and T = 450 K were
obtained with the corrections (29). For comparison, the graphics also show
experimental data (red) reported by Abdoul-Carime et al.*°

Our DEA cross section curve has a peak intensity of ~1a,”
(0.3 x 107'° cm®), below the experimental estimates by a factor
of 3 to 10. Much of this disagreement may be due to the
crudeness of the experimental cross section estimation.

However, we would not be surprised that some of this under-
estimation is due to incompleteness of our model. While the
local and semi-local width fittings/parametrizations had no
significant impact on the DEA magnitudes, a more accurate
treatment of electron correlation could, in princple, impact the
spawning and stabilization times (affecting the survival prob-
ability), although this is not clearly supported by our CASPT2
calculations (Fig. S1, ESIt). In addition, the fraction of TBFs
undergoing C-Br bond breaks might be underestimated. None-
theless, considering all TBFs - not only those that dissociate -
in the calculations increases the peak intensity by 50%.

Lastly, we considered three sample temperatures. No sig-
nificant differences among the DEA cross sections peak posi-
tions and intensities were found. This supports the argument
that DEA experiments at 450 K could be, in principle, a good
guide to DEA processes at standard thermodynamic conditions,
at least for BrU and similar molecules.

Our results indicate Br~ dissociation upon electron attach-
ment, in agreement with experimental observations that Br— is
the most abundant fragment at 1.4 eV. However, minor frag-
ments, namely Uyl™, (H,C3NO)~ and (OCN)", were also
detected experimentally. We did not observe any of these minor
products in our simulations. This is likely a consequence of
insufficient statistics, as the yield of these minor products in
experiments was at least ten times lower than that of Br™. This
could be investigated in future work.

4 Conclusions

We presented a novel theoretical approach for the non-
adiabatic dynamics of TNIs based on full-dimensionality
complex-valued potential energy surfaces. As a first case we
conducted a study of the dissociative electron attachment to
BrU. We consider the low-energy electron attachment to the m}
resonance of BrU and the subsequent formation of the Br~
anion, which in turn is mediated by a m}/c(y, coupling. The
propagation of the nuclear wave packet was carried out with
AIMS, while the auto-ionization width was modeled with scat-
tering calculations. We also proposed a model to obtain the
survival probabilities within the AIMS framework.
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