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ABSTRACT: Valence-bound anions with a dipolar core can support dipole-bound states '
(DBSs) below the electron detachment threshold. The highly diffuse DBS observed is usually of
o symmetry with an s-like orbital. Recently, a 7-type DBS was observed experimentally in the 9-
anthrolate anion (9AT”) and it was shown to be stabilized due to the large anisotropic
polarizability of the 9AT core. To confirm the general existence of #-DBS and its structural
dependence, here we report an investigation of the 9-phenanthrolate anion (9PT™), which has a 7-DBS o-DBS
different structure and lower symmetry than 9AT™. Photodetachment spectroscopy revealed a

DBS 257 cm ™' below the detachment threshold of 9PT™ at 19 627 cm™' (2.4334 eV). Resonant two-photon photoelectron imaging
indeed showed a 7 symmetry for the DBS. Similar to that observed in 9AT", the 7-DBS in 9PT~ is also stabilized by the anisotropic
polarizability of the 9PT core and accessed via nonadiabatic population transfer from the initially populated o-DBS.
Photodetachment spectroscopy unveiled nine above-threshold vibrational resonances of the DBS, resulting in nine highly non-
Franck—Condon resonant photoelectron spectra by tuning the detachment laser to the vibrational resonances. The combination of
photodetachment spectroscopy and resonant photoelectron spectroscopy allowed frequencies for nine vibrational modes of the 9-
phenathroxy radical to be measured, including the six lowest frequency bending modes.

rotation mediated

1. INTRODUCTION moment should be larger than 9.64 D for the first 7-DBS.
Compared with 6-DBSs, which have no angular nodes, 7-DBSs
have an angular node similar to a p-orbital. Experimentally, an
electronically excited DBS above the lowest 6-DBS has not
been observed, even for systems with a dipole moment as large
as 6.2 D.”” All the previous photoelectron imaging studies of
DBSs have shown p-wave angular distributions, suggesting
these DBSs consist of a o-type orbital with no angular nodes.

Very recently, a n-type DBS was observed for the first time

Polar molecules with sufficiently large dipole moments can
form highly diffuse dipole-bound anions.'™ Valence-bound
anions with polar cores can possess dipole-bound excited states
just below the electron detachment threshold,’~" similar to
Rydberg states in neutral molecules. Dipole-bound states
(DBSs) have been suggested as the “doorway” to the formation
of valence-bound anions,"*~'® which is important in electron—

molecule scattering, DNA damage by low-energy electrons . . N
. e . ge by ‘owrencley, ’ in the 9-anthrolate anion (9AT™) using resonant two-photon
and anion formation in the interstellar medium. Recently,

DBSs have been exploited as a means to develop high- detachment (R2PD) P h;,)gt oclectron imaging (.see Figure S1 for
resolution resonant photoelectron spectroscopy (rPES),ZZ_27 the structure of 9AT ) Even though the dipole moment of
which yields highly non-Franck—Condon photoelectron the 9AT n eutral radical is only 3.6 D, t‘he ?ﬁDBS was sh(?wn o
spectra via vibrational autodetachment and much richer b'e ste'1b1hzed due.tol the large p plarlzabl}lty (l)f OAT in the
spectroscopic information than afforded by conventional PES. difectllo " perpgndlcu grl)toTLhe dlpollet.ams f(at}(: 18 %Esthree

For a fixed dipole system, there can be an infinite number of Pheny” Tigs, Figure P - ¢ poptation o l'e ”—f w;s
bound DBSs above a critical dipole moment.”** For such an pro Posed t.o come rom nonad%abatlc couping from .t ¢
electron—dipole system, the critical dipole moment is 1.62 D initially exc1t§d o-DBS, bemg mfe.dlated by molect}lar rotation.
for the first bound DBS with a o-type obital,”> and it is ~9.64 The large in-plane polarizability of polycyclic aromatic
D for the first z-type DBS.”** On the other hand, for a freely
rotating electron—dipole system, a larger dipole moment is
required to support a DBS.>*" The critical dipole moment is
shown empirically to be about 2.5 D for the lowest o-type
DBS.""**7* A critical dipole moment higher than 4.5 D is
required for the second 6-DBS with one additional node in the
radial wave function.”*>*® By analogy, the critical dipole

Received: February 20, 2021
Revised:  March 23, 2021
Published: April 2, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpca.1c01563

W ACS Publications 2967 J. Phys. Chem. A 2021, 125, 2967—2976


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dao-Fu+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue-Rou+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Hui+Qian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Sheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.1c01563&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c01563/suppl_file/jp1c01563_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c01563/suppl_file/jp1c01563_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpcafh/125/14?ref=pdf
https://pubs.acs.org/toc/jpcafh/125/14?ref=pdf
https://pubs.acs.org/toc/jpcafh/125/14?ref=pdf
https://pubs.acs.org/toc/jpcafh/125/14?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.1c01563?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

hydrocarbons (PAHs) provides ideal systems to examine how
DBSs are influenced by polarization and electron correlation
effects. In this article, we report an investigation of the 9-
phenanthrolate anion (9PT~, see structure in Figure la and
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Figure 1. Nonresonant photoelectron spectra of 9PT™ at (a) 2.433S
eV and (b) 2.7769 eV. Calculated Franck—Condon factors, given as
vertical lines in (b), are also shown for comparison. The inset in (a)
shows the molecular structure of 9PT™ and the coordinates used.

Figure S1), which has the same size as 9AT~ (C,,H,O~) but
has a different structure with lower symmetry. The 9-
phenanthrol molecule is an alcohol derivative of phenanthrene,
a common PAH, which can be produced from incomplete
combustion of fossil fuels.”” The 9-phenanthrol molecule was
known for more than a century and it was recently found to be
an inhibitor of a calcium-activated cation channel.”” The 9PT
radical, along with other aromatic-oxy radicals, may also be
involved in soot formation during hydrocarbon combustion.*'
However, there is little known about the energetics and
spectroscopy of the 9PT radical. Hence, obtaining energetic
and spectroscopic information about the 9PT radical is another
objective of the current study.

High-resolution anion PES has been championed by the
Neumark group using slow electron velocity-map imaging
(SEVI),”* which has been used to study a number of PAH-
related radical species.**™* We have developed an exper-
imental technique coupling electrospray ionization (ESI),*’
cryogenic ion cooling in a 3D Paul trap,” and high-resolution
photoelectron imaging.”' Using this third generation ESI-PES
apparatus,”” we have investigated DBSs as electronically
excited states of valence-bound anions and employed vibra-
tional autodetachment from DBSs to conduct rPES on a wide
variety of cryogeni_cally cooled anions,””™* including several
PAH species.”””>* In the present study, we report an
investigation of cryogenically cooled 9PT™ using photodetach-
ment spectroscopy (PDS), R2PD photoelectron imaging, and
tPES. We observe a #-DBS in 9PT~ 257 cm™' below its
detachment threshold. The electron affinity (EA) of the 9PT
radical is measured accurately to be 19 627 + 3 cm™ (2.4334
+ 0.0004 eV). Similar to that in 9AT~, the z-DBS in 9PT" is
also found to be stabilized by the anisotropic polarizability of
9PT and accessed via nonadiabatic population transfer from
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the initially populated 6-DBS. The combination of PDS and
rPES has allowed vibrational frequencies for nine vibrational
modes of 9PT to be measured, including the six lowest
frequency bending modes.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Photoelectron Imaging. The experiment was
conducted using our third generation ESI-PES apparatus,”
coupled with a cryogenically cooled 3D Paul trap™ and a high-
resolution photoelectron imaging system.”' Briefly, the 9PT~
anions were formed by electrospray ionization of a 1 mM
solution of 9-phenanthrol in a CH;OH/H,0 mixed solvent
(9/1 volume ratio) at a pH of ~10 adjusted by adding a small
amount of NaOH. Anions from the ESI source were guided
into a cryogenically cooled Paul trap by a series of quadrupole
and octupole ion guides. The ion trap was cooled to about 4.6
K by a two-stage closed cycle helium refrigerator. The anions
were accumulated in the Paul trap and thermally cooled via
collisions with a background gas consisted of ~1 mTorr He/
H, (4/1 in volume).”® The rotational temperature of the
cooled anions was estimated to be 30—35 K.**° After being
accumulated and cooled for 0.1 s, the anions were pulsed out
at a 10 Hz repetition rate into the extraction zone of a time-of-
flight mass spectrometer. The 9PT™ anions were selected by a
mass gate and photodetached in the interaction zone of the
imaging lens by a tunable dye laser. The detachment laser was
operated at a repetition rate of 20 Hz to allow shot-by-shot
background subtraction. Photoelectrons were projected onto a
pair of 75 mm diameter microchannel plates coupled to a
phosphor screen. The photoelectron images were captured by
a charge-coupled-device camera and were inverse-Abel trans-
formed using pBasex’® and BASEX.”” The photoelectron
spectra were calibrated with the known spectra of Au™ at
different photon energies. The electron kinetic energy (KE)
resolution achieved was 3.8 cm™ for electrons with 55 cm™
KE and about 1.5% (AKE/KE) for electrons above 1 eV KE in
the current experiment.“

2.2. Computational Methods. The molecular geometries
in the ground and valence excited states of 9PT~ were
optimized using the B3LYP functional’®*™® and the Def2-
TZVPP basis set.”*> The vibrational frequency, polarizability,
dipole moment, and EA of neutral 9PT were calculated on the
same level of theory. The valence excited state of 9PT™ was
then calculated at the anion’s optimized geometry using time-
dependent density functional theory (TD-DFT)®*™® at the
B3LYP/Def2-TZVPP level of theory. The dipole-bound
excited electronic states were calculated using TD-DFT at
the CAM-B3LYP/Def2-TZVPP+4s3p2d1f level of theory. We
used the CAM-B3LYP functional® to better capture the long-
range nature of the interaction between the excess electron and
the neutral 9PT core. Additional 4s3p2d1f basis functions were
added selectively to three carbon atoms in the molecule to
accommodate the diffuse nature of the wave functions of the
weakly bound states. The exponents of the diffuse functions
and the three carbon atoms (circled in the structure) are given
in ;I;able S1. All calculations were performed using Gaussian
09.°

3. RESULTS

3.1. Nonresonant Photoelectron Spectra. Figure 1
shows the nonresonant photoelectron spectra of 9PT™ at two

https://doi.org/10.1021/acs.jpca.1c01563
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photon energies. In order to accurately measure the EA of the
neutral 9PT radical, we took a spectrum at a photon energy
very near the detachment threshold (Figure 1a). The sharp 08
transition defines an accurate EA of 19627 + 3 cm™' (2.4334
eV =+ 0.0004 eV) for 9PT. The spectrum shown in Figure 1b
was taken at a higher photon energy, displaying a broader
Franck—Condon region for the detachment transition from the
ground state of 9PT™ to that of the 9PT radical. A Franck—
Condon calculation was done, as compared with the
experimental data in Figure 1b. The Franck—Condon factors
were calculated using FC-LAB2 and the optimized geometries
and computed vibrational frequencies at the B3LYP level (see
Table $2).%

3.2. Photodetachment Spectroscopy. Our calculation
yielded a dipole moment of 4.4 D for 9PT, suggesting that a
DBS should exist below the detachment threshold of 9PT™.
We scanned the detachment laser wavelength around the
detachment threshold and monitored the total electron yield to
obtain the photodetachment spectrum, as shown in Figure 2. A
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Figure 2. Photodetachment spectrum of 9PT~ by measuring the total
electron yield as a function of photon energy near the detachment
threshold, indicated by the arrow. Ten vibrational peaks are observed
and labeled as 0—9.

series of sharp peaks (labeled as 0—9) were indeed observed,
corresponding to the vibrational levels of the expected DBS.
The arrow at 19627 cm™' denotes the position of the
detachment threshold obtained from Figure la. The baseline
above the threshold in Figure 2 represents contributions from
single-photon nonresonant detachment processes. The weak

peak below the threshold (peak 0) at 19 370 cm™ (2.4016 €V)
should correspond to the ground vibrational level of the DBS
as a result of R2PD, similar to those observed previously.**%%7°
The energy difference between the detachment threshold and
peak 0 defines the binding energy of the DBS to be 257 + 3
cm™' (0.0319 + 0.0004 eV). More prominently, the nine
above-threshold peaks (1—9) in Figure 2 are due to single-
photon excitations to vibrational levels of the DBS of 9PT".
These peaks are also known as vibrational Feshbach
resonances and they are observed due to vibrational
autodetachment. The wavelengths, photon energies, and
assignments of the DBS vibrational peaks are given in Table 1.

3.3. R2PD Photoelectron Imaging. By tuning the
detachment laser to the position of peak 0 in Figure 2, we
obtained the R2PD photoelectron image and spectrum of
9PT", as shown in Figure 3. This spectrum is similar to that of

(b) |-DBS
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Binding Energy (eV)

Figure 3. R2PD photoelectron image (a) and spectrum (b) of 9PT~
via the bound ground vibrational level of the DBS at 516.25 nm
(19 370 cm™) corresponding to peak 0 in Figure 2. The double arrow
below the image represents the laser polarization. Peaks labeled as VE
and E,; represent photoelectrons detached from a valence excited
state and vibrational levels of the ground electronic state of 9PT",
respectively.

9AT™ observed recently.”® The low binding energy peak
labeled as “z-DBS” represents direct R2PD from the DBS of
9PT™ corresponding to the outermost ring in the image
(Figure 3a). Besides this expected sharp R2PD photoelectron
peak, additional unexpected features were observed. A well-
resolved and relatively intense peak labeled as “VE” was shown
at 0.22 eV in Figure 3b, followed by weaker peaks in the high
binding energy side akin to a vibrational progression. The
R2PD image displays a bright spot in the center (Figure 3a),
corresponding to features labeled as “E,,” in the R2PD
photoelectron spectrum with a long tail extending to lower
binding energies (Figure 3b).

Table 1. Observed DBS Vibrational Peaks in the Photodetachment Spectrum of 9PT~, with Their Wavelengths, Energies in
cm”, Shifts Relative to the Ground Vibrational Level, and Assignments

peak wavelength (nm) photon energy (cm™")
0 516.25 19370(5)
1 507.74 19695(5)
2 507.25 19714(5)
3 506.51 19743(5)
4 506.06 19760(5)
5 505.58 19779(5)
6 504.79 19810(5)
7 504.35 19827(5)
8 504.15 19835(5)
9 503.50 19861(5)

a

shift (cm™") assignment
0 ground vibrational level of the DBS
325 44/
344 66'162"!
373 64145
390 43'1/66"144"
409 66%62"!
440 60'1/65%45""
457 65'164'163'1/66'%65'163"1 /66143
465 66'%65"264"1/66'*65'2/65"*64"*
491 64'%63"'/66'*64'163" /66'*63"*

“Numbers in parentheses indicate the experimental uncertainties in the last digit.

2969

https://doi.org/10.1021/acs.jpca.1c01563
J. Phys. Chem. A 2021, 125, 2967—2976


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c01563/suppl_file/jp1c01563_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c01563?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c01563?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(a) 507.74 nm

441 (1)
(03
LRAR R R R R R R R REERE R RS
66"
(b) 507.25 nm a
66'162'" (2)
B

(c) 506.51 nm
64’145 (3)

(d) 506.06 nm
431/66'144" (4)

(e) 505.58 nm
66262" (5)
08
65’
b
IERRA Laaaasanas Laanasanay eana s anty Lanns s anay sen ]
238 240 242 244 246

Binding Energy (eV)

——

(f) 504.79 nm
601/65745" (6)

(g) 504.35 nm
65'164'163'1/66'265"'63"/
66'143"(7)

(h) 504.15 nm 662/64"
66765764""/ 65?
66657%/65264"% (8) b (66es'

66’ 66164766°

66%/64'
(i) 503.50 nm £
642631/66%64"63"1/
6663"(9)

e
238 240 242 244 246
Binding Energy (eV)

Figure 4. Resonant photoelectron images and spectra of 9PT™ at nine wavelengths, corresponding to peaks 1—9 in Figure 2 at (a) 507.74 nm, (b)
507.25 nm, (c) 506.51 nm, (d) 506.06 nm, (&) 505.58 nm, (f) 504.79 nm, (g) 504.35 m, (h) 504.15 nm, and (i) 503.50 nm. The autodetachment-
enhanced peaks are labeled in bold face. The vibrational levels of the DBS are also given. The double arrows below the images indicate the direction

of the laser polarization.

3.4. Resonant Photoelectron Spectra of 9PT~ via the
Vibrational Feshbach Resonances. By tuning the detach-
ment laser wavelength to the positions of the above-threshold
resonant peaks in Figure 2, we obtained nine resonantly
enhanced photoelectron spectra, as shown in Figure 4.

The resonant photoelectron spectra consist of contributions
from both nonresonant detachment processes represented by
the weak above-threshold baseline in Figure 2 and resonantly
enhanced autodetachment via vibrational levels of the DBS. In
general, the resonant photoelectron spectra are highly non-
Franck—Condon, where one or more vibrational final states are
enhanced due to the Av = —1 vibrational autodetachment
propensity rule.”””> The binding energies in eV and cm™,
shifts relative to the 0—0 peak, and the assignments of the
observed vibrational peaks are summarized in Table 2.

4. DISCUSSION

4.1. Relaxation from the Ground Vibrational Level of
the DBS. In the single-color R2PD photoelectron imaging
experiment, the first photon excites the 9PT™ anion to the
bound ground vibrational level of the DBS at 51625 nm
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Table 2. Binding Energies (BE) of the Observed Vibrational
Peaks from the Resonant Photoelectron Spectra of 9PT", as
Well as Their Shifts from the 0—0 Transition and
Assignments”

shift frequencies
peak BE (ev)? (em™)? (cm™)  assignment  (theo) (em™)
0)  24334(4)  19627(3) 0
a 2.4417(4)  19694(3) 67 66! 68
b 2.4457(8)  19726(6) 99 65! 93
c 2.4501(7)  19761(6) 134 66%/64 140
d 2.4540(5)  19793(4) 166  66'65'
e 2.4584(2)  19828(2) 201 666166341 /

“The theoretical frequencies of the relevant vibrational modes of 9PT
are also given for comparison (see Table S2). *Numbers in
parentheses indicate the experimental uncertainties in the last digit.

(19370 cm™ or 2.4016 eV) and the second photon within the
same laser pulse (S ns pulse width) detaches the dipole-bound
electron. The photoelectron image in Figure 3a shows the
electron kinetic energy distribution and Figure 3b displays the

https://doi.org/10.1021/acs.jpca.1c01563
J. Phys. Chem. A 2021, 125, 2967—2976
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binding energy spectrum obtained by subtracting the electron
kinetic energy distribution from the photon energy of the
second photon. A single low binding energy peak (labeled as
“z-DBS”), corresponding to the outermost ring in Figure 3a,
was expected. However, the R2PD photoelectron image and
spectrum were much more complicated, suggesting that
relaxation processes from the bound DBS (both o- and -
DBS, vide infra) level to other states of the 9PT~ anion took
place before detachment by the second photon within the
same laser pulse, as schematically shown in Figure S (the right-

Neutral G.S. I A
4_____0_'Dﬂ AN
VE
E

A

The 15t photon

hb

Anion G.S.

Figure 5. Schematic diagram showing the relaxation processes upon
the first photon absorption in the R2PD via the bound ground
vibrational level of the DBS of 9PT ™. VE = valence excited state; Ey;, =
vibrationally excited states of the 9PT~ ground state; NAPT =
nonadiabatic population transfer.

hand part of the Figure). Similar R2PD features were also
observed in 9AT™.** Our theoretical calculations predicted a
triplet valence excited state at 2.1 eV above the anion ground
state (Table S3), i.e, 0.2 eV below the detachment threshold
(calculated to be 2.3 eV), in good agreement with the
experimental features labeled as “VE” in Figure 3b. This triplet
valence excited state was populated due to relaxation from the
DBS via intersystem crossing upon absorption of the first
photon (Figure S). Such intersystem crossing from DBSs to
valence excited states was first observed previously in the
deprotonated biphenol anion.”

The bright spot in the center of the image in Figure 3a
corresponds to the high binding energy features labeled as
“Eyy,” in Figure 3b, which should be due to detachment from
states close to the ground state of 9PT". Since there are no
low-lying excited electronic states in 9PT™ according to our
theoretical calculation, the low kinetic energy electrons must
come from detachment from vibrationally excited levels of the
ground electronic state of 9PT™, via internal conversion from
the DBS followed by intramolecular vibrational energy
redistribution (IVR).”* Similar internal conversion processes
from nonvalence excited states to the ground electronic states
of anions seem to be quite common and have been observed
before %7576 Recently, the autodetachment dynamics from
vibrational Feshbach resonances of the DBS in the phenoxide
anion has been studied using a pump—probe experiment.”” It
is also interesting to directly probe the dynamics of the
intersystem crossing and internal conversion from the DBS to
valence excited states in anions. These processes are important
to understand the anion formation dynamics via DBSs as a
doorway state in collision-free environments, such as the
interstellar medium.'”~*" In fact, the ultrafast dynamics from
DBSs to valence-bound states have been studied in solvated
iodide cluster anions following intracluster charge-transfer
excitation.”®””
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4.2. Observation of the 7z-DBS. The most interesting
observation in the R2PD photoelectron image in Figure 3a is
the angular distribution of the outermost ring, corresponding
to detachment from the vibrational ground state of the DBS by
the second photon. The (s + d)-wave distribution, similar to
that observed for 9AT™,*® suggests that the DBS has a #
symmetry, in contrast to the expected ¢ symmetry for the
lowest DBS as observed in the phenoxide anion and other
DBSs that have been studied via photoelectron imaging. The
fitted angular anisotropy parameter (f3) of the 7-DBS peak is
—0.3 for 9PT~, compared to f = —0.7 for 9AT", whereas ff =
—1 is expected for a perfect atomic P orbital with the angular
momentum quantum number ! = 1.°%*" It should also be noted
that the angular distribution of the #-DBS peak is similar to
that of the VE peak, which also has a § value of —0.3. The (s +
d)-wave angular distribution of the VE peak is consistent with
the 7* LUMO of 9PT~ (Table S3), from which the electron is
detached by the second photon.

4.2.1. Theoretical Description of the DBSs in 9PT". The
lowest DBS is expected to be of o symmetry. A higher energy
DBS with 7 symmetry was predicted to exist for molecular
systems with large dipole moments (>9.64 D),””® but was
never observed before except in 9AT™ recently, in which the
anisotropic polarizability was suggested to stabilize the z-
DBS.”® The dipole moment of 9PT is calculated to be 4.4 D,
which is far smaller than the calculated critical value for a
bound 7-type DBS. Hence, a similar mechanism for the
stabilization of the #-DBS in 9AT™ is expected to be
operational in 9PT~, even though 9PT~ (C,) has lower
symmetry than 9AT™ (C,,) (see Figure S1). Our theoretical
calculations indeed suggested a bound o- and a bound z-type
DBS in 9PT7, as shown in Figure 6. The diffuse orbital of the

. 4

(a)

o-DBS m-DBS

Figure 6. Calculated o- and 7-DBS wave functions of 9PT~ (isovalue
= 0.003).

0-DBS is found far away from the molecular core and mostly
on the positive side of the dipole without any angular node
(Figure 6a). On the other hand, the diffuse orbital of the #-
DBS is observed on both sides of 9PT, perpendicular to the
dipole axis and with an angular node (Figure 6b). While the
orbital of the 6-DBS is nearly identical to that in 9AT", that of
the 7-DBS is significantly asymmetric in contrast to the
symmetric 7-DBS of 9AT™, due to the lower symmetry of
9PT". The asymmetric 7-DBS of 9PT" is directly responsible
for the smaller anisotropy of the angular distribution observed
in the R2PD image of the 7-DBS peak for 9PT~ (f = —0.3) in
comparison to that in 9AT~ (f = —0.7).

To further understand the effects of the molecular structures
on the 7-DBS, we calculated the components of the
polarizability tensor a and the isotropic polarizability e, of
9PT, as compared with those of 9AT in Table 3. The results
show that the isotropic polarizabilities a;, of 9PT (e,
174.0) and 9AT (&, = 178.8) are both large in magnitude and
similar to each other, as expected because of their identical
size. The large polarizability of 9PT must contribute
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Table 3. Components of the Theoretical Polarizability

Tensor a and the Isotropic Polarizability @, (in Atomic
Units) of the Neutral 9PT and 9AT Radicals
polarizability 9PT 9AT
a,, 783 78.5
@y 0.0 0.0
a,, 231.9 284.0
a, 0.0 0.0
a,, -312 0.0
a., 2117 173.7
a, 174.0 178.8

significantly to the binding energy of the DBS, similar to that in
9AT. The components of the polarizability tensor in the two
systems are similar, and are consistent with the molecular
symmetries. The dipole axis in 9AT™ is perpendicular to the y-
axis, and the large a,, component stabilizes the 7-DBS along
the y-axis (Figure S1). In 9PT~, both the large a,, and a,,
values should contribute to the stabilization of the z-DBS,
resulting in its asymmetry and making it energetically close to
or even lower than the o-DBS.

4.2.2. Population Transfer from the ¢-DBS to the z-DBS
via Nonadiabatic Coupling. Another interesting question is,
how is the #-DBS accessed by the first photon in the R2PD
process? For 9AT™ with C,, symmetry, the transition from the
anion ground state (A; symmetry) to the o-DBS (B,
symmetry) is dipole-allowed, while that to the z-DBS (A,
symmetry) is dipole-forbidden.”®"* Population transfer from
the initially excited o-DBS to the #-DBS was proposed via
nonadiabatic coupling. This mechanism suggested that the
energy of the 7-DBS should be nearly degenerate with or lower
in energy than the ¢-DBS and the nonadiabatic population
transfer (NAPT) was mediated by molecular rotation due to
angular momentum conservation. The NAPT mechanism was
plausible because most of the 9AT™ anions were expected to
be in rotationally excited states due to the 30—35 K rotational
temperature of the anions from our cryogenically controlled
ion trap.”>>* The lower symmetry of 9PT~ (C,) suggests that
the transitions from its ground state (A’ symmetry) to the o
(A” symmetry) and 7 (A’ symmetry) DBSs are both dipole-
allowed. However, the same NAPT mechanism should still be
operational in the R2PD process, because the angular
distribution clearly shows that the second photon detaches
the electron from the 7-DBS, as schematically shown in Figure
S (left-hand side). The time scale of the NAPT process should
be on the order of the rotational period, i.e. picoseconds.
Thus, the pump—probe experiment used recently to study the
autodetachment dynamics from the vibrational Feshbach
resonances of the DBS in phenoxide’”” would be ideal to
probe the NAPT dynamics by monitoring the time evolution
of the angular distribution of the R2PD photoelectron image.

4.3. Resonant Photoelectron Imaging and Spectra
via the Vibrational Feshbach Resonances. Resonant
photoelectron spectra at the above-threshold vibrational levels
of the DBS are dominated by single-photon excitation followed
by vibrational autodetachment, during which the vibrational
energy of the neutral core is coupled to the dipole-bound
electron. Because the diffuse dipole-bound electron has little
effect on the structure of the neutral core, the geometry of the
DBS and the corresponding neutral state are almost identical,
resulting in the Av = —1 propensity rule for the vibrational
autodetachment under the harmonic approximation.”"””
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Violation of the Av = —1 propensity rule can happen as a
result of anharmonicity’' and has been observed often for low-
frequency bending modes.””*> Thus, one or more vibrational
final states are enhanced in the resonant photoelectron spectra,
which are highly non-Franck—Condon. For excitations to
combinational or overlapping vibrational levels of the DBS, the
resulting resonant photoelectron spectra can be more
complicated, rich with vibrational information that would not
be assessible in nonresonant PES. Because the autodetachment
lifetime (on the order of a few picoseconds as recently
measured’”) is expected to be similar to the time scale of the
nonadiabatic population transfer shown in Figure 5, the
autodetachment can in principle occur from vibrational levels
of the 6-DBS and/or the 7-DBS. The current experiment could
not distinguish them because the near degeneracy of the o- and
7-DBS and both would produce isotropic angular distributions
as observed experimentally (Figure 4) because all the time
scales are comparable to the rotational time scale.

Using the autodetachment propensity rule and guided by the
calculated frequencies for 9PT (Table S2), we were able to
assign all the vibrational levels of the DBS observed in Figure
2, as given in Table 1. Except for peak 1, which is due to the
fundamental excitation of mode v,," (44'!), all other peaks are
due to either combinational vibrational levels (peaks 2, 3, S) or
overlapping vibrational levels (peaks 4, 6, 7, 8, 9). The prime ’
is used to designate the vibrational modes and levels of the
DBS, even though they are assumed to be the same as the
neutral 9PT radical. Because the overtone of the lowest
bending mode (vg = 68 cm™") is nearly degenerate with the
fundamental frequency of mode vg, (140 cm™, Table S2), a
number of higher vibrational levels (peaks 7, 8, 9) contain
several possibilities due to the ambiguity between 66'> and
64'". The DBS vibrational levels excited are given in the
resonant photoelectron spectra in Figure 4, as well as the
excitation wavelengths (see Table 1). The resonant photo-
electron spectra contain contributions from both the non-
resonant photodetachment processes and autodetachment
from resonant excitation to the DBS vibrational levels.
However, the autodetachment dominates the resonant photo-
electron spectra because the nonresonant photodetachment
cross section is much lower, as can be seen by the weak above-
threshold baseline in Figure 2. This can also be seen in Figure
4b by the weak 0—O0 transition, which is due to the
nonresonant detachment process, relative to the intense peak
a (66"), which is due to resonant excitation to the 66''62"!
DBS vibrational level followed by coupling of the 62’
quantum to the dipole-bound electron. Note here the 66’
quantum (67 cm™') is not sufficient to detach the dipole-
bound electron.

Figure 4a shows the resonant photoelectron spectrum at the
photon energy of peak 1 of Figure 2, representing excitation
from the ground state of 9PT~ to the 44’ vibrational level of
the DBS. Transfer of the vibrational energy to the dipole-
bound electron via vibronic coupling induces the autodetach-

ment, resulting in the enhanced 0j peak in Figure 4a. One
surprising observation is the weak peak « at 2.4241 eV, which
is 7S ecm™! below the 0—0 transition due to a vibrational hot
band of the 9PT™ anion. It should be noted that vibrational
population even for the lowest frequency mode in 9PT~ should
be negligible for the 30—35 K vibrational temperature for our
cryogenically cooled anions.””>> The unexpected observation
of the hot band peak was due to resonant excitation from the
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Figure 7. Schematic energy level diagram for autodetachment from the DBS vibrational levels of 9PT™ to the related neutral final states,

corresponding to the nine resonant PE spectra shown in Figure 4.

barely populated vibrational hot band of 9PT™ to a specific
vibrational level of the DBS, followed by autodetachment to
the vibrational ground state of the neutral, ie., a resonantly
enhanced hot band transition. In Figure 4a, the resonant
excitation is from the 66," hot band (subscript a is used here to
denote the vibrational level of the 9PT™ anion) to the 43'!
level of the DBS. This observation yields a frequency of 75
cm™! for the v¢ mode of the 9PT™ anion. A weak resonantly
enhanced hot band f at 2.4216 eV is also observed in Figure
4b, due to resonant excitation from 65,' of 9PT™ to the 60"
level of the DBS, yielding a frequency of 95 cm™ for the v
mode of the 9PT™ anion.

Figure 4c corresponds to excitation to the combinational
level 64'145"%, which is one of the weakest resonances observed
in Figure 2 (peak 3). Since the computed frequency of either
Ves' (140 cm™) or 145" (242 cm™) is large enough to detach
the dipole-bound electron, the enhanced 0—O transition is
actually due to the coupling of both vibrational quanta to the
dipole-bound electron, in violation of the Av = —1 propensity
rule and consistent with the weak nature of this resonance in
the photodetachment spectrum (Figure 2). The violation of
the Av = —1 propensity rule is also observed in Figure 4e—i.
Figure 4d corresponds to excitation at the strongest resonance
(peak 4 in Figure 2) to an overlapping vibrational level of 43"!/
66''44"". The excitation to the 43’' DBS vibrational level
resulted in the enhancement of the 0—0 transition, whereas the
enhancement of the 66' final vibrational peak was due to
excitation to the 66'44’! combinational level, because the sum
of the computed vg and v, frequencies (396 cm™) is almost
exactly the same as that of the v,;" mode (398 cm™). The
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other resonant photoelectron spectra in Figure 4 can be readily
understood similarly. Figure 4h shows the most complicated
resonant photoelectron spectrum due to the excitation to three
overlapping vibrational levels all involving in the three lowest
frequency bending modes (v4s', Vgs', and vg4'). A schematic
energy level diagram showing all the DBS vibrational levels and
their autodetachment to the relevant neutral levels is displayed
in Figure 7, where the EA of 9PT and the binding energy of the
DBS are also given. All the observed vibrational peaks and their
assignments from the resonant photoelectron spectra are
summarized in Table 2.

The combination of the photodetachment spectrum and the
resonant photoelectron spectra yielded rich spectroscopic
information for the 9PT radical. In addition to the two
Franck—Condon active modes (v, and v,,), we have observed
seven Franck—Condon inactive modes, including the six lowest
bending modes. Table 4 summarizes all the observed
vibrational frequencies for the nine vibrational modes of
9PT, in comparison with the calculated values. The displace-
ment vectors for the nine observed normal modes of vibration
for 9PT are shown in Figure S2.

5. CONCLUSION

We report a photodetachment spectroscopy and high-
resolution resonant photoelectron imaging study of cryogeni-
cally cooled 9-phenanthrolate anions. The electron affinity of
the 9-phenanthroxy radical is measured to be 19 627 + 3 cm™
(24334 + 0.0004 eV). The photodetachment spectrum
revealed a dipole-bound excited state 257 cm™' below the
detachment threshold of 9PT™. Resonant two-photon photo-
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Table 4. Measured Vibrational Frequencies for the 9PT
Radical in This Work, Compared with the Theoretical
Values at the DFT/B3LYP/6-311++(d,p) Level of Theory

vibrational theoretical frequency  experimental frequency
mode symmetry (cm™ cm™!)?
Vgs A" 68 67
Vgs A" 93 99
Vgy A" 140 134
Vs A’ 226 223
Ver A" 283 277
Vo A" 443 440
Vi A 242 239
Vaa A 328 325
Vi A 398 390

“The experimental uncertainty is estimated to be +3 cm™".

electron imaging showed that the DBS is of 7 symmetry, which
was shown to be stabilized by the anisotropic polarizability of
the 9PT radical similar to that observed in the more symmetric
9-anthrolate anion. The unique 7-DBS is suggested to be
populated from the initially excited o-type DBS via non-
adiabatic coupling mediated by molecular rotations. Nine
above-threshold vibrational resonances (vibrational Feshbach
resonances) were also observed for the DBS of 9PT™ in the
photodetachment spectrum. Highly non-Franck—Condon
resonant photoelectron spectra were obtained by tuning the
detachment photon energies to the vibrational Feshbach
resonances. The combination of the photodetachment
spectrum and resonant photoelectron spectra yielded vibra-
tional frequencies for nine vibrational modes of the 9-
phenanthroxy radical, including the six lowest frequency
bending modes.
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