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ABSTRACT 

High-resolution anion photoelectron spectra of cryogenically cooled NO3ˉ anions obtained using 

slow photoelectron velocity-map imaging are presented and provide new insight into the vibronic 

structure of the corresponding neutral radical. A combination of improved spectral resolution, 

measurement of energy-dependent intensity effects, temperature control, and comparison to theory 

allows for full assignment of the vibronic features observed in this spectrum. We obtain a refined 

electron affinity of 3.9289(14) eV for NO3. Further, the appearance of Franck-Condon forbidden 

transitions from vibrationally cold anions to neutral states with excitation along the NO3 v4 mode 

confirms that these features arise from vibronic coupling with the  2 'B E excited state of NO3 and 

are not hot bands as has been suggested. Together, the suite of experimental and simulated results 

provides clear evidence that the v3 fundamental of NO3 resides near 1050 cm−1, addressing a long-

standing controversy surrounding this vibrational assignment. 
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The nitrate radical (NO3) was one of the first free radicals to be observed spectroscopically1 

and is one of the most important radicals in atmospheric chemistry. This species serves as the 

primary oxidizer in the nighttime troposphere, when photolysis by sunlight ceases and its 

concentration builds up.2 Under these conditions, NO3 reacts to form HNO3, N2O5, and organic 

nitrates that are subsequently incorporated into aerosols, providing the largest source of uncertainty 

of the concentration of NOx, O3 and OH in atmospheric models.3-5 This interesting chemistry has 

motivated numerous experiments utilizing FTIR,6-15 dispersed fluorescence (DF),16-18 diode laser 

spectroscopy,19,20 matrix isolation spectroscopy,21,22 cavity ringdown spectroscopy,23,24 and anion 

photoelectron spectroscopy,25 as well as several theoretical studies,26-33 to characterize the 

electronic and vibrational structure of NO3. Despite this extensive body of work, the nitrate radical 

still presents a significant challenge to both theory and experiment. In this Letter, we address 

questions recently posed in the literature about the vibronic structure of the  2
2'X A  ground state 

of NO3 using high resolution photoelectron spectroscopy of cryogenically cooled NO3ˉ and 

accompanying theory. 

Figure 1. Electronic levels (a) and vibrational 
modes (b) in NO3ˉ and NO3. 



4 
 

The spectroscopy of NO3 is complicated by the existence of two excited electronic states (



2 "A E  and  2 'B E ) that lie roughly 1 and 2 eV, respectively, above the ground  2
2'X A  state, as 

shown in Figure 1a. These three states exhibit a wealth of vibronic mixing that results from both 

Jahn-Teller (JT) and pseudo-Jahn-Teller (pJT) couplings.24,25,27 The potential energy surface for 

the ground state is known to be quite flat by virtue of a strong  

2 2
2' / 'X A B E  pseudo-Jahn-Teller 

interaction, with both theory and experiment predicting symmetric (D3h) and asymmetric (C2v) 

structures at various times.31-36 While the D3h stationary point has not been unambiguously 

demonstrated to be a minimum or a (second-order) saddle point between equivalent C2v structures, 

it is clear that the vibrationally averaged ground state structure has D3h symmetry.27 

Strong vibronic mixing between the ground  2
2'X A  state with the  2 'B E  excited state was 

first suggested by Weaver et al,25 whose photoelectron spectrum of NO3¯ is presented in Figure 

2a. Peak a, located ~360 cm-1 above the 0
00  vibrational origin, was assigned to the Franck-Condon 

(FC) forbidden 1
04  transition involving the v4 degenerate bend of the neutral, which becomes 

allowed through pJT coupling. More recent theoretical work has shown that a relatively simple 

vibronic model accounts qualitatively for this behavior as well as a number of other spectroscopic 

properties of NO3, such as the  X B−  absorption spectrum and the DF spectrum in which the 

ground state is accessed from the lowest vibronic level of the  2 'B E  state.27 This vibronic model 

also questioned the prior assignment of the strongest infrared absorption of NO3 (~1492 cm-1) to 

the v3 degenerate stretch,20 ascribing it instead to a combination level; the true v3 position was 

calculated to be nearly 500 cm-1 lower. Subsequent and more quantitative work predicted that v3 

and the totally symmetric stretch (v1) fundamentals reside close together (within 10 cm-1), and that 

the former is the main contributor of intensity to the peak found ~1050 cm-1 above the origin, b, in 
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the NO3ˉ photoelectron spectrum (Figure 2a). This implies that peak b may comprise both the FC-

allowed 1
01  and FC-forbidden 1

03  transitions contradicting the original assignment to the 1
01  

transition by Weaver et al.26 The reassignment of the v3 frequency has led to a number of studies 

of the vibronic levels and spectra of NO3.6-8,10,11,14,21-23,37,38 Particularly noteworthy is a recent 

paper by Hirota39 that questions the very existence of strong  

2 2
2' / 'X A B E  vibronic coupling, 

referencing work by Yamada and Ross40 that claims peak a in Figure 2a was mis-assigned by 

Weaver et al. and instead corresponds to the FC-allowed 3
14  hot band.  

The present study aims to address both of these critiques of the Weaver spectral 

assignments by using slow photoelectron velocity-map imaging of cryogenically-cooled anions 

(cryo-SEVI)41 to revisit the photodetachment spectrum of NO3ˉ. Compared to the experiments of 

Weaver et al., cryo-SEVI offers considerably higher resolution, the removal of hot bands via 

cryogenic cooling of anions, and facile evaluation of the electron kinetic energy (eKE) dependence 

of peak intensities and photoelectron angular distributions (PADs). The latter two attributes shed 

light on the nature of the electronic states accessed by photodetachment, demonstrating that the v4 

and v3 fundamentals in the  2
2'X A  state of NO3 gain intensity through vibronic coupling to the 



2 'B E  state. We confirm the initial assignment set forth by Weaver for a as the v4 fundamental, 

and find that b is indeed dominated by the proximate 1
03  band. Excellent agreement between our 
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experimental spectra and high-level calculations affirms these assignments.  

  The cryo-SEVI spectrum of the  

2 1
2 1' 'X A X A←  photodetachment transition of NO3ˉ is 

presented in Figure 2b, where a low-resolution overview spectrum is displayed atop high-

resolution composite spectra taken at several photon energies. In addition, the cryo-SEVI results 

are compared to a simulated photoelectron stick spectrum, constructed using a 3-state Köppel-

Domcke-Cederbaum (KDC) vibronic Hamiltonian for NO3.42 Electron binding energies (eBEs) 

Figure 2. Photoelectron spectra of the of the 
 transition of NO3ˉ as 

reported in Ref 25 (a) and this work using cryo-
SEVI (b). In (b), a low-resolution spectrum (grey, 
hν = 35137 cm-1) sits above both high-resolution 
scans (black, variable photon energy) and a 
simulated photoelectron stick spectrum. Red sticks 
represent FC-allowed transitions and blue sticks 
represent transitions that gain intensity through 
pJT-coupling.  
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relative to the neutral electron affinity (EA) are given in Table 1 for all labelled transitions, 

alongside the KDC-predicted values and peak assignments. Details of the cryo-SEVI and 

theoretical methods are provided in Sections S1 and S2, respectively, of the Supporting 

Information (SI). A complete listing of the eigenvalues of the KDC Hamiltonian and the 

experimentally determined parameters with a comparison to literature values are presented in 

Tables S1 and S2, respectively, of the SI. 

Table 1. Positions, shifts relative to the EA extracted from peak G (31689(11) cm-1), assignments, 

and corresponding KDC eigenvalues for detachment transitions in the cryo-SEVI spectrum of 

NO3ˉ presented in Figure 2b. Uncertainties in peak positions correspond to one standard deviation 

obtained from a Gaussian fit to the corresponding feature in the high-resolution scan.    

Peak eBE (cm-1) eBE-EA (cm-1) Assignment KDC 
A 31707(25) - 0

00  - 

B 32045(8) 356 1
04  369 (e’) 

C 32459(14) 770 2
04  777 (e’) 

D 32733(12) 1044 1
03  1069 (e’) 

E 32871(14) 1182 3
04  1152 (e’) 

F 33102(14) 1413 1 1
0 01 4  1424 (e’) 

G 33181(11) 1492 1 1
0 03 4  1494 (e’) 

H 33256(12) 1567 4
04  1579 (e’) 

I 33609(12) 1920 1 2
0 03 4  1931 (e’) 

J 33837(11) 2148 2
03  2157 (e’) 

 

There are several notable differences between the Weaver and cryo-SEVI spectra. First, 

the improvement in resolution provides a more precise EA for neutral NO3. This is best obtained 

by fixing the shift from the origin for the narrowest feature in our spectrum, peak G, to the 

corresponding value from IR measurements, 1492 cm-1, and subtracting the vibrational frequency 
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from this peak position in eBE. This procedure yields an EA of 3.9289(14) eV, an order of 

magnitude more precise than the value of 3.937(14) eV determined by Weaver et al. Another 

notable difference is the absence of the 1
14  feature in the cryo-SEVI spectrum. The absence of this 

hot band suggests negligible population of vibrationally excited anions, as is typical for cryo-SEVI 

experiments, where ions usually have internal temperatures on the order of 10 K.41,43 Given the 

disappearance of the 1
14  hot band, but not the disputed 1

04  feature (B), in the cryo-SEVI spectrum, 

we can confidently reject the reassignment of the latter as the 3
14  hot band.39 Peak B (b in Figure 

2a) is indeed the originally-assigned FC-forbidden 1
04  transition, which gains its activity through 

vibronic coupling to the  2 'B E excited state, in agreement with our simulated photoelectron 

spectrum.  

Based on the assignment of peak B, we assign C and E to the 2
04  and 3

04  transitions. The 

position of the 3
04  transition (Table 1) is consistent with previous infrared measurements in neon 

matrices22 and in the gas phase.7 In these works, the value of 1173 cm-1 for the e’ sublevel of 3v4 

has been confirmed by both isotopic and rotational analyses, respectively, leaving no dispute about 

this assignment to the 1l = ±  vibrational angular momentum sublevels of the NO3 v4 = 3 state. 

FC-forbidden features such as B acquire non-zero intensity through pJT-coupling to an 

excited electronic state with appropriate symmetry.44 Within the (crude) Born-Oppenheimer 

approximation, the v4 = 1 level of the  2
2'X A state and v4 = 0 level of the  2 'B E  state can be written 

as 2 '
0 4 21a v A= =  and 2 '

0 4 0b v E= = , respectively; the transition from the anion ground 

state 1 '
10 0v A= =  to 0a  is FC-forbidden because the ν4 mode is not totally symmetric, 



9 
 

whereas photodetachment to 0b  is FC-allowed. However, states 0a  and 0b  each have overall 

E’ vibronic symmetry and can thus mix by pJT-coupling, leading to two new states 

1 0 1 0a ba c a c b= +  and 2 0 2 0a bb c a c b= + , each of which is an admixture of the two zero-

order vibronic levels. By this vibronic coupling mechanism, the 1
04  transition acquires intensity 

and can be observed. A similar mechanism applies to the 3
04  transition (E). 

The role of vibronic coupling can also be seen in the dependence of peak intensities and 

photoelectron angular distributions on the eKE. The spectra in Figure 2 show that the relative 

intensity of the vibrational origin (A) is much higher in the Weaver spectrum than in any of the 

cryo-SEVI spectra, a consequence of the lower photon energies used in the current work. This 

intensity dependence is explored in greater detail in Figure 3a, in which three cryo-SEVI spectra 

taken at different photon energies and normalized to the intensity of peak B are shown. The 

integrated intensities of peaks A, B, and D (normalized to peak B) are plotted as a function of eKE 

for all experimental spectra in Figure 3b. These data show that at lower eKE, the intensity of peak 

A drops off much more than that of B and D (a and b in the Weaver spectrum). Hence, the near 

threshold detachment cross section of the FC-allowed peak A is very different from B, which is 

allowed only through pJT coupling. The similar intensity dependence of B and D suggests that 

vibronic coupling is also responsible for a substantial portion of the intensity of D, as discussed in 

more detail below. 
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The PADs were also determined at multiple photon energies. The functional form of a PAD 

is given by45  

2[1 (cos )],
4

totd P
d

σσ β θ
π

= +
Ω

 (1) 

Figure 3. (a) Cryo-SEVI spectra of NO3ˉ at 
several photon energies illustrating the differing 
signal attenuation for features A, B, and D as eKE 
decreases. The intensity of each scan has been 
normalized to the  feature. Photon energies 
used are 35137 (black), 33898 (red), and 32801 
cm-1 (blue). (b) Integrated intensities of features A, 
B, and D, normalized to B in each scan, for all 
cryo-SEVI data. 
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where totσ  is the total detachment cross section, P2(x) is the second-order Legendre polynomial, 

θ  is the angle of the outgoing photoelectron with respect to the laser polarization axis, and β  is 

the anisotropy parameter, which ranges from -1 (perpendicular detachment) to +2 (parallel 

detachment). Figure 4 shows β  for peaks A, B, and D as a function of photon energy. Clearly, not 

only the intensity but also the PAD of A exhibits a markedly different energy dependence that 

those of B and D. 

The pJT-coupling mechanism is reflected in the striking differences in the eKE-dependent 

intensities and PADs of A and B. We first consider Figure 3, which shows that as the eKE is 

lowered, the intensity of the FC-allowed peak (A) is suppressed relative to the vibronically-

allowed peak (B). This effect arises because photodetachment cross sections at low eKE are 

governed by the Wigner threshold law,46 

 1/2(eKE) ,lσ +∝  (2) 

Figure 4. Measured anisotropy parameter, , of 
the features A, B, and D extracted from spectra 
obtained at multiple photon energies. 
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where σ  is the detachment cross section and l  is the angular momentum of the detached electron. 

Thus, at low eKEs, the lowest-l detachment channels dominate. For detachment to the  2
2'X A  state 

of NO3, selection rules for molecular photodetachment prohibit detachment of l = 0 electrons, and 

p-wave detachment dominates. Hence, the cross section for a FC-allowed transition to the  2
2'X A  

state, such as the 0
00  transition, drops precipitously as the eKE is lowered.  

In contrast, the 1
04  transition terminates in a neutral level with some contribution from the 

2B E′  electronic state, detachment to which can proceed via l = 0 (s-wave) detachment. The less 

severe near-threshold attenuation of s-wave detachment then yields the observed enhancement in 

relative intensity of the 1
04  vs. the 0

00  transition as eKE is lowered. This situation, in which FC-

allowed transitions are suppressed at low eKE relative to pJT-active features, was seen in the cryo-

SEVI spectrum of the indenyl anion,47 though the effect is much more pronounced here because 

the total cross section for detachment to the  2
2'X A state is relatively low, as discussed previously.25 

Hence, a small amount of vibronic mixing with the 2B E′  state markedly affects the intensity of a 

pJT-active transition.  

These effects also govern the eKE-dependent PADs in Figure 4. Differing PADs in a single 

photodetachment band are a clear signature of vibronic coupling effects.48,49 As the PAD reflects 

the angular momentum of the detached electron,50 the partial wave components that play a role in 

Eq. (2) are intimately connected to the PADs of different detachment transitions, and differences 

in threshold behavior tend to occur together with different PADs.49,51 This is true in NO3, where 

the PAD for A is consistent with p-wave detachment, while B displays the expected trend for a 
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transition comprising of s- and d-wave detachment. The disparity in the PADs of A and B, coupled 

with their threshold behavior, unequivocally shows that B gains its intensity through pJT-coupling. 

We now consider peak D.  Its relative intensity remains high even at eKEs below 100 

cm-1, and its anisotropy parameter β  becomes increasingly negative as the photon energy 

increases, showing similar behavior to peak B. These two trends suggest that D gains much of its 

intensity through the same pJT-coupling mechanism as B, and is not solely the FC-allowed 1
01  

transition assigned previously. Only two states of e’ symmetry, the appropriate symmetry to pJT-

couple to the  2 'B E state, plausibly reside near this feature, namely 3v4 and the v3 fundamental.  

As E has been assigned to the 3
04  transition both here and via IR spectroscopy, D is then 

dominated by the 1
03  transition.27  

The identification of the pJT-coupled 1
03  transition in our spectrum provides the first 

published experimental evidence confirming the theoretical prediction that v3 lies well below 1492 

cm-1, and the predicted frequency (1069 cm-1)26 is in reasonable agreement with our experimental 

value of 1044(16) cm-1. The 1
01  transition cannot be observed directly as it attenuates too rapidly 

near threshold, where cryo-SEVI could otherwise achieve sufficient resolution47 to observe the 

splitting between the v1 and v3 fundamentals.  

Our findings address recently posed questions regarding the photoelectron spectrum of 

NO3ˉ, refute the reassignment of B as the 3
14  hot band, and provide the first experimental 

confirmation that the v3 fundamental resides several hundred cm-1 below the 1492 cm-1 band to 

which it has been assigned and within 10 cm-1 of the v1 fundamental. Together, these results inform 

an understanding of vibronic coupling in the  2
2'X A  ground state of NO3 that should lessen the 
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controversy surrounding both the vibrational level structure of this radical and the extent that 

vibronic coupling manifests in the ground electronic state. 
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