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Real-Time Autodetachment Dynamics of Vibrational Feshbach Resonances
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Feshbach resonances corresponding to metastable vibrational states of the dipole-bound state (DBS)
have been interrogated in real time for the first time. The state-specific autodetachment rates of the DBS of
the phenoxide anion in the cryogenically cooled ion trap have been directly measured, giving 7 ~ 33.5 ps
for the lifetime of the most prominent 11! mode (519 cm™!). Overall, the lifetime of the individual DBS
state is strongly mode dependent to give 7 ~ 5 ps for the 18’ mode (632 cm™") and 7 ~ 12 ps for the 11’
mode (1036 cm™"). The qualitative trend of the experiment could be successfully explained by the Fermi’s
golden rule. Autodetachment of the 11''18'' combination mode is found to be much accelerated
(z < 1.4 ps) than expected, and its bifurcation dynamics into either the 11'18° or 11°18! state of the
neutral core radical, according to the propensity rule of Av = —1, could be distinctly differentiated through
the photoelectron images to provide the unprecedented deep insights into the interaction between electronic
and nuclear dynamics of the DBS, challenging the most sophisticated theoretical calculations.
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Since first conceived by Fermi and Teller in 1947 [1], the
dipole bound state (DBS) has been the subject of the
intensive investigation [2-5]. Even though the electron is
only loosely bound, a variety of processes such as electron
transfer [6,7], isomerization [8], or dissociation [9,10] take
place in the frame of DBS. It also plays a crucial role as a
doorway state in the electron-capture process in the
interstellar medium or biological environments [11,12].
The electron transfer is often associated with the weakly
bound electrons for efficient signal and energy transfers
[13]. Therefore, an understanding the DBS is indispensable
for thorough description of the electron transfer.

From the perspective of the anion, the vertical transition
to the neutral radical is direct and instantaneous. This is
the transition from the bound to the continuum, and
the photodetachment efficiency behaves according to the
Wigner’s threshold law (64etachment X V €KE). However,
when the DBS exists, the indirect process mediated by
the bound-to-metastable DBS transitions occurs. This gives
rise to vibrational Feshbach resonances corresponding to
the DBS vibrational states [14,15]. Although the energetic
structures of DBS could be informed from the photo-
detachment spectroscopy [16], its temporal dynamics has
remained yet to be resolved as the line shape analysis,
except for some unusual cases [17,18], is intrinsically
nontrivial. Femtosecond time-resolved photoelectron
spectroscopy has been extremely valuable to get the direct
picture of the DBS dynamics [19-21]. And yet, as the
energetic window of the femtosecond laser is so wide, it
seems that the state-specific real-time dynamics of DBS is
hitherto unrealized yet.
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Herein, phenoxide (PhO™) is a target system. Phenoxide
is ubiquitous and its role in many important chemical and
biological processes has been intensively studied [22,23].
Energetics involved in the photodetachment of PhO™ have
been well established, giving the electron affinity (EA) of
2.253 eV and +0.952 eV for the appearance of the first
excited PhO [24-26]. The structural change upon the
photodetachment has been reflected in the vibrational
structure of the photoelectron spectrum, giving the most
prominent progression of the v; mode. The recent spectro-
scopic work for the cryogenically cooled PhO™, pioneered
by the Wang group [27,28], has provided well-resolved
DBS vibrational structures above the detachment threshold.
Accordingly, the electron binding energy has been pre-
cisely estimated to be 97 cm™!, and the vibrational struc-
tures of the neutral core could be determined by the
photoelectron images.

In this Letter, we report the first state-specific, real-time
dynamics of the vibrational DBS Feshbach resonances of
the PhO™ prepared in the cryogenically cooled ion trap,
using the picosecond pump-probe time-resolved photo-
electron velocity-map imaging method [29-31]. As we
have employed the cryogenically cooled ion trap [32,33],
the rotational temperature of the PhO™ anion is maintained
at T, ~ 35 K [34]. This minimizes the rotational effect on
the dephasing of DBS while it sharpens the resonance
bandwidth [35], making it possible to isolate only one
specific vibrational DBS at a time within the energetic
window (Av ~20 cm™!) of the laser pulse. In the time-
resolved velocity-map electron imaging setup, vibrational
structures of the neutral core resulting from direct or
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FIG. 1. (a) Picosecond photodetachment spectrum of the
phenoxide (PhO~) anion. The time-resolved photoelec-
tron images have been taken for the peaks denoted by the
assignments in red. (b) Photoelectron images and time-
resolved transients of the phenoxide DBS resonances for
five selected bands of 11" (+519 cm™!), 18! (+632 cm™"),
11?7 (+1036 cm™), 11181 (+1148 cm™"), and 117
(+1556 cm™!). (Left) Photoelectron spectra and (inset)
corresponding photoelectron images. Photoelectron spectra
taken at the off-the-resonance positions near the resonance
energies represent the nonresonant direct photodetachment
(the blue dotted lines). At each DBS resonance, the
photoelectron spectrum shows the large signal enhancement
at the particular vibrational levels (labeled in red) according
to the propensity rule of Av = —1. The peak showing the
small enhancement of the signal by the resonance excitation
is labelled in orange, and this could be attributed to the
vibronic coupling. The polarization axis of the picosecond
laser is shown as the black arrow. (Right) Photoelectron
transients have been fitted to get the time constants for the
single exponential decay functions (see the Supplemental
Material [36]). The intensity axes were reversed in order
to show the population decay of the vibrational Feshbach
resonances.

indirect photodetachment could be unambiguously differ-
entiated in both frequency and time domains. This uniquely
combined experimental setup is extremely useful for
unraveling the nonadiabatic coupling dynamics of the
DBS. The autodetachment rate is found to be strongly
mode dependent in terms of its internal energy and the
nature of nuclear displacements. Especially, as both the rate
and branching ratio could be simultaneously determined for
the combination mode, the bifurcation dynamics of indi-
vidual Feshbach resonances into different product states
could be unambiguously identified, giving the deep
insights into the nonadiabatic coupling mechanism.

In Fig. I(a), the photodetachment spectrum of the
cryogenically cooled phenoxide anion is taken by monitor-
ing the total photoelectron yield as a function of the
wavelength of the picosecond laser pulse (Af~ 1.7 ps,
Av~20 cm™!). Sharp resonances are clearly observed
on the top of the broad structureless background signal
emerging from the detachment threshold of 18 173 cm™!.
Except the broad bandwidths, the photodetachment spec-
trum of PhO™ is quite consistent with that reported from the
Wang group, which was obtained by the nanosecond laser
pulse [27]. The vq; progression stands out, reflecting the
structural change upon the photodetachment. The v mode
and its combination with the v progression are also quite
notable. Resonances become weakened and obscure in the
high energy region, whereas the background intensity
increases with increasing the photon energy, Fig. 1(a).
A resonance band observed below the photodetachment
threshold is due to the transition to the zero-point energy
level of the DBS (0") [27]. Obviously, as the 0" state lies
below the electron affinity (EA) threshold, the lifetime of
the DBS ground state is expected to be quite long. When
the photodetachment spectrum is taken with the additional
picosecond laser pulse of 791 nm after the delay time of
40 ps, only the 0" band intensity shows the large enhance-
ment, whereas the other whole spectral features remain
same (see the Supplemental Material [36]). This indicates
that only the long-surviving 0/° state gets the additional
photon at the delay time of 40 ps. Photoelectron velocity-
map images taken at the DBS peaks represent the vibra-
tional distributions of the neutral core radical produced
from direct and/or indirect photodetachment [Fig. 1(b)].
For the direct process, the Franck-Condon (FC) factors
dictate the vibrational distributions whereas the propensity
rule of Av = —1 is rather strictly obeyed in the autodetach-
ment from the DBS [16,37]. The contribution of the
nonresonant direct photodetachment seems to be quite
pronounced in the photoelectron images taken by the
picosecond laser pulse presumably because of its different
nature both in temporal and/or energetic bandwidths [38].

The picosecond time-resolved photoelectron images are
taken for the lifetime measurements of the DBS vibrational
states. In order to obtain transients, the pump and probe
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scheme has been employed. By the finely tuned pump laser
pulse, the PhO™ anion gets excited to a specific DBS;
whereas the probe laser pulse at 791 nm depopulates the
excited DBS to the detachment continuum, which leads to the
high kinetic energy electron emission. The time delay
between the pump and probe laser pulses is varied, giving
the transients reflecting the DBS lifetime. For the 0" band,
the transient is taken by monitoring the total photoelectron as
a function of the delay time (see the Supplemental Material
[36]). The 0" transient shows the rapid rise at the time zero
while it remains intact within ~500 ps, indicating that its
lifetime is at least longer than tens of nanosecond [39].
The transient of the 11" DBS at E;,, = 519 cm™! has
been taken by monitoring only the low-kinetic energy
portion of the photoelectron by masking the outer part of
the phosphor screen. The probe laser pulse, when it is
applied within the lifetime of the particular DBS, would
depopulate the excited DBS to diminish the intensity of the
slow photoelectron signal coming from the autodetachment
of DBS. On the other hand, the depopulation of the DBS by
the probe generates the photoelectron in the high kinetic
energy region. And thus, the total photoelectron signal in
the pump-probe scheme would not reflect the DBS lifetime.
One can avoid such a cancellation and unravel the real-time
dynamics of the DBS by monitoring the photoelectron
signal in the low-kinetic energy region originating from the
autodetachment of the metastable Feshbach resonances.
The resultant 11’" transient shows a sharp feature at the
time zero, which is followed by the relatively slow recovery
of the signal [Fig. 1(b)]. The sharp feature may correspond
to the coherent spike that originates from the multiphoton
processes, including the strong-field effect, as the perfectly
spatiotemporally overlapped pump and probe laser pulses
at the time zero depopulate the 11'! level most efficiently by
any means. This spike survives only during the cross-
correlation width of two laser pulses. The subsequent
recovery of the photoelectron signal then represents the
exponential decay of the DBS due to the autodetachment.
The fit to the experiment gives the lifetime (z) of 33.5 +
3.0 ps for the 11" band, which is much longer than
previously predicted from the spectral analysis [35]. This
is the first real-time measurement of the DBS autodetach-
ment rate in a state-specific way. It is notable that it is
generally consistent with the vibrational autodetachment
rates previously reported for different molecular systems in
terms of the order of magnitude in the timescale [19,21]. In
this regard, we have measured the lifetimes of additional
vibrational resonances by the same method. Remarkably,
the 18" transient at E;, = 632 cm~! gives the much
shorter lifetime of 5.0 1.9 ps. The sixfold increase of
the autodetachment rate of 18’' compared to that of 11'! is
quite dramatic as the energy difference between 18’' and
11" is only 113 ¢cm~!. The mode effect is confirmed by the
lifetime measurement of the 11”% band at 1036 cm™,
giving 7 = 11.9 & 1.7 ps. It is continuously observed in
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FIG. 2. (a) State-specific lifetimes of the vibrational Feshbach
resonances of the phenoxide DBS. Experimentally measured
(filled) and calculated (open) lifetimes of the v;; (circle) and v g-
containing (triangle) vibrational modes are depicted. Normal-
mode of the v;; and v;g and the schematics of the “wobbling”
dipole-bound orbital by the relevant vibrational modes were
described in the inset. Inverse of a second-order polynomial of the
E;,; was used as a fit function for the experiment (dashed) and
calculation (dotted) for »;; modes (see the text) as a visual guide.
(b) Schematic diagram of the autodetachment process of the
11’118 combination mode (below) compared to that of the 11!
or 18" mode (top), respectively. Autodetachment induced by the
Avy; = —1 (blue arrow) or Avg = —1 (green arrow) is depicted.
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the 117 transient taken at Ej, = 1556 cm™', giving
7=19.242.0ps. The 11’18 DBS transient taken at
E, = 1148 cm™! gives an even faster autodetachment
rate, giving 7=14+0.3 ps as an upper limit (see
Figs. 1 and 2). Intriguingly, it is possible to differentiate
two distinct autodetachment channels of the 11'18! mode
dephasing into two different product quantum states of
11'18° or 11°18! mode of the neutral core radical. The
branching ratio of the 11'18° to the 11°18! product has
been estimated to be ~2.6 from the comparison of the
photoelectron images taken at the combinational resonance
with those taken at the off-resonance excitation [Fig. 1(b)].

093001-3



PHYSICAL REVIEW LETTERS 125, 093001 (2020)

TABLE I. Experimentally measured (left) and calculated (right) terms of the Eq. (1) for each vibrational mode (see text).

Experimentally measured Calculated

Coupling ou/oQ Coupling

Transition eKE (cm™) ¢ (cm™!) const cm™!) DOS (x10?! J71)  k~! (ps)  (arb. unit)® b const® k! (ps)
11" - 09 422 519 0.98 1.31 335 1 1 33.5
117 - 11} 420 517 1.65 1.31 11.9 2.01 8.4
117 - 113 424 521 1.88 1.31 9.2 2.99 3.8
18" - 09 535 632 2.40 1.48 5.0 4.11 3.38 2.6
11'18" — 18} 419 516 1.31 1.4 1 1.01 o4
118" - 11} 532 629 1.47 4.11 3.39 ’

Relatlve constants normalized with respect to the value for the 11"' — 0 transition.
"Derived from the phenoxyl radical IR intensity calculation using B3LYP/ 6-311++g(d, p) (Fig. S8).

Although the quantitative analysis of the present experi-
ment seems to be formidable, the Fermi’s golden rule could
be invoked [39,40] for the interpretation.

k=221, W) PolE) (n

Here, ¢; and ¢, are the initial and final states, respec-
tively, W is the coupling operator between the two states,
and p is the density of states (DOS) of the ejecting electron,
where E is its kinetic energy.

1% 2m % 1
=— (=% ) E. 2
272 < h2 ) (2)

V is the orbital volume. From the charge-dipole interaction
potential, the most probable radius of the orbital could be
estimated to be 31.8 A (see the Supplemental Material [36])
[39]. And then, from the measured rates in Eq. (1), one
can experimentally deduce the coupling constant
(0),/(¢s|W|¢;)|. As anticipated from measured rates, ¢
(11%), ¢ (117), or ¢ (18'") is ~1.65, 1.88, or 2.40 cm™!,
respectively, Table 1.

Absolute values of the coupling constants are difficult to
estimate, and yet their relative ones could be predicted from
the theoretical analysis of the Fermi’s golden rule [40,41] as
follows.

p(E)

2
WAWIB) =~ WlF @ yl) )
1 ou
F<Q>=;f<ef|(@)|e,-> (@)

Here, Q is the normal mode coordinate and e¢; is the
change in the nuclear kinetic energy upon the vibrational
autodetachment [42]. For DBS, the potential energy (U)
derivative with respect to Q, (OU/0Q), should be pro-
portional to Ou/0Q as U is proportional to the dipole
moment (u) [43,44]. The infrared absorption cross section

of PhO is calculated to be ~16.9 times larger for the v g
mode compared to that of the v; (see the Supplemental
Material [36]). As the IR intensity is proportional to
(Ou/0Q)?, the relative ratio of ¢ (18'") to & (11'") is then
predicted to be 3.38. This successfully explains the much
shorter lifetime of 5.0 ps for the 18'! mode compared to that
of the 11’ mode, although the even shorter lifetime of
2.4 ps for the 18’' mode is anticipated from theory when the
theoretical values were normalized to the experimental
lifetime of the 11'! state, Table I. From the perspective of
the physical model based on the “wobbling” of the
oscillating dipoles [40], the present experiment may sound
counterintuitive as the dipole oscillation due to vg (b;) is
towards the perpendicular (z axis) direction whereas that of
vy (ay) is parallel to the charge-dipole interaction plane (xy
plane), see Fig. 2. However, as the “wobbling” along the
z axis of the 18 mode strongly influences the dipole
moment change along the xy plane, the simple one-dimen-
sional physical model may not be satisfactory. Rather, the
overall three-dimensional dynamic change of the charge
distribution should be considered.

For the 11”2 and 117 DBS, according to the propensity
rule of Av = —1, the vibrational motion responsible for the
electron detachment is one quantum of the 11 mode. In this
case, F(Q) in the Eq. (4) is likely to be unmodified from
that of the 11’' mode whereas the derivative vibrational FC
factor, (v/[(0/0Q)|v;), should be strongly influenced by
the different initial and final vibrational quantum numbers.
Assuming the Hermite-Gaussian function for the vibra-
tional wave functions (see the Supplemental Material [36]),
due to the derivative recurrence of the Hermite polynomial,

0

@HH(Q) = 2an_1(Q), (5)

Eq. (3) gives the FC derivative integral, which is propor-
tional to the vibrational quantum number of the initial state
(n). The resultant relative coupling constants give the
autodetachment rate with the relative ratio of 4.0 or 8.9
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for the 112 and 11”3 DBS, respectively, compared to that of
the 11'' state. This is qualitatively consistent with the
experiment, Table I, suggesting that the increase of the
autodetachment rate for the overtone DBS originates from
the increase of the derivative FC coupling term. According
to the Eq. (5), the autodetachment rate is then approx-
imately proportional to the square of the initial vibrational
quantum number (n?), see Fig. 2.

If the simple kinetic relation is applied to estimate
the autodetachment rate from the measured rates of the
individual 11"" and 18’! modes, the lifetime of the 11/'18'!
DBS is expected to be ~4.4 ps (k;n + k;g1). This is much
longer than the experimental value of 7 <14 ps.
Furthermore, the branching ratio into the 11'18° to
11°18" state is supposed to be ~6.7, according to
the measured (kg1 /k;;n) ratio. It is much larger than the
experimentally estimated branching ratio of 2.6 from the
resonant-photoelectron image [Fig. 1(b)]. This discrepancy
strongly indicates that the autodetachment from the
11''18"" combination mode cannot be described by the
simple addition of two independent kinetic processes. In
order to fulfill both the rate and branching ratio, the
autodetachment rate from the 11'18’! DBS into 11'18°
or 11°18" state should be ~2.58 or ~6.65 times faster than
that of the 18" or 11’' fundamental mode, respectively
(k“rllg/l_,lll = 2.58k18/1, k”«llg/l_,]gl = 6.65]{]1/1). This
indicates that two vibrational motions of the combination
mode should cooperatively speed up the overall autode-
tachment process even though the quantum selection rule
enforces the final quantum state to be distinctly different in
the asymptotic limit. One can imagine the electron placed
on the two-dimensional plate as depicted in Fig. 2(b). Upon
the combination mode excitation, both of two different
ways of “wobbling” of the plate are activated to make the
electron to fall from the plate, much more efficiently
compared to the case of the single mode excitation where
the only one directional “wobbling” is turned on. From the
relatively larger enhancement in the rate of the 11’118’
DBS into the 11°18 state compared to that of the 11'18°
state, the dynamic cooperative role of the 18’ mode in the
autodetachment process leading to the 11°18! state seems
to be much more efficient than the case of the other way
around. The sophisticated dynamic calculations are quite
desirable for understanding this very interesting experi-
mental finding.

In summary, dynamics of the DBS vibrational Feshbach
resonances have been unraveled in real time in a state-
specific way for the first time by employing the picosecond
time-resolved pump-probe scheme. The autodetachment
rate of the DBS of the phenoxide anion in the cryogenically
cooled ion trap is found to be strongly mode-dependent in
terms of the structural fluctuation induced by the normal
mode excitation. Particularly, bifurcation dynamics in the
autodetachment from the DBS combination mode into
different final product quantum states could be distinctly

differentiated through the picosecond time-resolved photo-
electron images, giving the deep insights into the inter-
action between electronic and nuclear dynamics of DBS.
This work will be extremely helpful for the understanding
of the DBS in terms of its structural and dynamical aspects
of the interplay between electronic and nuclear motions,
motivating lots of high-level theoretical calculations. The
current experimental approach could be extended to other
nonvalence anions such as quadrupole- [45] or correlation-
bound state [46].
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