
Previous Work on NO (A2Σ+)+CH4 
a) NO (X2P)+CH4 is a Jahn-Teller distorted 

system with the NO preferentially oriented 
perpendicular to the intermolecular bond 
and undergoing large-amplitude vibrational 
motions. 4,5

b) Photodissociation of NO (X2P)+CH4 
produces NO (A2Σ+) in a broad distribution 
of rotational states which span the entire 
energetically accessible range. 6

(Left) Shows the relative 
energies of the D1 and D2 
states of NO+H2O as a 
function of one of the OH bond 
lengths of water at a fixed 
intermolecular distance of 
RNO=1.787 Å. 2

v Nonreactive quenching 
causes production of 
H2O with a significant 
amount of energy in its 
O-H stretch

v Reactive quenching 
produces new species: 
HONO and H
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v We used Equation-of-Motion Electron Attachment Coupled Clusters Singles and 
Doubles (EOM-EA-CCSD) in the Q-Chem 5.0 software package.

v The EOM-EA-CCSD approach allows us to use a closed-shell reference to 
describe our open-shell system and describe states with valence, Rydberg, and 
charge-transfer character on an equal footing.9

v NO+CH4:
v Geometry optimizations: EOM-EA-CCSD/aug-cc-pVTZ
v Electronic energies: we used a three-point extrapolation to the complete basis 

set limit using AVNZ basis sets, where AVNZ is d-aug-pVNZ for N and O and 
aug-cc-pVNZ for C and H

v NO+CO2:
v Geometry optimizations: EOM-EA-CCSD/aug-cc-pVDZ for θNOC  plots and 

EOM-EA-CCSD/aug-cc-pVTZ for the RNO pathway to the D2-D1 conical 
intersection

v Single-points used EOM-EA-CCSD/AVQZ, where AVQZ has d-aug-cc-pVQZ 
for NO and aug-cc-pVQZ for CO2
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(Right) The D0-D5 states as function of the 
intermolecular distance, RNC, for the ON-H3CH 
complex. There is no pathway for electronic 
quenching at low-collision energies for 
NO (A2S+)+CH4 in the ON-H3CH conformation. 

v There are multiple downhill 
pathways to the D2-D1 conical 
intersection

v This explains the large electronic 
quenching cross section for this 
system.

v There are significant distortions to 
the geometry of CO2 observed at 
the approximate D2-D1 conical 
intersection.

v This is consistent with the 
experimental observation that  NO 
(A2Σ+)+CO2 electronic quenching 
releases a large fraction of the 
available energy into the vibrational 
degrees of freedom of CO2. 

(Left) The Löwdin population 
analysis of the total spin densities 
and partial charges of NO and CO2 
as a function of θNOC at RNO=2.5 Å 
along with representative SOMOs 
for the D2 state.
a) When CO2 becomes bent, spin 

density becomes localized on 
CO2 and both molecules 
develop significant partial 
charges.

b) The SOMOs further 
demonstrate that charge 
transfer occurs from NO to 
CO2.

c) This is known as the harpoon 
mechanism.
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300 K
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(Left) The D2 energies of different molecular 
conformations of the NO (A2S+)+CH4 system. The 
molecular geometries remained in the C3v point group 
throughout the attractive region of the PES and only 
distorted to lower symmetry in the repulsive region. 
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Previous Work on      
NO (A2Σ+)+CO2 
Electronic Quenching 
a) Hancock and co-

workers used infrared 
emission 
spectroscopy to show 
that 62% of the 
available energy 
partitions into the 
vibrational degrees of 
freedom of CO2. 7

b) 80% of the electronic 
quenching results in 
the formation of     
NO (X2P) with 𝜈!"# = 0 
or 𝜈!"# = 1.

c) Experiments have 
observed reactive 
electronic quenching 
products CO and NO2 

7

NO (A2Σ+)+CO2 Results 

v NO (X2P)+CH4 exists in a Cs conformation
v After D0 à D2 electronic excitation, vibrational 

relaxation will impart a torque on the NO as the 
complex reorients from Cs to C3v

v This reorientation is consistent with a wide range of 
rotational states being present in NO (A2Σ+) but not in 
CH4 upon photodissociation. 6

Proposed Explanation for Reactive Quenching Products: 
v NO (A2Σ+)+CO2 undergoes nonreactive quenching producing vibrationally hot 

CO2 and NO primarily in vibrational ground state
𝑁𝑂 𝐴2𝛴$ + 𝐶𝑂% → 𝑁𝑂 𝑋2𝛱 + 𝐶𝑂% 𝜈&'! > 0

v Vibrationally hot CO2 subsequently reacts with NO and produces NO2 and CO

v θNOC is the angle made by the N of NO and the C-O 
bond facing towards NO.

v Conformations at longer intermolecular distances are 
all nearly planar. 

v The energy increases as θNOC decreases, showing that 
the complex prefers a linear orientation at larger RNO.

v Intermolecular attractions between the two molecules 
increase as RNO decreases.

v There is a general increase in energy as θNOC 

decreases until a barrier is reached. 
v After the barrier, the energy sharply decreases as 

CO2 adopts a bent geometry. 
v As RNO decreases, so does the barrier until it 

disappears for RNO£2.5 Å. 
v The CO2 bent conformations have strong 

intermolecular attractions.

NO 𝑋2Π + CO% 𝜈("! > 0 → NO% + CO	  

v If 42.96% of available energy is partitioned into CO2 vibrational modes, then the 
highlighted equation becomes exothermic

v Experiments show that at least 62% of available energy from electronic 
quenching goes into CO2 vibrational modes
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(Above) Potential energy surfaces (PESs) for both NO (A2Σ+)+CO and           
NO (A2Σ+)+H2O. 1,2

v Shows the relative energies of the D1 (NO (X2P)+M) and D2 (NO (A2Σ+)+M) 
states as a function of the intermolecular distance. 

v The D2 state of NO+CO is less energetically attractive than NO+H2O.
v Stronger intermolecular interactions allow H2O to more effectively quench  

NO (A2Σ+) than CO.
v Additionally, the D2 PES of NO+H2O funnels a wide range of initial geometries 

into one shape, further increasing the electronic quenching.
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