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Abstract

We present the slow electron velocity map imaging spectroscopy of cryogenically cooled phenoxide,
1-naphthoxide and 2-naphthoxide anions. The results allow us to examine the ground state and the
lowest energy excited state in the corresponding neutral radicals. Care was taken to minimize
autodetachment signals in the photoelectron spectra, allowing for more straightforward comparisons
with Franck-Condon analyses. The ground states of these three aromatic oxide radicals all have the
unpaired electron residing in an 7 orbital delocalized throughout the molecule. The electron affinity of
1-naphthoxy is measured to be 2.290(2) eV, while that of 2-naphthoxy is measured to be 2.404(2) eV,
both of which are higher than that of the smaller phenoxy molecule at 2.253(1) eV. The first excited
states have the unpaired electron residing in a more localized o orbital, yielding measured term energies
for the A state of 1.237(2) eV in 1-naphthoxy and 1.068(1) eV in 2-naphthoxy, while that of phenoxy is
lower at 0.952(1) eV. The calculated Franck-Condon spectra generally showed good agreement with the
experimental spectra, yielding assighments of the more active vibrations in each electronic state.
Significant autodetachment signals arising from dipole bound states near the ground states of all three
radicals were observed in our efforts to avoid them, and comparably less autodetachment signals were
observed near the excited states. Besides this type of non-Franck-Condon intensities in the
photoelectron spectra, we also observed minor features arising due to vibronic coupling in the ground

states of all three radicals.



l. Introduction

Aromatic oxide free radicals play an important role in atmospheric,* combustion,? and interstellar?
chemistry. The nominal lone pairs on the oxygen atom can readily mix with the aromatic system, giving
rise to close-lying electronic states that exhibit different extents of electron delocalization, which can in
turn influence molecular reactivity. The presence of the oxide also imparts a significant dipole moment
to the otherwise non-polar aromatic system, where the oxygen often serves in an electron-withdrawing
role. These large dipole moments can lead to interesting electronic behaviors such as the presence of
dipole-bound and resonance states.*® The simplest of these aromatic oxide radicals is phenoxy, which
has been shown to be a key intermediate in gasoline combustion and contributor to ozone and
secondary organic aerosol production.? The larger naphthoxy radicals have been shown to undergo self-
reactions to produce secondary organic aerosols, and 2-naphthoxy is also believed to play an important
role in excited state proton transfer which gives rise to dual fluorescence in 2-naphthol.” In this paper,
we present the high resolution photoelectron (PE) spectroscopy of the phenoxide, 1-naphthoxide, and
2-naphthoxide anions, allowing us to study the energetics and vibrations of the ground and first excited

states of the neutral aromatic oxide radicals.

There is a plethora of experimental and theoretical studies on the phenoxy radical. It has Cyy
symmetry in its ground X 2B; state and low-lying excited A 2B, state, and the one-photon A € X
transition is nominally symmetry forbidden. The vibrational frequencies of the phenoxy ground state
have been measured in rare-gas matrices by infrared absorption,® in solution by resonance Raman,> 1°
and in the gas phase by anion PE spectroscopy.’? The electronic transitions of phenoxy have been
studied by UV-Vis absorption in the gas phase® and in rare-gas matrices,** and rovibronic bands of the A
& X transition were detected via cavity-ringdown spectroscopy.'® The origin of the A state was first

tentatively reported at 8550 cm™ above the ground state in a PE spectroscopy study by Gunion et al.'?,

but was later refined to 7681 cm™ in the cavity ringdown study, which attributed the larger value from
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the PE spectrum to an unresolved band consisted of vi; and viz modes. Finally, the ~4 Debye dipole
moment of phenoxy is sufficiently large to support dipole bound states (DBS), in which an electron is
loosely attached to the neutral molecule by long range forces.*® Liu et al.? utilized high resolution PE
spectroscopy to investigate these DBS in phenoxy and showed that the loosely bound electron has little
effect on the structure of the neutral core, but autodetachment via DBS yielded greatly varying
intensities in the resulting PE spectrum. This allowed for observation and assignment of vibrational

modes that are absent in direct photodetachment spectrum.®

Compared to phenoxy, the larger 1-naphthoxy and 2-naphthoxy radicals, isomers differing in the
location of the oxygen atom on the naphthyl ring, have undergone fewer spectroscopic investigations.
The infrared spectrum of 2-naphthoxy was first reported by Sekine et. al.” who produced the radical
through UV photolysis in an argon matrix. Additionally, electron spin resonance spectra of both 1-
naphthoxy and 2-naphthoxy radicals were acquired by Dixon et al.?® to yield the proton coupling
constants. To the best of our knowledge, there has been no previous PE spectroscopy study on the

naphthoxy radicals.

Here, we present the PE spectra of cryogenically-cooled phenoxide, 1-naphthoxide, and 2-
naphthoxide anions, acquired using the higher-resolution slow electron velocity map imaging (SEVI)Y
approach. Utilizing a wide range of photon energies, we measured the electron affinities (EA) and the
first excited state term energies for all three radicals. Moreover, we took care to avoid PE signal related
to autodetachment processes, allowing us to assign the vibrational features with the aid of Franck-
Condon calculations. Further analyses and comparisons of the three systems shed light on how the size

of the aromatic system and position of the oxygen atom influence the electronic structures of these

radicals.

Il. Experimental and Theoretical Details



SEVI images were acquired using a homebuilt anion SEVI spectrometer described in detail
previously.'® It has been adapted with an electrospray ionization (ESI) source for the current set of
experiments. Briefly, phenoxide, 1-naphthoxide or 2-naphthoxide anions were produced via ESI of a ~1
mM phenol, 1-naphthol, or 2-naphthol in methanol solution made slightly basic with trace amounts of
KOH. The alkoxide anions were guided via ion guides through three differentially pumped stages into a
3D quadrupole ion trap held at 10 K, where they were thermalized via collisions with buffer gas
consisted of 10% D; in helium. The cooled anions were ejected from the ion trap into a Wiley-McLaren
time-of-flight mass spectrometer for mass separation. The anions of interest were selected via pulsed
re-referencing prior to entering the multiplate velocity map imaging (VMI) region, where they were
intersected with the output of a tunable 10 Hz optical parametric oscillator (OPO) laser. The resulting
photoelectrons were imaged with a pair of 40 mm microchannel plates (MCPs) coupled to a phosphor
screen, monitored by a 2048 x 2048 pixels CMOS camera. The SEVI images were acquired with the VMI
repeller set at -500 V, and 50k-100k laser shots were summed for each image. To obtain the PE
spectrum, each SEVI image was circularized,® quadrant symmetrized, inverse Abel transformed® and
radially integrated. Calibrations of radial position to electron kinetic energy (eKE) were carried out using
the %P3/, € 1S, photodetachment transition of atomic iodide. For easier comparisons of PE spectra
acquired with different photon energies, the spectra are presented as a function of electron binding
energy (eBE), which is the difference between the photon energy and the measured eKE. The reported
peak positions and uncertainties correspond to the fitted gaussian centers and half widths at half

maximum. The anisotropy of spectral features was determined by fitting the angular intensity
distribution of the most intense part of a feature to the equation 1(6) = % (1 + BP, (cos@)), with P,
being the second order Lagrange polynomial. Note that [3 values are expected to vary as a function of
eKE due to Wigner’s threshold law,?! and weak or partially resolved features are expected to yield

greater uncertainties in their fitted 3 values.



To facilitate comparisons with calculations, SEVI images were acquired at photon energies that
minimized autodetachment signals related to excitations to DBS, which all three species studied here
can support. To figure out which photon energies were suitable, we roughly mapped out the DBS
transitions by monitoring the total photoelectron yield within the SEVI image while scanning the photon
energy in 3 cmincrements (each data point was averaged for 500 laser shots). These spectra are
shown in Figure S8 in supplementary material, and noticeably, transitions to DBS appear as dramatic

enhancements in the photoelectron yield.

To aid the analyses of the experimental SEVI spectra, geometry optimization and harmonic
frequency calculations were carried out at the cam-B3LYP/aug-cc-PVTZ level using the Gaussian 0922
software package. Excited state calculations were performed using time-dependent density function
theory (TDDFT) at the same level. The calculated vibrational frequencies are scaled by 0.974,
determined by comparison to the previously reported vibrational frequencies of phenoxy.® Franck-
Condon (FC) simulations accounting for the Duschinsky rotation effect were carried out using
ezSpectrum? using the optimized geometries, vibrational displacements and scaled frequencies of the
cam-B3LYP/aug-cc-PVTZ calculations. The FC spectra are aligned to the SEVI spectra at the origin

transition for each electronic state.

Ill. Results and Assighments

a. Phenoxide anion

The closed-shell phenoxide anion has a calculated electron configuration of
...1t(b1)?m(a2)?c(b2)?n(b1)?%. Removing one of the electrons from the HOMO, shown in Figure 1, results in
the X ?B; ground state of the phenoxy radical. This & orbital has electron density well delocalized
throughout the molecule, with the oxygen 2py orbital conjugated into the aromatic ©t system. The SEVI

spectra corresponding to this transition are shown in Figure 1A; wider spectral range and additional



spectra are included in supplementary material. The nominally allowed vibrational modes in PE
spectroscopy are those that are totally symmetric, which for phenoxy would be progressions of a;

vibrations or overtone/combination modes of non-a; vibrations. The transition strengths of these

modes can be estimated using the FC
approximation, and the calculated
FC spectrum is shown in Figure 1B.

Overall, the FC spectrum shows good

agreement with the SEVI spectra,

B, . .
allowing for assignment of most of
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18172(9) em™(2.253(1) eV), in
Figure 1. (A) SEVI spectra of the phenoxide anion acquired with

photon energies of 18998 cm™ (red), 19548 cm™ (blue), 19949 cm?
(orange) and 21000 cm™ (green). Insert shows the HOMO of the
anion ground state. (B) FC simulation of the X ?B1 € X *A:
transition.

excellent agreement with previous

experiments.* 2 The calculated

value of 17556 cm™® shows an underestimation of the EA, and the open-shell neutral molecule,
exhibiting slight spin contamination (S? = 0.81), is likely the major source of errors. The most FC active
modes on the ground state involve the a: symmetry vi; vibration with in-plane benzyl CCC bending
motions, giving rise to the more intense peaks Cy, Hx and Ly, similar to what was observed by Kim et al.*?
Peaks Fy, Gy, Ix-Ky, and My are weaker features that were not observed previously by Kim et al., but show

good agreement to the FC simulation. Their assignments and peak positions are listed in Table 1, and

the observed frequencies generally agree well with previously measured values.



Peaks By, Dx, and Ex are not accounted for by the FC analysis. The weak peak By at eBE = 18340(17)

-1 -1 1
m™ (+1 m=)m the 2 . . .
¢ (+168 cm) must be the 20 Table 1. Frequencies and assignments of the phenoxy radical. All
transition because there are no values are in cm™. B values are determined using SEVI images
acquired at 19949 cm™ and 28890 cm™™.
other vibrations with frequencies Exp.  Calc. ) Previous
eBE B Assignment
Freq. Freq. Exp. Freq.
this low. The vy vibration has a b; X8, € XA
Ax  18172(9) 0 17556 -0.4 03 181732
symmetry with out-of-plane CO Bx 18340(17) 168 185 0.2 203 (by)
Cx 18688(12) 516 522 -0.4 111(a1) 5200
bending motions. While the Dx 18804(11) 633 643 01  18b(b) 6350
o Ex 18853(13) 682 707 0.1 11320}
frequency of this vibration has not X (13) o=ro
Fx  18963(9) 791 796 0 10}(a1) 7907
. . 1
been previously reported in gas or Gx 19136(22) 965 973 O 9o(a1) 977
Hx  19206(12) 1034 1044 -0.3 113 1038¢
condensed phase, the position of Ix  19320(11) 1149 1141 0 75(a1) 1167°
Jx  19478(10) 1307 1318 0 103113
peak By agrees reasonably well with Kx 19654(16) 1483 1470 0O 54(ay) 1481
he calculated f ‘ ) Lx 19724(12) 1552 1566 -0.2 113 1534¢
the calculated frequency of 185 cm My 19840(10) 1668 1663 0.1 7511}
A2 ¥ 1
! providing good support for this A8y € X
Aa  25849(11) 0 26263 0.1 03 25853¢
assignment. Peak Dy at +633 cm™is Ba  26366(7) 517 518 0 113(a)
Ch 26663(20) 814 823 0.1 103(a1)
assigned to another b, vibration, Da 26824(19) 975 990 0.3 93(a1)
En 26880(17) 1030 1036 0.2 113
vis, Which has out-of-plane CH o 27084(16) 1235 1247 0 61(aq)
. . Ga 27179(20) 1330 1323 0.1 253(by)
bending motions. The observed 1594 231(by)
olb2
Ha 27436(17) 1586 [, 03 4(a)
frequency is in excellent agreement I 27598(16) 1749 1765 O 65113
. . is @ Ref. 4
with previous measurements.* b Ref. 8
g . ) ¢Ref. 12
This 18; transition was observed in dRef. 15

a previous PE experiment,* and its presence was attributed to vibronic coupling. Similarly, we attribute
the presence of peaks Bx and Dx here to vibronic coupling due to their fairly consistent intensities in SEVI
spectra acquired at various photon energies. Peak Ex at +682 cm™ is assigned to the 113203 transition

based on the fundamental frequencies, which indicate this combination mode should occur at 684 cm™.



Moreover, there are no other vibrations with a calculated frequency near this value. Similarly, peak I
may very well be overlapped with the 11318} combination mode. Note that the intensity of peak Ex is
significantly enhanced only in the image acquired with photon energy of 19548 cm™. Hence, we suspect

that the 19548 cm™ spectrum has some DBS related intensity enhancements.

Removing one of the electrons

from the o(bz) HOMO-1, shown in
Figure 2, results in the low-lying A
2B, excited state of the phenoxy
radical. This orbital has the oxygen

2py orbital conjugating into the

benzyl ¢ system, but the electron

OO
density is mostly localized near the °
89 1
C-0 bond. The SEVI spectra 113 6o
11}
2 4]
corresponding to this transition are 104 951 1 501 13 ¥

25750 26000 26250 26500 26750 27000 27250 27500 27750 28000

shown in Figure 2A, and the ]
eBE (cm™)

calculated FC spectrum is shown in Figure 2. (A) SEVI spectra of the phenoxide anion acquired with
photon energies of 26494 cm™ (red), 27992 cm™ (blue) and 28890
Figure 2B. The overall agreement cm™ (orange). Insert shows the HOMO-1 of the anion ground state.
(B) FC simulation of the A 2B, € X A1 transition.

between calculated and

experimental spectra allows for assignment of most of the observed features, detailed in Table 1.

Peak Aa is assigned to the origin transition and it is a more dominant feature in the SEVI spectra
compared to the ground state Ay peak. Its position at eBE = 25849(11) cm™ gives a term energy of
7678(11) cm™ (0.952(1) eV) for the A 2B, state, which shows an excellent agreement with the 7681 cm™

value determined by the cavity ringdown experiment.?® The calculated value of 26263 cm™ for the A 2B,



& X 'A; transition shows an overestimation, and again, the errors are likely related to the open-shell
nature of the neutral species. Similar to the neutral ground state, modes involving the a; v1; vibration
are FC active, and the observed vi; frequency of 517 cm™ is essentially the same as that in the X ?B;
state. In addition, modes involving the a; vs vibration show significant FC activities on the A state. This
is a C-O stretching vibration, and the observed frequency at 1235 cm™ is redshifted by ~250 cm
compared to the similar C-O stretching vibration (vs) on the X state. Assignments of weaker features
based on the FC analysis yielded frequencies of 814 cm™ for vio and 975 cm™ for vg CCC bending

vibrations, both of which have similar frequencies in the X state.

The only obvious feature not captured by FC simulation is peak Ga, which is most intense in the
spectrum acquired with photon energy of 28990 cm™. Based on its frequency at eBE = 27179(20) cm*?
(+1330 cm™), we assign it to the 25(1, transition. vys is an in-plane CH bend vibration with b, symmetry
with a calculated frequency of 1323 cm™. In addition to gaining intensities via DBS, it may also gain
some of its observed intensity via similar vibronic coupling mechanism that provided intensity for the b,
modes on the X state.*2* Note that peak Ha, observed at +1586 cm™, can be alternatively assigned to
either 23} or 43 transition, with the former having a better agreement with calculated frequency. The
in-plane CC stretch v,z vibration also has a b, symmetry, and it may very well be overlapped with the FC

allowed 43 transition.
b. 1-Naphthoxide anion

The X 2A” state of neutral 1-naphthoxy has a calculated dipole moment of 4.0 Debye, on par with
phenoxy. Hence, we expect that it can also support DBS. Indeed, Figure S8 shows that
photodetachment from the 1-naphthoxide anion accesses numerous DBS, and it is not trivial finding
photon energies that would yield minimal autodetachment signals, especially at energies >19000 cm™.

While SEVI spectra showing contributions arising from the DBS are interesting on their own,*> they do
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make spectral assignment more difficult due to poor agreements with FC calculations, see Figure S4 for

an example. For a lower symmetry molecule with more vibrations than phenoxy, assignments based

solely on calculated frequencies without input from FC analyses is likely to be less reliable. Hence, in

this paper we will focus mainly on the
SEVI spectra showing minimal

contributions from autodetachment.

The 1-naphthoxide anion has a
calculated electron configuration of
..m(a")*n(a")?c(a’)*r(a”)%. Removing
one of the electrons from the HOMO,
shown in Figure 3, results in the X 2A”
ground state of the 1-naphthoxy
radical. This 7w orbital is delocalized
throughout the molecule, but most of
the electron density is on the ring

containing the oxygen atom, making

Ay X2A" « XA A

L

T T T T T T T T
09 B
30}
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31}
33] 29}
J ° 33]
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eBE (cm™)

Figure 3. (A) SEVI spectra of the 1-naphthoxide anion acquired
with photon energies of 18861 cm-1 (red), 19152 cm-1 (blue),
19374 cm (orange) and 20277 cm™ (green). Insert shows the
HOMO of the anion ground state. b) FC simulation of the X 2A” €
XA’ transition.

it closely resembling the HOMO of phenoxide. The SEVI spectra corresponding to this X 2A” € X A’

transition are shown in Figure 3A. The calculated FC spectrum in Figure 3B shows a good agreement

with the SEVI spectra, allowing us to assign the major features. Unfortunately, the density of FC modes

and their overlapping frequencies in the eBE >19250 cm™ region make assignment of the minor SEVI

features quite difficult. The calculated vibrational frequencies are included in supplementary material

for further considerations.
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Peak Ax is the most intense feature, and is assigned to the origin transition, yielding an EA of

18472(13) cm™ (2.290(2) eV) for the 1-naphthoxy radical. Based on the FC analysis, peaks B, Cx, Dy, and

Ex are assigned to the 33}, 313, 303, and 29} transitions, respectively. These are all a’ vibrations, where

Va9 and vs; have similar in-plane CCC bending
motions as the most active vi1 mode in phenoxy.
The calculated frequencies are all within 5 cm™ of
the experimental values; a summary of the peak

assignments is presented in Table 2.

Peaks Fx and Gy are absent in the FC spectrum,
which shows no activity in the 19050-19220 cm'?
region; the blue shoulder on peak Gy agrees well
with the FC predicted 31333} combination mode.
Peak Fx, at +652 cm™®, matches well with the 656
cm® calculated frequency of vi,, and therefore is
assigned to the 42} transition. This is an a”
vibration with out-of-plane CH bending motions,

and likely gains intensity via vibronic coupling

Table 2. Frequencies and assignments of the 1-
naphthoxy radical. All values are in cm™. B values
are determined using SEVI spectra acquired at
19152 cm* and 29994 cm™.

Exp. Calc. .
eBE Freq. Freq. B Assignment
X2A" € XA
Ax  18472(13) 0 17712 0 08

By 18764(9) 292 287 0.2 335(a’)
Cx 18939(13) 467 464 0 31}(a")
Dx 19008(10) 536 534 0 305(a’)
Ex  19049(9) 577 573 0 29}(a")
Fx  19124(13) 652 656 0 42%(a”)
Gx 19189(14) 717 Z;i jf%?((:’,’))
AN € XN

Aan  28452(14) 0 29050 0 08

Ba 28929(12) 477 474 0.2 315(a’)
Ca 29024(11) 572 569 0.2 295(a’)
Dn 29487(17) 1035 1043 0.2 29331}
En 29675(14) 1224 1232 0.1 184(a’)
Fa  29825(13) 1373 g;g 0 ﬁ%g;
Ga 29968(10) 1516 1527 O 113(a’)

given its consistent intensities in various SEVI spectra. Peak Gy, at +717 cm™, can be assigned to either

the a’ vys in-plane CCC bend vibration calculated at 713 cm™ or the a” v4; out-of-plane CH bend vibration

calculated at 724 cm™. Although the majority of peak Gy intensity in the 19374 cm™ spectrum is

enhanced via DBS autodetachment, just as the intensity of peak Dyx is enhanced in this image, peak Gx

does appear in spectra acquired at other photon energies, also see additional spectra in Figure S4.

Therefore, it is likely that sources other than autodetachment also contribute to the observed intensity

of peak Gx.




Removing one of the electrons from o(a’) HOMO-1, shown in Figure 4, results in the A 2A’

excited state of 1-naphthoxy. This orbital very closely resembles the c(b,) orbital in phenoxide shown in

Figure 2. The SEVI spectra = =
; P Mo AN XA A
corresponding to this A 2A’ € X A’
transition are shown in Figure 4A.
The calculated FC spectrum, shown in

Figure 4B, has excellent agreements

with the SEVI spectra, capturing all

the major observed features. L e B e S e B A

Peak Aa, at eBE = 28452(14) 149

154

1 0

311 291 180 /

cm, is assigned to the origin ° 29 ° 1
M 31231 113

transition, yielding a term energy for 28250 28500 28750 29000 29250 29500 29750 30000
eBE (cm™)

the A state of 9980(14) cm™ (1.237(2)
Figure 4. a) SEVI spectra of the 1-naphthoxide anion acquired with

eV). Peaks Ba at +477 cm™ and C, at photon energies of 29193 cm (red), 29994 cm™ (blue) and 30100
cm® (orange). Insert shows the HOMO-1 of the anion ground state.
b) FC simulation of the A 2A’ € X A’ transition.

+572 cm™ are assigned to transitions

to single quanta of vs1 and vyg vibrations, respectively. These are the same CCC bending vibrations that
are active in the X state. Peak D, is assigned to the combination mode 293313 Its experimental
position at +1035 cm™ matches well with the calculated 1043 cm™ harmonic frequency, and although
the combination mode overlaps with v,4, calculated at 1047 cm?, the FC simulation shows that the
29%,31(1, transition is more intense by a factor of four. Peak Ea, at +1224 cm’?, is assigned to a vibration
with significant FC activity, vis. This is an in-plane a’ vibration with C-O stretching motion coupled with
CH bend. Peak Fa, at +1373 cm, is assigned to both 145 and 15% transitions based on the FC results,
which indicate the vi4 transition to be approximately twice as intense as vis. These two vibrations are

calculated to only differ in frequency by 13 cm™ and are likely to be unresolved within peak Fa. Peak Ga
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is assigned to the 11} transition, which is the most intense FC feature near the experimental frequency.
This is an in-plane CC stretch and CH bend vibration. Lastly, there is a blue shoulder on peak Cs at +615
cm, which only appears in the SEVI spectrum acquired with photon energy of 29994 cm™. Therefore,
this feature is likely related to autodetachment processes, which are generally less active near the A
state, but can certainly exist. There is no fundamental vibrational frequency that matches the position

of this feature, hence we attribute it to a combination mode.
c. 2-Naphthoxide anion

The X 2A"” state of neutral 2-naphthoxy has a calculated dipole moment of 4.8 Debye, larger than
both phenoxy and 1-naphthoxy. As such, we observed autodetachment signals related to transitions via
DBS in this molecule as well, see Figures S6 and S8. Additionally, we observed another type of

autodetachment signal in 2-

XA« XA

naphthoxy, characterized by well- Ay
resolved spectral features having

the same eKE in SEVI spectra

energies. Hence, these features

acquired with different photon ,}
|
03

F
appear to have varying eBE and *
. . I I I I L
may be attributed to internal B
32} 32)
vibrational relaxation occurring in 33} 305
276 250 32)
)
the DBS prior to autodetachment ; ; 289 323 \ /
33 305\
1 = W —
. T | | B B T L
(see Figure S6 for an example). 19250 19500 19750 20000 20250 20500
eBE (cm™)

Therefore, care was taken to verify
Figure 5. a) SEVI spectra of the 2-naphthoxide anion acquired with

photon energies of 20177 cm™ (red), 20288 cm™ (blue) and 20432
cm (orange). Insert shows the HOMO of the anion ground state. b)
FC simulation of the X 2A” € X A’ transition.

the consistency of a peak’s eBE
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position in at least two separate SEVI spectra before assignments were made.

The 2-naphthoxide anion has a calculated electron configuration of ...n(a")?*n(a”)?c(a’)*n(a”)>.

Removing one of the electrons from the HOMO, shown in Figure 5, results in the X 2A” ground state of

the 2-naphthnoxy radical. This t orbital again resembles the HOMO of phenoxide, differing from 1-

naphthoxide mainly in the extent of delocalization to the adjacent benzyl ring due to difference in the

oxygen position. The SEVI spectra corresponding to this X 2A” € X 'A’ transition are shown in Figure 5A,

and the calculated FC spectrum is compared in Figure 5B.

Peak Ax is assigned to the origin transition, yielding an EA of 19388(14) cm™ (2.404(2) eV) for 2-

naphthoxy. The most intense modes excited in the X 2A” € X A’ transition involve the a’ vs, vibration,

which is an in-plane CCC bending mode with most
of the displacement localized to the oxygen
containing benzyl ring. Hence, it is much the
same vibration as the intense vi; vibration in
phenoxy. Transitions to the fundamental and
overtone of vs; give rise to peaks Ex and Ix. Peaks
Cx and Fx are relatively weak features well
reproduced by the FC calculation and are assigned
to single excitations in the a’ vs3 and vso
vibrations, respectively. Peaks Gx and Hy are
partially resolved from each other in the spectra
acquired with photon energy of 20177 cm™.
Based on the FC calculation, peak Hy is assigned to

the 27} transition and peak Gy likely consists of

Table 3. Frequencies and assignments for the 2-
naphthoxy radical. All values are in cm™. B values
are determined using SEVI spectra acquired at 20432
cmtand 29958 cm™.

Exp. Calc.

Peak eBE Freq.  Freq. B Assignment
X2A" € X 1A
Ax  19388(14) 0 18630 -0.6 08
Bx  19637(10) 248 258 0.3 463(a”)
Cx  19691(11) 303 300 0.1 335(a’)
Dx  19756(9) 368 383 03 453(a”)
Ex 19810(11) 422 426 0.4 32}(a")
Fx ~ 19900(15) 512 522 0.1 303(a")
G« 20109(10) 721 ;ig 32;?;%
Hx  20131(10) 743 758 275(a’)
Ix 20235(6) 846 852 -0.1 32%(a’)
Jx  20332(10) 943 24212 3235’;32%
AN & XA
An  28005(8) 0 28388 0 08
Bn  28413(10) 408 413 0.1 325(a’)
Ca 28455(9) 450 456 0 31}(a")
Da  29189(25) 1183 Eg? 0.1 ig%i:;
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two transitions, 28% and 32%331, with the latter combination mode having almost six times stronger FC

activity. Finally, peak J can be assigned to either 25} or 30(1)32(1) transition.

Peaks Bx and Dy are notably absent in the FC simulation. Peak By, at +248 cm™, is assigned to the a”
vae Vibration based on the agreement with the calculated frequency at 258 cm™. This is an out-of-plane
ring deformation vibration with some out-of-plane CO bending motion. The fairly consistent intensity of
peak Bx in the three spectra shown in Figure 5A indicates that va6 likely gains intensity via vibronic
coupling without significant mediation by DBS. Peak Dy, at +368 cm™, is assigned to the a”’ vss vibration
based on the calculated frequency of 383 cm™. This is also an out-of-plane ring deformation vibration.
The v4s vibration likely gains some of its intensity via vibronic coupling as it consistently shows up in all

the SEVI spectra, although it appears to also pick up intensity via autodetachment processes as indicated

= = by the 20288 cm spectrum. Given
Ad AN« XA A
the presence of these two non-FC

modes, some of the minor features in

the spectra may be combination

modes involving these and FC allowed

vibrations.
||||||||B .
o2 Removing one of the electrons
20} from o(a’) HOMO-1, shown in Figure
1 ~
323313 \190 6, results in the A ?A’ excited state of

27750 28000 28250 28500 28750 29000 29250 29500 29750 2-naphthoxy. The distribution of
eBE (cm™)

. ) ) ) ) electron density in this orbital is very
Figure 6. a) SEVI spectra of the 2-naphthoxide anion acquired with

photon energies of 28288 cm™® (red), 28796 cm™ (blue) and 29958
cm® (orange). Insert shows the HOMO-1 of the anion ground
state. b) FC simulation of the A 2A’ € X 1A’ transition.

similar to the o(b;) orbital in

phenoxide. The SEVI spectra
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corresponding to this A 2A’ € X A’ transition are shown in Figure 6A, and the calculated FC spectrum is
shown in Figure 6B. Both the experimental and calculated spectra show relatively low intensities in the
vibrational modes, yielding a dominant origin transition. Hence, peak Aa, assigned to the origin
transition with a position of eBE = 28005(8) cm'?, gives a term energy of 8617(14) cm™ (1.068(2) eV) for
the A state. There are only three resolved vibrational features in the SEVI spectra, peaks Ba, Ca, and Da.
Peaks Ba and Cx are assigned to single excitation in the a’ vs; and vs; vibrations, respectively. Both
vibrations have in-plane CO and CCC bending displacements. Peak Da likely contains two unresolved
transitions, 193 and 203. Both a’ vibrations involve in-plane CO stretching coupled with CH bending

motions and are calculated to differ by only 29 cm™.
IV. Discussion

The molecular orbitals involved in our photodetachment studies of phenoxy, 1-naphthoxy and 2-
naphthoxy show very similar electron distributions. Hence, the spectroscopic results of these three
molecules share many similarities. The HOMO of the anions are 7 orbitals that have electron density
well delocalized throughout the molecule. 1-naphthoxy and 2-naphthoxy, with larger & systems, have
slightly larger EA (18472 cm™ and 19388 cm?) than phenoxy (18172 cm™). However, while 1-naphthoxy
shows a stabilization of 300 cm™ in accommodating the excess electron, 2-naphthoxy shows a much
greater stabilization of 1216 cm™ relative to phenoxy. The term energies for the A state are similarly
larger for the molecules with a larger « system, but the exact trend between the three molecules differ
than the X state. Namely, the X->A energy is largest in 1-naphthoxy at 9980 cm, followed by 2-
naphthoxy at 8617 cm™ and phenoxy at 7678 cm™. In the calculated results, the EA for all three
molecules are calculated 600-800 cm™ too low, while the eBE of the A state are calculated 380-600 cm™
too high. These errors are within typical DFT uncertainty,® but nonetheless seem to indicate systematic

errors when calculating the electronic state involving singly-occupied 7 orbital vs. one involving singly-
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occupied o orbital. However, these errors appear to be relatively minor, and the optimized geometries
and vibrational frequencies yielded FC spectra that generally show very good agreements with

experimental SEVI spectra.

When accessing the X state of the neutral radicals, an electron is ejected from the HOMO of the
anion. In phenoxy, this 7 orbital has two parallel nodes perpendicular to the C-O bond, one along the
CO bond itself and another in the middle of the benzyl ring. In 1-naphthoxy and 2-naphthoxy, the
difference in the position of the extra benzyl ring relative to the C-O bond give rise to two different
extension of electron density into the additional benzyl ring. Upon photodetachment to the neutral
ground state, phenoxy shows dominant activity in vi1, which is an a; mode with in-plane CCC bending
motion that stretches the benzyl ring along the axis of the C-O bond. The associated geometry change
shows two CCC angles expanding from 113.9° and 117.5° in the anion to 117.2° and 120.8° in the neutral
radical. We note that these bond angles are in good agreement with previous calculations at the
B3LYP/aug-cc-pVTZ level.?® 2-naphthoxy shows dominant activity in essentially the same vibration, vs,,
with similar geometry changes (see supplementary material for details). 1-naphthoxy, on the other
hand, does not have a single dominant active vibration. Rather, four vibrations show significant activity,
where two of these, vs; and va5, have CCC bending motions that are similar to vi1 in phenoxy. In addition
to the changes in CCC angles, there is also a slight contraction in the CO bond length in all three
molecules, from 1.256-1.263 A in the anion to 1.232-1.244 A in the neutral radical. This change is not
surprising given that an electron is removed from an m orbital that has slight C-O antibonding
characteristic, but it is not large enough to impart significant intensity to the CO stretch vibration in the

SEVI spectrum.

In accessing the A state of the neutral radicals, an electron is ejected from the HOMO-1 of the anion,

which is an ¢ orbital involving the nominal 2p lone pair orbital on the oxygen atom that is perpendicular

18



to the benzyl  system. This ¢ molecular orbital is very similar in all three molecules. In phenoxy, the A
state shows changes in the CCC angles as well as a significant lengthening of C-O bond from 1.263 A in
the anion to 1.321 A in the neutral. These geometry changes result in FC activity in the a; symmetry vi;
and vg vibrations. The stronger vg vibration is predominantly a C-O stretching vibration. Similarly, the FC
active modes in 1-naphthoxy are the CCC bending vibrations vs; and v29 as well as CO stretch vibration
vis. In 2-naphthoxy, there is a noticeable decrease in the overall FC vibrational activity in the A state
compared to the other two molecules, but the dominate vibrations are still the CCC bending vs; and vs;

and CO stretching vio vibrations.

In addition to the FC allowed modes, we also observed minor activity in the non-totally symmetric
vibrations that appear to gain intensity via vibronic coupling. These are out-of-plane vibrations v and
vig (b1 symmetry) in the X state and vas (b, symmetry) in the A state of phenoxy, va; (a” symmetry) in the
X state of 1-naphthoxy, and vss and vss (a” symmetry) in the X state of 2-naphthoxy. The X state
vibronically coupled modes of phenoxy, 1-naphthoxy and 2-naphthoxy appear with consistent intensities
in multiple spectra. Moreover, those in phenoxy and 2-naphthoxy have a somewhat distinct anisotropy
compared to nearby FC allowed modes. In contrast, vibronically coupled modes are less apparent in the
A state spectra, where they are absent in 1-naphthoxy and 2-naphthoxy, and in phenoxy,
autodetachment processes may account for most of the observed intensity of the nominally forbidden

transition.

Finally, the large dipole moments present in all three molecules give rise to significant
autodetachment signals from excitations to the DBS, particularly in their X state spectral regions. The
SEVI spectra of the A states also show evidence of autodetachment signals, albeit they are less
pervasive. It is interesting to note that 2-naphthoxy, with the largest dipole moment, appears to have
comparably longer-lived DBS that maybe undergoing vibrational relaxation prior to autodetachment. In

the 2-naphthoxy SEVI spectra, such delayed autodetachment signals are distinguishable from prompt
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detachment by their constant eKE in images acquired with different photon energies. Similar features

2730 and the dynamics of these prompt and delayed

have been observed previously in other systems,
autodetachment processes are interesting on their own and may warrant additional detailed analyses of

these spectra in the future.

V. Conclusion

SEVI spectroscopic study of the phenoxy, 1-naphthoxy and 2-naphthoxy radicals via their respective
anions offer a close look at the ground and low-lying excited states of these aromatic oxide molecules.
The EA and A state term energies of phenoxy observed in our experiment are in excellent agreement
with previous studies. The EA and A state term energy of 1-naphthoxy and 2-naphthoxy are reported for
the first time. Vibrational activities in the X and A state of 2-naphthoxy upon photodetachment from
the anion ground state share greater similarities with phenoxy than 1-naphthoxy, which is likely related
to the different positioning of the oxygen relative to the benzyl group. Overall, the three radicals share
many similarities, including pervasive presence of DBS near the radical ground state, and the presence

of vibronically coupled modes in the X € X transition.

Supplementary Material

See supplementary material for calculated geometries and vibrational frequencies, as well as additional

SEVI spectra, images and energy dependent total photoelectron yields.
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