Downloaded by INDIANA UNIV BLOOMINGTON at 12:27:26:633 on May 28, 2019

from https://pubs.acs.org/doi/10.1021/acs.jpclett.8b03253.

THE JOURNAL OF

PHYSICAL CHEMISTRY

L e t t e r S & Cite This: J. Phys. Chem. Lett. 2019, 10, 144-149

pubs.acs.org/JPCL

Photoelectrons Are Not Always Quite Free
Jarrett L. Mason, Josey E. Topolski, Joshua Ewigleben, Srinivasan S. Iyengar,*

and Caroline Chick Jarrold*

Department of Chemistry, Indiana University, 800 East Kirkwood Avenue, Bloomington, Indiana 47405, United States

ABSTRACT: The photoelectron spectra of Sm,O~ obtained over a range
of photon energies exhibit anomalous changes in relative excited-state band
intensities. Specifically, the excited-state transition intensities increase
relative to the transition to the neutral ground state with decreasing
photon energy, the opposite of what is expected from threshold effects. This
phenomenon was previously observed in studies on several Sm-rich homo-
and heterolanthanide oxides collected with two different harmonic outputs
of a Nd:YAG (2.330 and 3.495 eV) [J. Chem. Phys. 2017, 146, 194310]. We
relate these anomalous intensities to populations of ground and excited
anionic and neutrals states through the inspection of time-dependent
perturbation theory within the adiabatic and sudden limits and for the first
time show that transition intensities in photoelectron spectroscopy have a
deep significance in gauging participation from excited states. We believe
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our results will have significance in the study of other electron-rich systems that have especially high density of accessible spin

states.

A recent report on the photoelectron (PE) spectra of
several small Sm,0,” and mixed SmCeO," clusters noted
that excited-state bands observed in the PE spectra of Sm,0~
and Sm,0,” were more intense when the spectrum was
measured with lower photon energy (2.330 eV, versus 3.495
eV)." This effect, which is the opposite of what is expected
based on the Wigner threshold law,” was additionally observed
in the PE spectra of larger Sm,Ce; O, (x = 1-3; y = 2, 3)
clusters® in which the average metal center oxidation state is
<+2. The effect is increasingly pronounced as the average
oxidation state is decreased. It was not observed for
homometallic Ce,O,” homologues, suggesting that the excep-
tionally high density of spin states in Sm centers is somehow
involved in this phenomenon. Ce and Sm, both lanthanoids,
differ in the 4f subshell occupancy in these clusters, with Ce
having a singly occupied 4f subshell, and Sm having between
4f° and 4f° depending on the specific Sm,Ce,_ +0,/
Sm,Ce,_,O,” composition (n=2,3,1 <x <n,y<n). ?
Excited anion states embedded in the detachment
continuum can cause photon-energy-dependent intensity
anomalies. A simple example of this effect was recently
provided by Dao and Mabbs” in the vibrationally resolved PE
imaging spectrum of AgF~, which supports a dipole-bound
state just below the AgF + e~ detachment continuum. Any
vibrationally excited levels of the dipole-bound state that lie
above the detachment continuum can autodetach via vibra-
tional relaxation (Av = —1 propensity rule), resulting in an
enhancement of the electron signal associated with that
particular v* — 1 neutral level. A variation on this theme has
also been observed in our own laboratory in the PE spectrum
of the O, -benzene van der Waals complex.” The enhance-
ment of the broad PE signal peaked at electron kinetic energy,
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¢ Ex ® 1 eV, which coincides with the O,('A,)-benzene + e~

« O, (2H )-benzene + hv (3.49 eV) transition, which was
attributed to resonance with a temporary anion state of
benzene at ¢ Ex = 1.12 eV.° In both of these cases, the
photoelectron angular distrubution (PAD) of the signal
enhanced by resonance with a quasibound anion state is
more isotropic than direct detachment transitions.

In contrast, the enhanced excited-state transitions observed
in the PE spectra of Sm,Ce,_,O,” clusters do not exhibit any
significant change in PAD with photon energy, and the fact
that they occur in a number of Sm-containing clusters with
different compositions makes the prospect of a coincidental
resonance at 2.330 eV seem remote. To further probe the
origin of these effects, we have collected PE spectra of Sm,07,
the simplest molecule exhibiting this behavior, with eight
photon energies ranging from 2.066 to 3.495 eV. On the basis
of a previous study,' the ground electronic state of Sm,0~ is a
slightly bent, C,, structure in a '*B, electronic state. Neutral
Sm,O is predicted to have a small, or no, dipole moment
because it is a nearly linear or linear molecule (depending on
the electronic state), and the Sm centers have a 4f° subshell
occupancy.’

We note here that in the case of molecules with
exceptionally complex electronic structures, such as cases
where the gaps are on the order of a few-tenths of an
electronvolt among spin-polarized electronic states and where
the true electronic structure may be expected to be
multideterminantal, the density functional theory (DFT)
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Figure 1. (a) PE spectra of Sm,0~ obtained using the photon energies indicated. (b) Relative integrated intensities of excited-state transitions, A
and B, to the ground-state transition, X, measured at different photon energies. The horizontal axis corresponds the electron kinetic energy (e Ey)
associated with the maximum intensity of the excited-state bands, which decreases with decreasing photon energy. A similar trend is also seen as a

function of incident photon energy.

results will need to be considered with caution, and we take
these to be qualitative. In fact, for Sm,07, there are numerous
close-lying electronic states associated with the 12 unpaired
(ferromagnetically or antiferromagnetically coupled) electrons
occupying 14 molecular orbitals (MOs) arising from the 7 4f
orbitals localized on each of the Sm centers and the 3 electrons
(2 in the case of the neutral) occupying the nearly degenerate
in-phase and out-of-phase combinations of the 6s orbitals,
which can have parallel or opposite spins to the electrons in
the 4f subshell. In addition, there are 10 nearly degenerate, un-
occupied, low-lying MOs arising from the five 5d orbi-
tals in the two Sm centers. Therefore, whereas DFT
calculations may converge on several states associated with
the 4f%4f 2065“_6%2065“_6%* superconfiguration of Sm,OSm,~
within a narrow energy window, there are inevitably ca. 100
heavily mixed states within that window. Likewise, there are
equally numerous mixed states lying in a narrow window of
energy for the excited 4f $4f {65, .06 —6s,“¥sa _sa, (x = 0, 7, 5)
anion superconfiguration and the low-lying 4f $4f
Os,—65,06s,—65, Deutral superconfiguration.

With that caveat, in the B, electronic state of Sm,0~ found
computationally in previous DFT calculations, given the singly
occupied HOMO (04,4, *) and nearly degenerate, doubly

occupied HOMO—1 (o4, _¢,”), transitions to the 15-tet and

two 13-tet states accessed by the one-electron transition from
these two orbitals should lie very close in energy. The very
numerous and densely packed transitions associated with
detachment from the 4f subshell should have comparatively
small cross sections.” However, the apparent increase in
transitions to excited states with decreased photon energy
suggests that as the anionic system evolves in time under the
influence of external field, the outgoing PE and remnant
neutral-like species are coupled due to the proximity of excited
states. The extent and scope of interaction between the
outbound PE and remnant neutral-like species are governed by
(a) the external photon energy that determines the outgoing
electronic momentum and (b) the relatively high density of
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spin states available in these systems, both of which together
influence the time scale of the interaction between the
outbound electron and remnant neutral.

To explain the observed results, we consider in this Letter
three limiting cases: (i) The first case is where the photon
energy is high and then the photodetachment may be
considered close to being a sudden process,” where the
remnant-neutral-like state remains “frozen” in its initial
configuration. (ii) In the second case, the photon energy is
low and the photodetachment is adiabatic. Here the outbound
electron has maximal opportunity to interact with the remnant
neutral during the dissociation process, facilitated by the high
density of spin states, and could involve weakly bound
intermediates. (iii) Finally, intermediate photon energies lead
to a more complicated description that may require explicit
time evolution of the anionic system. We find that these
limiting cases provide an appropriate description of the
photodetachment process and are of significance to all similar
processes in systems with a high density of spin states.

Experimental PE Intensities That Bear the Signature of the
Complex Photoelectron Relaxation Process. The spectra were
measured using an apparatus previously described in detail.”~"’
The spectra of Sm,O~ are presented in terms of electronic
binding energies (¢ Eg) using the electron kinetic energies
(eEx)

€ Eg =hy — EA — TP 4 T2 = iy — "By (1)

yielding spectra with transition energies that are independent
of photon energy and facilitating a more direct visual
comparison of the band intensities. The e Ey values reflect
the energy difference between the final neutral state, the
electron affinity, and the initial anion state, as reflected in eq 1.

Figure la shows the new PE spectra of Sm,O~ obtained
using photon energies ranging from 3.495 to 2.066 eV, all
measured with ~S5 mJ/pulse (previously reported 2.330 and
3.495 eV spectra were measured using approximately 20—30
m]J/pulse). As before,' the spectrum obtained at 3.495 eV
exhibits at least three distinct electronic transitions labeled X,
A, and B, with vertical detachment energies (the energy at
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Table 1. Lower-Lying Electronic Energy States for the Anionic and Neutral Systems Obtained from DFT"'

Sm,O~ ¢i(0) values from
Electronic Boltzmann
State weights
"B, 0.015
A 0.119
B, 0.867

v

sz 0~

1B, (0.11 V)
2A" (0.05 V)
14B, (0.00 eV)
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“Note that the symmetry of several of the anion and neutral states was not identified as C,, in the calculations. The corresponding Boltzmann

weights at 300 K contribute to the coeflicients in eq 2.

which the band reaches maximum intensity) of 0.80(1),
1.06(3), and 2.08(1) eV. Band X is significantly higher in
intensity than bands A and B in the spectrum obtained with
3.495 eV; however, the plot clearly shows that the relative
intensity of band A increases as the photon energy is
decreased. No distinct, consistent vibrational structure in any
of the transitions emerges with decreased photon energy,
despite the experimental resolution increasing with decreasing
¢ Ex.'' No assignment of band B was made, beyond tentatively
attributing it to a shakeup transition. We note here that
numerous PE spectra of lanthanide suboxides have exhibited a
similar low-intensity transition, with similar ¢”Ej values.">™"*

A plot of the ratio of the excited-state integrated PE yields
relative to band X as a function of vertical ¢"Ey (the energy at
which the band intensity is maximum) is shown in Figure 1b.
The most striking aspect depicted in Figure 1b is that the
probability of populating the excited neutral states associated
with band A increases significantly relative to the probability of
populating the ground neutral state associated with band X at
low photon energies. As the photon energy is increased, there
is an almost monotonic decrease in this ratio, with an attending
oscillation at e"Ex (A) between 1.4 and 2 eV. The integrals
were performed on the raw electron yield versus drift time data
plots over time windows that correlate to the same set of e”Ey
intervals. Note that band B is affected by the instrumental
cutoff, 0.5 eV, as the photon energy decreases from 3.49 eV.

Adiabatic and Sudden Descriptions of the Anomalous PE
Spectra. In the higher energy limit, the electron is ejected from
the anion with a relatively large outbound momentum, and the
electron and resulting neutral molecule do not interact,
behaving independently. Hence the neutral appears relatively
frozen in its initial configuration. On the contrary, low- and
intermediate-energy photons result in an electron detachment
process that is protracted in time, allowing the outbound PE to
closely interact with the “time-evolving” states of the remnant
(neutral-like) species, thereby strongly influencing both final
states. Furthermore, such a time evolution is facilitated by the
time-dependent polarizing field, and thus the final detached PE
state has resulted after its electronic state has evolved while
interacting with the remnant neutral-like molecule.

To maintain generality, we consider the initial state of the
anionic system as a wavepacket composed of multiple anionic
spin states, {S;}, inside and an energy window, E,,

7(0)) = )] c(0)¥;)

i€k,

@)

where the parenthetic “(0)” is initial time and {I¥;;7)} refers

to anionic spin states. The coeflicients of the states in eq 2 may
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be thermally derived at initial time or may depend on other
experimental considerations. By “thermal”, we imply that the
initial conditions of the experiment may populate some excited
anionic electronic states in addition to the ground electronic
state given that the gap between the electronic states is small,
as seen from Table 1. In Table 1, we also show the ¢;,(0) values
derived from Boltzmann factors at 300 K, and hence the 2A’
anionic state has a 12% Boltzmann population at 300 K.
Higher energy excited states of the anion are considered later
in the discussion as a part of our analysis.

Once the initial state is created as per eq 2, this initial state,
|®~(0)), defines a closed system that evolves in time under the
influence of the anionic Hamiltonian and the external field,
which imparts an outbound momentum, or “kick”, to the
departing PE. Under the conditions that the external field is
weak, we may use first-order time-dependent perturbation
theory® to study the evolution of the anionic state as the PE
departs. Thus the probability of finding the time-evolving
anionic state in a specific projectile momentum state with
kinetic energy, j, = h*k(t)?/2m, and angular momentum, IJ)
and aligned along the neutral state, ¥, °, is

T jis W, ) (2))P

2
1
hZ

t'=t o
= 2 c(0) [ B dt’ ™ (J; i Woos, [V(E) | Wi)

i€k,

()

Here V(t') is the time-dependent perturbation on the system
due to incident photon energy with frequency, v, with “z”
being the duration of interaction time between the outbound
electron and remnant neutral. The right-hand side of eq 3
depends on the incident photon energy (through the presence
of v) and the outbound PE kinetic energy (through the
presence of outbound momentum state, ji ). If we assume that
the incident photon imparts an outbound momentum to the
PE and the time dependence of the field is negligible during
the time of dissociation, then V(t) = Ty + V/y + V%, where the
outgoing electron is labeled as “” and the time dependence of
V(t) arises from the time dependence of the position of fj,
which affects the term [V’ + V2. Furthermore, because the
e Eg is proportional to the incident photon energy, the time of
interaction, 7, is inversely proportional to the square root of the
photon energy, and eq 3 may then be rewritten as
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Figure 2. Projectile-remnant neutral contact time, o /m, /~/2hv, and the corresponding photoelectron de Broglie wavelength are shown with

experimental intensity ratios as a function of photoelectron kinetic energy. The pronounced oscillation in experimental intensity behavior appears
to be due to a resonance between the outgoing electron and remnant neutral.
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where a is a constant that captures the approximate spatial
range over which the outbound PE feels the effect of the
remnant neutral. Because the contribution from excited state to
eq 2 is only on the order of 12%, we may approximate the right
side of eq 4, using the ground anionic state as

)

af/ b i2mut’ 0
A‘ dt’e (]) jk; lIJa,Sa
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which in the adiabatic limit reduces to
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and in the sudden limit
2
. 0 ~ a

Ji g Yas,|P (ﬁ]

— 1 i .o P Blg- >
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For intermediate photon energies, it is the time scale of the
1
Je Eg ~

the anionic states couple, and, more precisely, how the outward

outgoing electron, which is

a .
Nk that dictates how

momentum state couples to the remnant “neutral-like-state”.

This can be seen from eq S in the weak field limit
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The integral of the matrix element is inversely proportional to
the time scale of departure of the outbound PE.® Larger time
scales (lower ¢ Ey) facilitated by a correspondingly high
density of anionic states result in greater coupling between
anionic states inside E, and the states belonging to the
remnant neutral and the PE. As a result, we introduce the
contact time as the duration of time over which the two
entities interact, and this quantity is inversely proportional to
the square root of the photon energy (as seen from eqs 4 and
S); we then compare this contact time, in Figure 2a, with the
intensity ratios obtained from experiment. As noted, the ratio
of intensities tracks the contact time fairly well apart from the
oscillation at ~1.6 eV. We also consider the de Broglie
wavelength of the outgoing PE in Figure 3b, and this again
tracks the ratio of intensities much like the contact time.
What are the reasons for the oscillations in the intensity ratio
seen in the experiment? These oscillations seen in the
experiment are likely caused by the presence of resonances
between the anionic electronic state and the composite
outbound electron-remnant neutral state. For example, bands
“X” and “A” are roughly at 0.8 and 1.0 eV in Figure la. At these
e Ejp values, there are several combinations of anion to neutral
electronic states possible, as seen in Table 1. As per eqs 2 and
4, one would expect all possible transitions to contribute to the
experimental PE spectrum. These include contributions from
B, - SA’ and "B, —"*A, for the 0.8 eV binding energy and
B, — A, and transitions originating from the *A’ state of
the anion to antiferromagnetic spin states of the neutral that
are generally hard to converge in most standard electronic
structure calculations and would contribute to the 1 eV
binding energy. Furthermore, as illustrated in Figure 3, these
transitions along with the outbound PE energy together are
potentially resonant with multiple quasibound anionic states
calculated to be between 2 and 2.5 eV above the ground state
of the anion with the 4f%4f 2665‘,—655665“—651,*dea—Sdb super-
configuration (x = 6, 7, § MOs from the two sets of Sm Sd
orbitals), a very small sampling of which converged, and are
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Figure 3. Excited states of the anion in the energy range near or
coinciding with the oscillations in the relative intensities of bands X
and A as a function of band A vertical e"Ey for 1.4 < ¢"Ex < 2 eV. The
excited states of the anion lying above 2 eV are expected to be
numerous and close-lying due to the near-degeneracy of MOs with
Sm 5d character.

shown in Figure 3. The coherent oscillations between this
available set of states is expected to be captured through the
oscillations in the experimentally measured intensity ratios.
Similar coherent oscillations have been noted in several
fundamental gas-phase reactions, such as isotopic and heavier
variations of H + H, — H, + H (ref 16) and F+ H, > HF + H
(refs 17 and 18), where, when the energy of the system is
increased, the reaction rates do not follow a monotonic trend.
The reason for the oscillations in molecular reaction
probabilities is again due to the existence of bound state in
resonance with the unbound dissociative state in those cases.
Similar behavior has also been seen in biological enzymes
where orthogonal vibrational modes act as a switch to tailor
reaction dynamics."

To summarize, we have extended previous anion PE
spectroscopic studies on small Sm-containing clusters in low
oxidation states, which have exceptionally complex electronic
structures, to include a wider range of photon detachment
energies. The new results show continued increases in the
relative excited-state transition intensities, including a broad
oscillation, with decreasing photon energy, an effect that is
opposite to threshold law behavior. We present a theoretical
platform for introducing the time evolution of the electron-
neutral complex in protracted detachment events that maps
onto the general experimentally observed trends in relative
excited-state intensities.
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