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ABSTRACT

We report a photodetachment spectroscopy and high-resolution resonant photoelectron imaging study of cryogenically cooled 2-naphthoxide
anions (C1oH707). The photodetachment spectrum revealed a dipole-bound state (DBS) 202(4) cm ™! below the detachment threshold and
38 resonances corresponding to the vibrational levels of the DBS. By tuning the detachment laser to these above-threshold resonances, we
obtained 38 resonantly enhanced photoelectron spectra, which were highly non-Franck-Condon as a result of mode-selective vibrational
autodetachment from the DBS. The resonances were assigned by comparing the resonant and non-resonant photoelectron spectra, assisted by
the computed vibrational frequencies. Specifically, vibrational features with low Franck-Condon factors or from Franck-Condon-forbidden
vibrational modes were significantly enhanced in the resonant photoelectron spectra, resulting in much richer spectroscopic information. The
electron affinity of the 2-naphthoxy radical was measured accurately to be 19 387(4) cm™! or 2.4037(5) eV. In addition, a total of 17 vibra-
tional frequencies were obtained for the 2-naphthoxy radical. In particular, seven Franck-Condon-forbidden out-of-plane bending modes,
including the two lowest frequency modes (v4s at 102 cm ™! and v47 at 171 cm_l), were observed, demonstrating the advantages of combin-
ing photodetachment spectroscopy and resonant photoelectron spectroscopy in obtaining vibrational information for polar radical species
via DBS.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011234

I. INTRODUCTION

The 2-naphthol molecule is one of the smallest polycyclic aro-
matic hydrocarbon (PAH) alcohols, and it has been studied widely
in chemistry. ” It is a critical starting material for the syntheses
of many important industrial chemicals, such as the Sudan dyes.
The 2-naphthol molecule is a model system for photoexcited pro-
ton transfers because its acidity can change drastically in the excited
states.”” The 2-naphthoxy radical is important in environmental
chemistry because it can be produced in the combustion of fos-
sil fuels or oxidation of PAHs.”” The 2-naphthoxy radical and
2-naphthol are also relevant in astrochemistry, and they have been
observed to be formed upon ultraviolet photolysis of PAH-ice mix-
tures, which are present in meteorites and the interstellar medium
(ISM)."”"" Since PAHs are ubiquitous in different astronomical
environments, * 2-naphthol and the 2-naphthoxy radical could also

be present in the ISM. Their ultimate detection in the ISM would
require careful laboratory spectroscopic characterization. However,
there have been relatively few spectroscopic investigations of the
2-naphthoxy radical.

The ultraviolet-visible absorption spectrum of the 2-naphthoxy
radical was first reported in the condensed phase upon photolysis
of a 2-naphthol solution."” Its infrared and electronic spectra have
also been measured in a low-temperature argon matrix, " as well
as its electron spin resonance spectrum in solution.'” Anion pho-
toelectron spectroscopy (PES) of 2-naphthoxide has been reported
recently by Kregel and Garand (KG) using photoelectron (PE) imag-
ing,'* where both the ground state and first electronic excited state
of the 2-naphthoxy radical were observed. The electron affinity (EA)
of 2-naphthoxy was measured to be 2.404(2) eV or 19 390(16) cm ™
by KG. In a recent study, photodetachment and photoreac-
tions of the 2-naphthoxide anion were studied by Bieske and
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co-workers using tandem ion mobility spectrometry, where pho-
todetachment was detected indirectly via the formation of SF¢~, i.e.,
using SFs as an electron scavenger.' In the KG study, five Franck-
Condon-active fundamental vibrational modes were observed for
the neutral ground state of the 2-naphthoxy radical, as well as two
Franck-Condon-forbidden modes observed due to vibronic cou-
pling.'® The 2-naphthoxy radical possesses a large dipole moment
(~4.9 D), which is expected to have a dipole-bound state (DBS)
below the detachment threshold of the anion.'”** KG observed
autodetachment signals attributed to the DBS, and in fact, they took
a photodetachment spectrum of 2-naphthoxide in order to avoid
the DBS resonances in their PE imaging study. In addition to an
electronic excited state of 2-naphthoxide, Bieske and co-workers
also observed weak transitions, which were attributed to the DBS
in their photodetachment spectrum.'” A below-threshold peak at
19180(10) cm™ was suggested to be the likely lowest-lying DBS
level.

We have developed a high-resolution PE imaging apparatus
in combination with cryogenic cooling of anions from an elec-
trospray ionization (ESI) source.”” We have observed DBSs as
electronically excited states of valence-bound anions below their
detachment thresholds for a number of anions with polar molec-
ular cores™*® and have been trying to develop resonant PES via
DBS.” " Because the dipole-bound electron has very little effect
on the neutral core structure, the vibrational frequencies observed
in photodetachment spectroscopy via the DBS are the same as
the neutral frequencies observed in PES within our experimen-
tal uncertainties. It has been demonstrated that photodetachment
spectroscopy and resonant-PES via DBS can yield much richer
vibrational information for neutral dipolar radicals rivaling infrared
spectroscopy.”

In the current article, we report a combined photodetach-
ment spectroscopy and resonant-PES study of the 2-naphthoxide
anion. The EA of the 2-naphthoxy radical is measured more accu-
rately to be 19387(4) cm™'. A DBS is observed to be 202(4)
cm™! below the detachment threshold or 19185(5) cm™! above
the ground state of the 2-naphthoxide anion. Photodetachment
spectroscopy was carried out by scanning the laser wavelength
across the detachment threshold from 525.60 nm to 480.70 nm,
revealing 38 resonances above the threshold, corresponding to the
vibrational levels of the DBS. Thirty-eight high-resolution reso-
nant PE images and spectra were obtained by tuning the detach-
ment laser to these DBS resonances. The photodetachment spec-
trum and the resonant PE spectra are combined to yield a total
of 17 fundamental vibrational modes for the 2-naphthoxy radical,
including seven Franck-Condon-forbidden out-of-plane bending
modes.

Il. EXPERIMENTAL METHODS

The experiment was carried out using our third-generation
ESI-PES apparatus,” equipped with an electrospray ion source,"’
a cryogenically cooled 3D Paul trap,”’ and a high-resolution pho-
toelectron imaging system."” The sample was prepared by dissolv-
ing 2-naphthol in a MeOH/H,O (9/1 volume ratio) mixed solvent
with a concentration of around 1 mM, followed by adding a small
amount of NaOH to increase the pH to ~10 for deprotonation.

ARTICLE scitation.org/journalljcp

Anions from the ESI source were directed into the cryogenically
cooled ion trap operated at 4.6 K. After being accumulated for 0.1 s
and cooled via collision with a He/H, (4/1 volume ratio) buffer
gas,"" the cold anions were pulsed out at a 10 Hz repetition rate
into a time-of-flight mass spectrometer. The desired 2-naphthoxide
anion was selected by using a mass gate and photodetached in
the interaction zone of the velocity map imaging (VMI) system by
using a tunable nanosecond dye laser. Photoelectrons were focused
onto a set of microchannel plates coupled with a phosphor screen.
Photoelectron images were captured with a charge-coupled-device
camera.

Both the pBasex and Basex programs were used for the data
analyses to obtain the inverted images and construct the PE spec-
tra."”" Both programs give similar results, but pBasex yields better
inverted images, while Basex is more convenient to construct the PE
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FIG. 1. Non-resonant photoelectron images and spectra of 2-naphthoxide at four
detachment wavelengths. The spectra are dominated by one vibrational progres-
sion due to the most Franck-Condon-active mode (v3;). The inset of (a) shows the
line width of the 0-0 transition near threshold. The double arrow below the image
indicates the laser polarization.
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spectra. The kinetic energies (KEs) of the photoelectrons were cali-
brated using the known spectra of Au™ at different photon energies.
The kinetic energy resolution was 3.8 cm™" with 55 cm™ KE and

was about 1.5% (AKE/KE) for KE above 1 eV.”**

The harmonic frequencies and dipole moment of the
2-naphthoxy radical were calculated at the B3LYP/aug-cc-pVTZ

level of theory using the Gaussian 09 package.”

ARTICLE
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A. Non-resonant photoelectron spectra

of 2-naphthoxide
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Figure 1 shows the non-resonant PE images and spectra of
2-naphthoxide at four wavelengths. The angular distributions of the
images displayed s+d characters, consistent with the nature of the

TABLE I. Summary of the observed peaks from both the non-resonant and resonant photoelectron spectra of 2-naphthoxide. The binding energies, shifts relative to the 0-0

transition, and assignments are given.

Reference 16

Theo. Frequency

Observed peaks ~ Binding energy (eV)"  Binding energy (ecm™ Y Shift (cm™!) Assignment (cm™h) (em™ )’
0,° 2.4034(6) 19385(5) 0 \

a 2.4160(6) 19 486(5) 102 48! 103
b 2.4246(6) 19556(5) 171 47" 171
c 2.4287(7) 19 589(6) 204 48° 206

d 2.4345(8) 19636(6) 251 46" 248 254

e 2.4408(8) 19686(6) 302 33! 303 296

a 2.4497(8) 19758(6) 373 45! 368 378

b 2.4562(8) 19811(6) 426 32! 422 422

f 2.4585(9) 19829(7) 444 44! 449

g 2.4610(8) 19 849(6) 465 31! 462

h 2.4658(8) 19 888(6) 503 46° 508
C 2.4670(9) 19 898(7) 513 30 512 517
i 2.4712(8) 19932(6) 554 33'46' 550

j 2.4771(7) 19979(6) 594 3247 593

k 2.4790(9) 19994(7) 610 29! 616

1 2.4835(8) 20031(6) 646 42! 656
m 2.4865(9) 20055(7) 670 32146! 676

n 2.4885(12) 20071(9) 686 44'46! 703

o 2.4922(10) 20101(8) 716 28! 721 712
D 2.4954(7) 20 127(6) 742 27! 743 748

p 2.5010(8) 20172(6) 787 291471 782

E 2.5024(6) 20183(5) 798 321451 800

q 2.5053(10) 20207(8) 822 30'33* 813
F 2.5090(9) 20236(7) 852 322 846 844

r 2.5110(8) 20253(6) 869 32'44! 871

s 2.5128(7) 20267(6) 882 44*/31'32! 898/884
t 2.5144(8) 20280(6) 895 42'46'/30'45" 901/895
u 2.5169(8) 20300(6) 915 29'33! 907
v 2.5184(9) 20312(7) 928 27'47'132'46* 919/930
G 2.5208(9) 20332(7) 947 30'32! 943 939
w 2.5243(7) 20360(5) 975 36'! 954

X 2.5265(9) 20378(7) 993 2746 1002
% 2.5363(6) 20457(5) 1072 321421 1069
z 2.5393(9) 20481(7) 1096 32%46! 1098
a 2.5416(9) 20499(7) 1115 27'45! 1134
B 2.5453(11) 20529(9) 1145 21'/28'32'/29'30" 1142/1134/1128
H 2.5629(8) 20671(6) 1286 32} 1266

*The uncertainty of the measurement is given in the parentheses.
"Theoretical frequencies are from Table SI.
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highest occupied molecular orbital of 2-naphthoxide, which is
a delocalized m orbital.'” The two spectra at the higher photon
energies in Figs. 1(c) and 1(d) are similar to those reported by
KG recently. We also took two spectra closer to the detachment
threshold to obtain a more accurate electron affinity (EA) for the
2-naphthoxy radical. The near-threshold spectrum in Fig. 1(a) gives
the highest resolution measurement for the 0-0 transition, with a
full width at half maximum (FWHM) of 13 cm™ mainly due to
rotational broadening.”””’ This spectrum yielded an EA of 2.4033(6)
eV, compared with 2.404(2) eV reported recently by KG."” The
uncertainty was obtained from the peak width [see the inset of
Fig. 1(a)]. We will show below that our photodetachment spec-
trum yields an even more accurate EA value. The PE spectra of
2-naphthoxide are dominated by one major vibrational progres-
sion (v32), represented by peaks B, F, and H. This most Franck-
Condon-active mode involves the ring stretching motion with a
measured frequency of 426 cm™"' compared to 422 cm™! reported
by KG.'® We also did a Franck-Condon simulation, as compared
with the experimental data in Fig. S1, where the PE spectrum
is compared with the photodetachment spectrum to be discussed
below. The electron binding energies (BE), the energy shifts rela-
tive to the 0-0 transition, and the assignment of the PES features
are given in Table I, together with the much richer vibrational fea-
tures observed in the resonant photoelectron spectra to be discussed
below.

B. Photodetachment spectroscopy

The photodetachment spectrum was obtained by scanning the
detachment laser wavelength across the detachment threshold from
525.60 nm to 480.70 nm and monitoring the total electron yield. A
scan step of 0.1 nm was used to take the photodetachment spectrum
shown in Fig. 2, followed by finer scans for each observed peak with
0.01 nm/step to determine the peak positions more accurately. The
arrow indicates the position of the EA at 19 385 cm™" measured from
the non-resonant PE spectrum from Fig. 1(a). Because of the s+d
character of the outgoing electron, there is a prompt rise of detach-
ment cross section at the threshold following the Wigner threshold
law.*® On the basis of the rising edge, we were able to obtain a slightly

cor

2-naphthoxide

Electron Yield

-—»

Detachment
Threshold 1

19000

19800
Photon Energy (cm ™)

20200
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more accurate EA for 2-naphthoxy at 19 387(4) cm™! than that from
the PE spectra discussed above. The EA was evaluated by taking
the mid-point of the rising edge, and the uncertainty was estimated
from several measurements and by considering the step size of the
scan. We calculated the dipole moment of the 2-naphthoxy radi-
cal to be 4.9 D at the B3LYP/aug-cc-pVTZ level of theory, which
is significantly larger than the critical 2.5 D dipole moment for
supporting a DBS,' as already observed.'”'” We observed a weak
peak below threshold (labeled 0 in Fig. 2), which should correspond
to the ground vibrational level of the expected DBS observed due
to resonant two-photon detachment (R2PD). The inset of Fig. 2
shows the R2PD PE image, where the weak outer ring with high
photoelectron kinetic energy came from detachment from the DBS
ground vibrational level by the second photon within the same laser
pulse (~6 ns).

The position of peak 0 is measured to be 19185(5) cm
(521.25 nm) above the ground state of 2-naphthoxide, in agreement
with the recent report by Bieske and co-workers,'”” who observed
a weak below-threshold peak at 19180(10) cm™" in their photode-
tachment spectrum and attributed it to be the likely lowest-lying
DBS level. The energy separation of 202(4) cm™! between peak 0
and the detachment threshold represents the DBS binding energy of
2-naphthoxide. This binding energy of 202 cm™ is significantly
larger than the 97 cm™ DBS binding energy observed in phenox-
ide.”” The dipole moment of 2-naphthoxy (4.9 D) is only slightly
higher than that of phenoxy (4.0 D), indicating that the larger
polarizability of the naphthyl group compared to the phenyl ring
contributes substantially to the electron binding in the DBS.

Above threshold, the photodetachment spectrum reveals a high
density of resonances on top of the detachment continuum. A total
of 38 peaks (labeled from 1 to 38) were observed in a spectral range of
about 1400 cm ™. These peaks, aka vibrational Feshbach resonances,
correspond to vibrational levels of the DBS and were observed via
vibrational autodetachment through vibronic coupling. The peak
positions, shifts relative to the ground vibrational state of the DBS,
and their assignments are given in Table II. The assignments of the
peaks are done from the resonant photoelectron spectra (vide infra),
as well as by comparison with calculated vibrational frequencies for
the 2-naphthoxy radical.

-1

FIG. 2. Photodetachment spectrum of 2-naphthoxide. The
down arrow shows the detachment threshold, which is mea-
sured slightly more accurately as 19387(4) cm=" than that
from the PE spectrumin Fig. 1(a). Peak 0 below the detach-
ment threshold represents the ground vibrational level of
the DBS. The inset shows the resonant two-photon PE
image taken at the wavelength of peak 0 (521.25 nm). The
double arrow below the image shows the direction of the
laser polarization. Thirty-eight above-threshold peaks are
observed corresponding to vibrational levels of the DBS.

20600
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TABLE II. Summary of the resonances observed in the photodetachment spectrum of 2-naphthoxide in Fig. 2. The
corresponding wavelengths, photon energies, energy shifts with respect to peak 0, and assignments are given.

Wavelength Photon energy  Shift Theo. frequencies

Observed peaks (nm) (em™)* (em™) Assignment (em™H)°

0 521.25 19185(5) 0 Ground state DBS

1 514.58 19433(5) 248 46" 254

2 513.20 19 486(5) 301 33! 296

3 511.28 19559(5) 374 45"1/47'148" 378/377

4 509.87 19613(5) 428 32/ 422

5 509.55 19625(5) 440 441 449

6 508.92 19 649(5) 464 31! 462

7 507.95 19687(5) 502 46" 508

8 507.47 19706(5) 521 30"! 517

9 505.10 19798(5) 613 29'1 /44 47" 611/620

10 504.33 19828(5) 643 42! 647

11 503.62 19 856(5) 671 32'146"! 676

12 502.48 19901(5) 716 28'! 712

13 502.24 19911(5) 726 32/133/1 718

14 501.95 19922(5) 737 27! 748

15 500.48 19981(5) 796 32'145"! 800

16 499.07 20037(5) 852 322 844

17 498.68 20053(5) 868 32/144" 871

18 498.10 20076(5) 891  44'%/31''32''/42'146""  898/884/901

19 497.28 20109(5) 924 3214627 47" 930/919

20 496.77 20130(5) 945 30"132"! 936

21 496.03 20160(5) 975 36"! 954

22 494.77 20211(5) 1026 24! 1018

23 493.69 20256(5) 1071 32/142! 1069

24 492.65 20298(5) 1113 32/'44"'46'1 /27" 45" 1125/1126

25 491.93 20328(5) 1143 28'132'1/30"142"! 1140/1164

26 491.40 20350(5) 1165 27'132/1 1170

27 490.05 20406(5) 1221 32/245"! 1222

28 488.79 20459(5) 1274 3273 1266

29 488.43 20474(5) 1289 32/%44"! 1293

30 487.72 20 504(5) 1319 32/142"146"! 1323

31 487.00 20534(5) 1349 27'132/147"! 1341

32 486.50 20555(5) 1370 301322 1361

33 485.81 20 584(5) 1399 32'13¢6'! 1376

34 484.95 20621(5) 1436 29''30"'33'1/21'133"Y/ 1424/1438/
28'2/27'144" 46" 1424/1451

35 483.55 20 680(5) 1495 32/242" 1491

36 482.65 20719(5) 1534 27'129'147'1/32"346""/ 1530/1520/

27'132/145"! 1548
37 481.85 20753(5) 1568 21'1321/28"132"2 1564/1556
38 481.46 20770(5) 1585 9’1 1580

*Uncertainty is given by the number in the parentheses.

PTheoretical frequencies are from Table S1.

spectrum and the PE spectrum at 480.60 nm by aligning their cor-
responding 0-0 transitions. Furthermore, a Franck-Condon simu-
lation is also presented in the figure, which was calculated using the
B3LYP/Aug-cc-pVTZ level of theory, while the vibrational frequen-
cies were scaled by a factor of 0.975 to better fit the experimental

The dipole-bound electron is in a highly diffuse orbital and
has a negligible effect on the structure of the neutral core. To fur-
ther illustrate the similarity of the neutral core of the DBS and the
neutral radical, we compared the photodetachment spectrum and
the PE spectrum in Fig. S1, where we overlap the photodetachment
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FIG. 3. Resonant PE images and spectra of 2-naphthoxide taken at wavelengths corresponding to excitations to fundamental vibrational levels of the DBS. The wavelength
and the assignments of the DBS levels are also given. The number in the parentheses following the vibrational assignments corresponds to the peak label in Fig. 2. The
enhanced peaks, i.e., the 0-0 transition, due to the vibrational autodetachment are labeled in bold face. The double arrows below the images indicate the direction of the
laser polarization.
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results. It is shown that there is a good match between the major
Franck-Condon-active vibrational features in the two spectra, pro-
viding direct evidence that the vibrational frequencies of the DBS
observed in the photodetachment spectrum are equivalent to those
of the neutral radical within our experimental accuracy. It is impor-
tant to point out that there are many more non-Franck-Condon
vibrational transitions observed in the photodetachment spectrum
due to the resonant excitation from the anion ground state to the
DBS levels and vibronic coupling. It is these non-Franck-Condon
excitations in the photodetachment spectrum that yielded richer and
more accurate vibrational information for the 2-naphthoxy radical
via resonant PES.

C. Resonant photoelectron spectra of 2-naphthoxide

The resonant PE spectra were taken by tuning the detachment
laser wavelength to the positions of the above-threshold DBS reso-
nances observed in the detachment spectrum. The 38 resonant PE
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spectra are presented in Fig. 3 (14), Fig. 4 (8), Fig. 5 (2), and Fig. S2
(14). Comparing these resonant PE spectra to those in Fig. 1, we can
readily see that one or more vibrational peaks are enhanced in the
resonant spectra (labeled in bold face), as well as a plethora of addi-
tional peaks (a-z, a-f) that are not observed in the non-resonant
PE spectra, either because of their low Franck-Condon factors or
because they are Franck-Condon-forbidden. Figure 3 displays reso-
nant PE spectra corresponding to excitations to fundamental vibra-
tional levels of the DBS, whereas Fig. 4 shows resonant PE spec-
tra following excitation to combinational DBS levels involving two
vibrational modes. At higher photon energies, the density of vibra-
tional levels increases significantly. Hence, there can be overlapping
vibrational levels that can be excited simultaneously, producing rela-
tively complicated resonant PE spectra, as shown in Fig. 5. Figure S2
documents the remaining 14 resonant PE spectra, which are not
discussed in detail in the main text. All the observed peaks, their
binding energies, energy shifts relative to the 0-0 transition, and
their assignments are given in Table L.
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FIG. 4. Resonant PE images and spectra of 2-naphthoxide taken at wavelengths corresponding to excitations to DBS levels consisting of two vibrational modes. The
wavelengths and the assignments are also given. The number in the parentheses following the vibrational assignment corresponds to the peak label in Fig. 2. The enhanced
vibrational peaks are labeled in bold face. The double arrows below the images indicate the direction of the laser polarization.
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FIG. 5. Two resonant PE images and spectra of 2-naphthoxide taken at higher
photon energies corresponding to peak 34 (a) and peak 36 in Fig. 2. These com-
plicated spectra are due to excitations to overlapping vibrational levels of the DBS,
producing multiple enhanced peaks (labeled in bold face). The double arrows
below the images indicate the direction of the laser polarization.

IV. DISCUSSION

Two processes contribute to the resonant PE spectra: (1) the
non-resonant detachment process corresponding to the rising con-
tinuum in the photodetachment spectrum in Fig. 2 and (2) the
resonantly enhanced vibrational autodetachment from the DBS lev-
els. The non-resonant photodetachment obeys the Franck-Condon
principle, while the resonant PE spectra are highly non-Franck-
Condon. As shown previously,l("w autodetachment from vibra-
tional levels of the DBS follows the Av = —1 propensity rule under the
harmonic approximation,””*’ which means that only one vibrational
quantum can be coupled to the dipole-bound electron to induce
autodetachment. The Av = —1 propensity rule is a direct manifes-
tation of the similarity between the structures of the DBS and the
neutral and was first derived for autoionization from Rydberg states
of H,." For example, if a resonant excitation occurs to the DBS
vibrational level v,’" (the nth quantum of the v,' mode; the prime
" refers to DBS modes), autodetachment will lead to the (n — 1)th
level of the same vibrational mode in the neutral (vx"_l), which will
be enhanced in the resonant PE spectrum. For autodetachment from
a combinational vibrational level (v,""v,”™ ...) of the DBS, the final
neutral state could be either vx'”flvy'm ...or vx'”vy'm*1 ..., produc-
ing multiple enhanced vibrational peaks in the resonant PE spectra,
provided that the vibrational frequencies of v," or v,” are higher than
the DBS binding energy. In the current case, only modes v4g and
v47 have calculated frequencies less than the DBS binding energy of
204 cm™! (Table S1).

A. Resonant PE spectra: Excitations
of the fundamental vibrational levels of the DBS

Figure 3 shows the resonant PE spectra, which resulted from
excitations to fundamental vibrational levels of the DBS, leading to
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enhancement of the 0-0 transition according to the Av = —1 propen-
sity rule. In Figs. 3(a), 3(b), and 3(d)-3(g), only the 0-0 transition
was observed upon tuning the detachment laser to peaks 1, 2, 4-6,
and 8, respectively, in Fig. 2. They can be assigned to excitations to
46’1, 33", 32'1, 44"1, 31", and 30"" of the DBS, respectively, with-
out ambiguity. The measured vibrational frequencies in the pho-
todetachment spectrum are in good agreement with the computed
frequencies (Table II). The 32! transition (peak 4) is the most
intense peak in the low binding energy part of the photodetach-
ment spectrum (Fig. 2), consistent with the fact that the v3; mode
is the most Franck-Condon-active mode in the non-resonant PE
spectra (Fig. 1 and Fig. S1). The vibrational frequency for the vs,’
mode of the DBS measured from the photodetachment spectrum is
428 cm™! (Table II), which is identical to the frequency of the vs;
mode (426 cm ™, Table I) measured from the non-resonant PE spec-
trum for the neutral 2-naphthoxy radical within our experimental
uncertainties. The current v3, frequency agrees with that reported
by KG (422 cm™)."¢

In Figs. 3(i)-3(n), the enhancement of the 0-0 transition could
be observed more directly by comparing with the non-resonant
PE spectra in Fig. 1 because one or more Franck-Condon-active
modes appeared in the resonant PE spectra. For example, the rel-
ative intensity of the 0-0 transition in all these spectra is significantly
higher than peak B (32'), compared to that in Fig. 1. This obser-
vation suggests that all these resonant PE spectra correspond to
excitation to a fundamental vibrational level of the DBS, following
a Av = —1 autodetachment. The assignments of the DBS levels are
given in Fig. 3, and the measured frequencies for the correspond-
ing vibrational modes are in good agreement with the calculated
frequencies (Table II). Among the six modes, only mode vy; has
any Franck-Condon activity in the non-resonant PE spectra, yield-
ing a frequency of 742 cm™" (Table 1), which is compared with the
frequency in the DBS at 737 cm™! (Table II). Two new and weak
features were observed in Fig. 3(i) (peak ¢) and Fig. 3(j) (peak d),
which are assigned to 487 and 46" (Table 1), respectively, according
to their binding energies. However, these new peaks do not cor-
respond to excitations to any combinational vibrational levels of
the DBS involving these modes. Similar weak features have been
observed previously and were attributed to intramolecular inelas-
tic rescattering,”’ where the autodetached outgoing electron excites
low-frequency modes of the neutral core.

Figure 3(h) shows a very strong new peak b. Its binding energy
indicates that it corresponds to mode v47 (Table I), but it is unlikely
due to the inelastic rescattering mechanism mentioned above, which
usually yields very weak features. It turns out that the combinational
vibrational level 44"'47'" is nearly degenerate with 29'" (Table I1),
and both could be excited simultaneously. The excitation of 29'!
yielded the enhanced 0-0 transition, whereas that of 44"*47"" gave
rise to the new peak b via coupling of one quantum of 44’" to the
dipole-bound electron. Overlapping vibrational levels become more
common at higher excitation energies, as will be discussed below.

Figure 3(c) corresponds to excitation to the 45"* DBS level with
a measured vibrational frequency of 374 cm™ for the v45' mode
(Table II). The v45 mode is also observed in the non-resonant PE
spectrum (Table I) due to vibronic coupling'® because it is an out-
of-plane mode and is symmetry-forbidden. Two more features in
Fig. 3(c) are surprising. One is the near-threshold strong cutoff
(peak b), corresponding to mode v4; with a vibrational frequency of
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171 cm™}, as observed in Fig. 3(h) (Table I). The second surprising
feature in Fig. 3(c) is the observation of a weak peak a, which cor-
responds to mode v4s, the lowest frequency mode of 2-naphthoxy
(103 cm™!, Table S1). Peak a yields an experimental frequency of
102 cm™! for this bending mode (Table I), in excellent agreement
with the computed value. These extra features suggest the excitation
of a combinational level of 47'*48'%, which is nearly degenerate with
45", Coupling of two quanta of v4s’ (48*) with the dipole-bound
electron would yield peak b, whereas coupling of 47"'48’" with the
DBS electron would give rise to peak a. Note that one quantum of
neither v47 nor vy is sufficient to induce autodetachment. These
Av = -2 autodetachment processes can happen due to anharmonic-
ity"” and have been observed previously, usually for low-frequency

bending modes, which tend to have large anharmonicity.” """

B. Resonant PE spectra: Excitations to combinational
vibrational levels (vx''v,'") of the DBS

For excitations to combinational vibrational levels (vx'lvy'l) of
the DBS, either vibrational quantum can couple to the dipole-bound
electron to induce autodetachment (except v47 and vyg in the cur-
rent case), resulting in the enhancement of either the vi! or vy1
final vibrational state in the resonant PE spectra. In particular, if
the vx and vy, modes are not Franck-Condon active, they can be
“lit up” in the resonant PE spectra, greatly expanding the spectro-
scopic content of PES. Figure 4 displays eight resonant PE spectra,
all involving excitation to a combinational level of two modes. Since
the v3; mode is the most Franck-Condon-active (Fig. 1), a majority
of the combinational levels involve this mode (32'1vy”), resulting
in the enhancement of the v, vibrational level in the resonant PE
spectra. Figure S2 presents more resonant PE spectra involving exci-
tations to combinational levels, some of which are quite complicated
involving three modes or overtones.

Figures 4(a)-4(c), 4(f), and 4(h) are due to excitation to com-
binational levels 32''46"", 32"'33"", 32/144"", 32"'42"!, and 32"'36"",
respectively. The 46! (peak d), 33! (peake), 44! (peak f), 42! (peak]),
and 36" (peak w) transitions appeared prominently in the resulting
resonant PE spectra. Only 46' and 33" were observed in the non-
resonant PE spectra as weak features (Fig. 1); the appearance of the
va6 bending mode was due to vibronic coupling.'® Figures 4(d), 4(e),
and 4(g) display enhancement of multiple peaks, which were not
observed in the non-resonant PE spectra, as a result of excitation
to overlapping vibrational levels of the DBS, as already discussed in
a couple of cases in Fig. 3. For example, the spectrum in Fig. 4(d)
was taken at the wavelength of peak 18 in Fig. 2, corresponding
to an excitation energy of 891 cm™' above the ground vibrational
level of the DBS (Table II). Three vibrational levels with differ-
ent combinational modes have almost the same excitation energies,
31"32"" (892 cm™'), 44”> (888 cm™'), and 42"'46"" (891 ecm™").
These nearly degenerate levels were excited simultaneously, result-
ing in the complicated resonant PE spectrum in Fig. 4(d) with five
enhanced final vibrational levels: 46, 32!, 44', 31', and 42". Simi-
larly, in Fig. 4(e), the final vibrational states 47! (peak b), 46% (peak
h), and 32'46' (peak m) are shown to be enhanced due to excitation
of the nearly degenerate 27''47'" and 32'46'* vibrational levels of
the DBS. Since the frequency of vy is less than the DBS binding
energy as mentioned above, only the enhanced 47" final vibrational
level is observed as a result of excitation to the 27''47’" DBS level.
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The resonant PE spectrum in Fig. 4(g) can be understood similarly
as a result of excitation of the overlapping DBS vibrational levels of
30"'42"" and 28"'32"".

The resonant PE spectra shown in Fig. 4 revealed six final vibra-
tional states of the 2-naphthoxy radical, 47", 44, 42', 36', 31", 28",
which were not observed in the non-resonant PE spectra. Some of
these final states also appeared in other resonant PE spectra shown in
Fig. S2. Several of these vibrational modes also appeared in the pho-
todetachment spectrum (Fig. 2). The measured vibrational frequen-
cies of these modes from the resonant PE spectra are given in Table I,
in comparison with the calculated frequencies. The assignments of
the corresponding DBS levels are given in Table II.

C. Resonant PE spectra: Excitations to multiple
overlapping DBS vibrational levels

As the excitation energy increases, the vibrational density of
states in the DBS increases dramatically. Thus, level congestion or
accidental degeneracy of vibrational levels occurs more frequently
because of the different possible combinational levels. Fortunately,
not all levels have sufficient excitation cross sections to be observed.
Those that have been observed tended to involve combinational lev-
els of Franck-Condon-active modes. We have already seen acciden-
tal vibrational level degeneracy in Figs. 3 and 4. More are shown
in Fig. S2. Figure 5 displays the two most complicated resonant
PE spectra observed in this study, each involving multiple nearly
degenerate combinational vibrational levels of the DBS. The assign-
ments of these DBS vibrational levels can be tricky, but they can
be done with reasonable confidence using the enhanced vibrational
peaks in the resonant PE spectra by applying the Av = —1 propensity
rule and the observed vibrational frequencies in other spectra or the
computed vibrational frequencies as a guide.

Figure 5(a) exhibits seven new or enhanced peaks labeled e, #,
0, g, u, x, and f with the following energy shifts relative to the 0-
0 transition: 302 cm™', 686 cm ™, 716 cm ™', 822 cm™', 915 cm ™!,
993 cm™, and 1145 cm™, as shown in Table I. These rich vibrational
final states must imply excitation to overlapping DBS vibrational lev-
els of different combinational modes. The resonant PE spectrum was
taken at 484.95 nm (peak 34 in Fig. 2), which is 1436 cm™ above
the DBS ground state (Table IT). Hints about which combinational
modes were excited could be glimpsed from the enhanced vibra-
tional peaks in Fig. 5(a). Due to the obvious enhancement of the
vibrational peak 33" (peak e), the other component for the combina-
tional DBS level should be 1134 cm™! (1436-302 cm ™), which could
be assigned to peak f3 within our experimental accuracy. The calcu-
lated frequency for the v,; mode is 1142 cm™! (Table S1). Hence,
the DBS combinational level responsible for peaks e and  could be
readily deduced to be 21''33"". The enhancement of the 28" final
state (peak 0) (716 cm™") could be easily assigned to excitation of
the 28’2 overtone. Note that the fundamental DBS level 28'' cor-
responds to peak 12 in Fig. 2, giving rise to the resonant PE spec-
trum discussed in Fig. 3(j). The assignments of peaks #, g, u, x were
slightly less straightforward. The combinational level 29"'30"'33"!
(1433 cm™!) would lead to the enhancement of 30'33! (831 cm™!,
peak g), 29'33" (912 cm™, peak u), and 29'30" (1131 cm™, peak )
within our experimental accuracy. Hence, peak 8 could have con-
tributions from both 29'30' and 21' mentioned above. Similarly,
the combinational level 27'144’146"" (1425 cm™) would result in
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the enhancement of 27'46! (985 cm™!, peak x), 44'46' (688 cm™?,
peak n), and 27'44' (1177 cm™). The 27'44! final state was not
observed in Fig. 5(a) because it is close to the high binding energy
cutoff, where the signal-to-noise ratio was poor.

Similarly, we deduced the three overlapping DBS vibrational
levels (1534 cm™", Table II) that produced the complicated resonant
PE spectrum in Fig. 5(b). The DBS level 32°46"" (1532 cm™) would
autodetach to 32246! (1096 cm™, peak z) and 32° (1286 cm”, peak
H). Note that peak H was barely observable in the non-resonant
PE spectrum in Fig. 1(d). The combinational level 27''29"'47"!
(1521 cm™") would autodetach to 27'47' (928 cm™, peak v) and
29'47! (787 cm”l, p), whereas the 27'29! level is not accessible.
The combinational level 27132145 (1539 cm™') would autode-
tach to 32'45! (798 cm™}, peak E), 27145} (1115 cm™}, peak «),
and 27'32'. The latter would produce a peak around 1168 cm™'
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above the 0-0 transition just beyond peak « in Fig. 5(b) but was not
observed. Hence, despite the complexity of these resonant PE spec-
tra, they could be assigned satisfactorily using the computed vibra-
tional frequencies as a guide and using the frequencies measured
from different spectra as cross checks.

D. More resonant PE spectra

Figure S2 presents 14 more resonant PE spectra and their
assignments. Most of these spectra are relatively straightforward to
assign. The obtained binding energies of the final states are given
in Table I for all the final neutral states observed from both the
resonant and non-resonant PE spectra, in comparison with the cal-
culated frequencies and the few transitions observed by KG in the
previous non-resonant PE spectra.“‘ Our data are in good agreement

DBS Neutral States DBS
(38) 9" 2729747
7 /2813211451/32'346" (36)
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(2 ‘}132’,%‘1’1%31 o 30142 (23 FIG. 6. Schematic energy level dia-
32'44' 552 (23) gram for the vibrational autodetach-
(22) 24" 441451/30133: ment from the DBS vibrational levels of
(21) 36" AT y 2-naphthoxide presented in Figs. 3-5.
27 s 3PUETIAT (19) The fundamental levels of the DBS are
28] /l given in the left column, and the com-
. 12/241291 1491 AH ]
441461/%811%11 / 7, ggnﬁju (3;27)/42 467(18) binational levels are given in the right
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” 331461 indicate the autodetachment final states.
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462 — y /7 / 3246" (11 DBS levels and the final neutral levels
a " 211 () are given in Table Il and Table |, respec-
(9) 29"/44"147" 32! tively.
45"
(8)30" 331
"
§2§ i 46!
1
4) 32 482
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(2)33" 48!
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00
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with those reported by KG within the experimental uncertainties.
However, there were two peaks in their spectra that could not be
assigned definitively. One was 721 cm™" above the 0-0 transition,
and it was assigned to either 28" or 32'33'. This peak should be due
to 28! because we did not observe 32'33! (Table I). Interestingly, we
resolved 28" (peak 12) and 32/133/! (peak 13) in our photodetach-
ment spectrum (Fig. 2) and they are separated by 10 cm™" (Table 11).
The resulting resonant PE spectra from these two DBS levels are
shown in Figs. 3(j) and 4(b). The second peak that KG could not
assign unambiguously was 943 cm™ above the 0-0 transition, and
it was assigned to either 25' or 30'32'. This peak corresponds to
our peak G at 947 cm™" above the 0-0 transition. This peak was
due to the 30'32" final state unambiguously from the current study.
We observed a resonance in the photodetachment spectrum (peak
20), which corresponds to 3032, and there was no overlapping
level from 25", as confirmed by the resonant PE spectrum given in
Fig. S2d. Thus, the previous non-resonant PE study by KG yielded
vibrational frequencies for seven vibrational modes of 2-naphthoxy:
V27, V28, V30, V32, V33, V45, and vye. The v4s and vy modes are out-
of-plane bending modes, which were observed most likely due to
vibronic couplings.'’

E. Energy level diagrams and the rich vibrational
information obtained for 2-naphthoxy

An energy level diagram is presented in Fig. 6, summarizing
the autodetachment transitions from the 24 DBS levels presented in
Figs. 3-5. A similar energy level diagram is given in Fig. S3, depict-
ing the autodetachment from the 14 DBS levels shown in Fig. S2.
The assignments of the 38 DBS resonances observed in the pho-
todetachment spectra are given in Table II, in comparison with the
calculated frequencies. Some of the resonant peaks are assigned to
multiple vibrational levels due to accidental near-degeneracy. Since
the dipole-bound electron is in a highly diffuse orbital with little
effect on the neutral core, the transitions to the DBS are expected to
obey the Franck-Condon principle similar to PES. Figure S1 com-
pares the PE spectra and the photodetachment spectrum by align-
ing the respective 0-0 transitions. Certain similarities between the
two spectra were observed indeed. However, the photodetachment
spectrum was much richer in spectral features. Many transitions
with low Franck-Condon factors were amplified in the photode-
tachment spectrum due to the resonant nature of the transitions.
In particular, at high excitation energies where the PE spectrum
exhibited weakening intensities, the photodetachment spectrum was
still quite strong. In addition to the resonant nature of the transi-
tions, strong vibronic couplings probably also play a role, in partic-
ular, for Franck-Condon-forbidden transitions involving bending
modes. Transitions to 14 fundamental vibrational levels of the DBS
were observed; the corresponding resonant PE spectra are presented
in Fig. 3.

The 38 resonant PE spectra led to the observation of 36 final
vibrational peaks of the 2-naphthoxy radicals, compared to only nine
observed in the non-resonant PE spectra (Fig. 1). Six of these peaks
contain overlapping vibrational levels, as shown in Table I, giving
rise to a total of 42 final vibrational states. Combining the vibrational
information from both the photodetachment spectrum and the res-
onant PE spectra, we obtained a total of 17 vibrational frequen-
cies for the 2-naphthoxy radical, as summarized in Table III. Most

ARTICLE scitation.org/journalljcp

TABLE IlI. The observed vibrational modes and their frequencies measured in this
work for the 2-naphthoxy radical.

Vibrational Theo. Current work  Observed Reference 16
mode (cm™Y)* (cm™h) peaksh (cm™h)
vag (A") 103 102 a

var (A7) 171 171 b

va (A") 254 251/248 d/1 248
vas (A”) 378 373/374 A/3 368
vaa (A") 449 444/440 f/5

vaz (A" 647 646/643 1/10

vas (A”) 954 975/975 w/21

vi3 (A”) 296 302/301 e/2 303
vz (A") 422 426/428 B/4 422
vs1 (A”) 462 465/464 g/6

vio (A)) 517 513/521 C/8 512
Va9 (A”) 611 610/613 k/9

vas (A”) 712 716/716 o/12 721
va7 (A)) 748 742/737 D/14 743
vas (A") 1018 1026 22

va1 (A 1142 1145 B

vo (A") 1580 1585 38

“The theoretical frequencies come from Table S1.
®Peak labels from Tables I and I1.

vibrational frequencies were observed both in the photodetachment
spectrum and the resonant PE spectra. The sources for each vibra-
tional frequency are also given in Table III, where the calculated
frequencies are given for comparison. The displacement vectors for
these 17 normal modes are shown in Fig. S4. It is interesting to see
that seven bending modes were observed, including the two lowest
frequency bending modes, v4s and vy47 with measured frequencies of
102cm ‘and 171 cm ™}, respectively. This rich vibrational informa-
tion for the 2-naphthoxy radical will be valuable to calibrate theoret-
ical methods aimed at understanding the vibrational properties of
large PAHs.

PAHs are the most abundant species in the ISM based on the
observed infrared emission spectra.'” However, no specific PAH
molecules have been identified from the astronomically observed
IR emission spectra because the C-H and C-C vibrations from
different PAHs tend to be similar and cluster together. The low-
frequency bending vibrations involving the whole PAH frameworks
are expected to be the fingerprints for individual PAHs,'” but they
are very difficult to measure experimentally and compute theoreti-
cally. The current study demonstrates that photodetachment spec-
troscopy and resonant photoelectron spectroscopy may provide an
alternative technique to obtain fingerprint vibrational information
for PAHs.

V. CONCLUSIONS

In conclusion, we report an investigation of the 2-naphthoxide
anion and 2-naphthoxy radical using both photodetachment spec-
troscopy and resonant photoelectron spectroscopy. A dipole-bound
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state was observed 202 cm™" below the detachment threshold of the
2-naphthoxide anion. The electron affinity of the 2-naphthoxy radi-
cal was measured more accurately as 19 387(4) cm ™! or 2.4037(5) eV.
Thirty-eight above-threshold resonances were observed in the pho-
todetachment spectrum, which led to 38 resonantly enhanced pho-
toelectron spectra via vibrational autodetachment. A total of 17 fun-
damental vibrational frequencies are measured for the 2-naphthoxy
radical by combining the photodetachment and resonant photo-
electron spectroscopy. Remarkably, seven bending vibrations are
observed, including the two lowest frequency modes (v4s and v47)
with measured frequencies of 102 cm™" and 171 cm ™, respectively.
The rich vibrational information would be valuable to calibrate the-
oretical methods aimed at understanding the vibrational spectra
of PAHs. This study demonstrates again that the combination of
photodetachment spectroscopy and resonant photoelectron spec-
troscopy is a powerful technique to obtain vibrational information
for dipolar neutral radical species via vibrational autodetachment
from the dipole-bound state.

SUPPLEMENTARY MATERIAL

See the supplementary material for the full set of calculated
vibrational frequencies for the 2-naphthoxy radical, comparison of
the non-resonant photoelectron spectrum with the photodetach-
ment spectrum and a Franck-Condon simulation, additional reso-
nant photoelectron spectra that are not discussed in the main text
and the related energy level diagram, and the 17 observed normal
modes of vibration.
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