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Abstract 

 The combustion processes of nitromethane, an explosive used in many combustion 

applications, are not fully captured in current state-of-the-art nitromethane kinetic schemes.  

There is a need for data on transient species to further improve understanding of nitromethane 

chemistry and dynamics.   This work aims to identify transient species present during 

nitromethane-air combustion through characterization of the spectral emission of a flame 

stabilized on an aluminum oxide wick at atmospheric pressure.  Assignments were made using a 

spectral library assembled from prior literature and through comparison with spectra taken in 

two additional air-diffusion flames, CD3NO2 and CH3OH.  Several new emitters were detected in 

excited electronic states: HNO*(A’), CN* (A2Σ), NO2*, and in ground electronic states: CH, OH, 

NH, and H2O.  The previously observed reaction species CH*(A2∆) was also observed, while 

formaldehyde and the characteristic C2*(A3Πg) Swan bands were not.     
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1. Introduction 
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Nitromethane has long been of interest to the combustion community due to its 

applicability as a fuel in automobiles and as a monopropellant [1-10].  As the simplest fuel 

containing a nitro group, it serves as an excellent model material for more complex energetic 

materials for interrogation of the mutual sensitized oxidation of hydrocarbons and nitrogen 

oxides [1-10].  For example, current understanding of RDX combustion is heavily reliant on 

nitromethane studies [1].  

Prior works highlight the need for additional data to improve understanding of 

nitromethane chemistry.  For example, the initiation step for nitromethane combustion is not 

well understood.  Historically, the initiation step for nitromethane combustion was largely 

accepted as decomposition to CH3 and NO2 with subsequent reactions involving transient 

species and intermediates [11-20].  Recently, some reaction schemes have included an 

initiation step with a branching reaction where CH3NO2 undergoes rearrangement to CH3ONO* 

with rapid decomposition to CH3O and NO [7,9, 11, 21-22].  In addition, validation studies 

compared predictions from the most recent proposed mechanisms (Brequigny et al 2015 [4] 

and Mathieu et al 2016 [7]) to experiment and found deviations with shock tube ignition, flame 

structure, laminar burning velocity, and flame height measurements [5-10].   

Improved understanding of nitromethane chemistry in deflagrations requires (1) 

increased characterization of the chemical flame structure and (2) identification, 

characterization and improved understanding of the relevance of excited state species in the 

reaction kinetics (as existing mechanisms generally only include ground state species).  Emission 

spectroscopy measurements are able to address both needs by identifying species present at 



Authors’ preprint of:  
S.L. Sheehe and S.I. Jackson.  “Identification of species from visible and near-infrared spectral emission of a nitromethane-air 
diffusion flame.”  Journal of Molecular Spectroscopy, Vol. 364, pp. 1111 85, 2019.   
https://doi.org/10.1016/j.jms.2019.111185   
 

 3 

various flame locations from analysis of their spectral emissions.  These emitters are highly 

dependent on local compositions and can therefore be used to identify local ground state 

species and associated pathways [23-32].  

Emission spectroscopy in the ultra violet-visible (UV-VIS) region (200-450 nm) has been 

successfully applied to various nitromethane flame geometries.  In these studies, the flame was 

observed to have an inner flame core attributed to self-sustained combustion and an outer 

shell supported by air [12, 15-16]. At lower pressure, 10 kPa, nitromethane-air and 

nitromethane-oxygen flames exhibited an orange broadband continuous broadband emission 

in the inner zone and the following emitters in the outer shell:  C2*(A3Πg), CH*(A2∆), CN*(B2Σ), 

OH*(A2Σ+), NH*(A3Π), and NO*(A2Σ) [20].  All of these species were also observed in 

nitromethane pool fire flames at both atmospheric and higher pressures, except for the 

C2*(A3Πg) Swan bands and CH*(A2∆) [14-15].  Formaldehyde emission has been observed in 

shock tube studies, but was not detected in any of these flames [33-34].  

In this work, we characterized nitromethane flame emission in the visible and near-

infrared (VIS-NIR) regime (400 – 975 nm) and associated the observed spectral emitters with 

specific molecules using prior work and theory.  A low-resolution broad-spectrum spectrometer 

was chosen for these initial studies to enable single shot capture of a broad number of emitting 

species.  The laminar diffusion flame was stabilized on a cylindrical aluminum oxide wick.  The 

stable flame allowed time-averaged measurements at a well-defined spatial resolution and 

emission spectra were taken as a function of flame height and radial position.  This data was 

used to identify transient emitting species in the nitromethane flame by comparison with 
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literature and with spectra taken in two additional diffusion flames using the same flame 

configuration, perdeutero nitromethane (CD3NO2) and methanol (CH3OH).   

2. Experimental Method 

The experimental assembly consisted of a liquid candle enclosed in a flame cell with 

optical fiber access as shown in the schematic of Fig. 1.  The liquid candle was composed of a 

wick held in a brass holder and partially submerged in a test tube containing the fuel (Fig. 1).  

The wick was a cylindrical piece of fibrous aluminum oxide with a 6.0 mm ± 0.5 mm diameter 

machined from a Buster-M35 ceramic insulation board (Zircar Zirconia, New York).  This fibrous 

aluminum oxide had a capillary network consisting of pressed micro-fibers that act to pull fuel 

from the test tube via surface tension.  The wick was mounted in the top of the test tube by a 

brass ring with a set screw.  The bottom of the wick was submerged into the 35-cm3 test tube 

containing the fuel.  Three fuels were studied: (i) nitromethane, (Acros Organic, 99+% for 

analysis), (ii) perdeutero-nitromethane, (CD3NO2, Aldrich, 99% atom D), and (iii) methanol 

(CH3OH, Fisher Chemical, Acetone free, Absolute).  The oxidizer-diluent mixture was 

atmospheric air at ambient pressure, which is approximately at 0.766 atm (77.6 kPa) at the test 

facility location.   

a) 
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Fig. 1. a) Schematic of experiment and b) framing camera image of experiment 

The flame was located in a flame cell enclosure to ensure a laminar and steady burn.  

The enclosure integrated plexiglass sidewalls with a porous top and bottom.  The bottom was 

fabricated from a perforated steel sheet and backed by a sintered metal filter.  The top was a 

perforated aluminum tray filled with glass beads.  The sidewalls contained feedthrough ports 

for optical access.  To further ensure a steady flame, the test tube was refilled and the wick 

surface cleaned after every three minutes of use, which was the typical acquisition time for a 

single averaged spectrum.  Cleaning the wick prevented the accumulation of soot, which could 

block portions of the capillary channels and result in flow instabilities.   This accumulation was 

difficult to see with the naked eye and it only takes a few small soot particles in a capillary to 

cause instabilities.  Note that smoke was not visibly observed for both the nitromethane and 

Spectrometer 
Thorlabs, CCS200 

197 -1015 nm 

Z 

X 

Y 

Perforated 
aluminum tray 
filled with glass 

beads 

Computer 

3D
 tr

an
sla

tio
n 

st
ag

e 

Fuel reservoir (test-tube) 

wick 

bracket 

Brass shim 
Ocean Optics Fiber 

Optic Patch Cord, 450 
micron core 

Plexiglass shroud 
Honeycomb optical table 

FIBER 
OPTIC 
HOLDER 

3D
 T

RA
N

SL
AT

IO
N

 S
TA

GE
 

WICK 

b) 



Authors’ preprint of:  
S.L. Sheehe and S.I. Jackson.  “Identification of species from visible and near-infrared spectral emission of a nitromethane-air 
diffusion flame.”  Journal of Molecular Spectroscopy, Vol. 364, pp. 1111 85, 2019.   
https://doi.org/10.1016/j.jms.2019.111185   
 

 6 

perdeutero-nitromethane flames.  It is expected that contributions from incandescent emission 

of soot will either be negligible or not observed. 

Figure 2 shows two perspectives of the nitromethane flame, which measured 

approximately 12 mm in diameter and 8 mm in height. The flame appeared semi-transparent 

(Fib. 2b) and orange-yellow to the naked eye (Fig. 1b). The flame was lifted and slightly 

wrapped around the wick (Fig. 2a).  Optical flame transparency is further discussed in [35].   

 
Fig. 2. Two views of the nitromethane-air diffusion flame stabilized on the wick: a) metal ruler 

in background and b) white ruler in background 
 

Flame emission was measured with a fixed optical fiber that was located 11.9 ± 0.5 mm 

from the wick centerline (z-axis in Fig. 1).  The flame and test tube were translated vertically (z-

axis) and horizontally (x-axis) with a three-axis translation stage (Velmex Inc. New York), with 

resolution of 0.25 mm.  The optical fiber was a 1-m long Ocean Optics solarization resistant 

SMA patch cord optical fiber that was transparent from 200-1100 nm with a core of 450 ± 8 

microns and a numerical aperture of 0.2.  The fiber connected to a (Thorlabs CCS200) low-

resolution Czerny-Turner spectrometer with a 20 µm by 1.2 mm entrance slit, 600 lines/mm 

grating, and a 3648-pixel CCD line array with a FWHM spectral resolution of approximately 1.5 

nm.  Collected spectra were averaged over three minutes with individual spectrum integration 

times in the range 4 – 15 s.  Emission spectra were taken at 8 different flame heights (along the 

a) b) 
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z-axis) and various radii (along the x-axis) to yield 69 total spectra per experiment. Spectra were 

corrected for dark current and system response (wavelength and intensity).  Spectral analysis 

using the corrected spectra is discussed in section 3.   

The spectrometer was calibrated using emission from fiber coupled neon, argon, and 

zinc lamps (Avantes, AvaLight-CAL-Neon-Mini, AvaLight-CAL-Argon-Mini, AvaLight-CAL-Zinc).  

The calibration was then verified against flame emission of Na and CaOH, generated by 

sprinkling NaCl and CaCl2 (Aldrich, 99.99%)) salts onto the wick prior to ignition.  The resulting 

calibration was found to be accurate to within ± 0.4 nm of literature values [36].  Spectral 

intensity was also calibrated with two NIST-traceable lamps, a 200-W-quartz-halogen-tungsten-

filament lamp with output 3280 K (Oriel Part# 63355) and a deuterium lamp (Ocean Optics, DH-

3plus) by averaging dark and light spectra over six minute intervals.  A 10% discrepancy was 

found between the two lamp calibrations.   

3.0.  Results and Discussion 

3.1.   Centerline spectra and summary of analysis  
 

 Figure 3 shows centerline spectra of the nitromethane diffusion flame from six 

flame heights above the wick surface with spectral assignments for the most intense bands.  

These spectra show characteristic bands for CH*(Α%Δ), HNO*(Α'Α((), CN*(Α%Π), NO2*, CH, OH, 

NH, H2O, and Na* (a contaminant).  Observation of these emitters in deflagrating nitromethane 

are novel to this work.  While ground state HNO has previously been detected [1], this is the 

first measurement of HNO* emission in nitromethane flames.  These transitions of CH, OH, NH, 

and H2O have also not been previously observed in a nitromethane flame because this is the 



Authors’ preprint of:  
S.L. Sheehe and S.I. Jackson.  “Identification of species from visible and near-infrared spectral emission of a nitromethane-air 
diffusion flame.”  Journal of Molecular Spectroscopy, Vol. 364, pp. 1111 85, 2019.   
https://doi.org/10.1016/j.jms.2019.111185   
 

 8 

first study to examine emission in the VIS-NIR region.  The characteristic C2* swan bands are not 

observed.  This is consistent with observations in flames with fuels containing NO2 functional 

groups or NO2 additives with pressures at ~7.3 kPa (50 torr) and higher [15, 37-40]. 

 
Fig. 3.  Corrected emission spectra taken at various flame heights along the centerline of the 
nitromethane diffusion flame with spectral assignments. 
 

These assignments were determined through comparison of band position and shape 

with literature, theory, and experimental perdeutero-nitromethane flame emission spectra (see 

Fig. 4).  The identified bands derive from electronic transitions (denoted by *) or ground 

electronic state vibrational-rotational transitions.  The assignments and their literature 

comparisons for each identified molecule in Fig. 3 are detailed in Table 1.   
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Fig. 4.  Corrected emission spectra taken at various flame heights along the centerline of the 
perdeutero-nitromethane (CD3NO2) diffusion flame with spectral assignments. 
 

Table 1:  Assignments and features for identified emitters in nitromethane diffusion flames. 
Intensity notation, vs, s, m, w, and vw, are qualitative descriptors to indicate very strong, 

strong, medium, weak and very weak maxima 
Peak Maxima 

(this work) 
± 0.4 nm 

Intensity 
(this 

work) 

Peak positions in literature Assignment (this work) 

CH* emission 
431.4 nm s 431.4 nm [36] Q-head 

Α Δ(0)% → Χ Π% 	(0) 
Na* emission 

589.4 nm s 
s 

589.0 nm [41] 
589.6 nm [41] 

Na (I) 3p3/2 → 3s1/2 
Na (I) 3p1/2 → 3s1/2 

HNO* emission 
868.7 – 871.8 w 879.5 ± 4.6 nm [42] 

865.0 ± 8.0 nm [43] 
Α'Α(((000) → Χ'Α((010) 

Peak Maxima 
(this work) 
± 0.4 nm 

Intensity 
(this 

work) 

Peak positions in literature Assignment (this work) 

HNO* emission continued 
793 – 797.2 m 796.5 ± 7.0 nm [43] Α'Α(((100) → Χ'Α((100) 

763.3 – 766.6 vs 766.3 ± 3.5 nm [42] 
760.2 nm [44] 

762.6 ± 1.0 nm [43] 
 

Α'Α(((000) → Χ'Α((000) 
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716.3 w 716.2 nm [43] 
 

𝑅123'4	→1"3'% 
Α'Α(((000) → Χ'Α((000) 

 
710.4 – 711.3 w 707.5 nm [44] 

710.0 ± 3.0 nm [43] 
Α'Α(((001) → Χ'Α((000) 

692.8 m 693.5 ± 2.5 nm [42] 
692.5 ± 6.0 nm [43] 

 

Α'Α(((020) → Χ'Α((010) 

687.6 w 686.1 nm [44] Α'Α(((010) → Χ'Α((000) 
677.6 vw 677.3 nm [44] 

677.1 nm [43] 
𝑅1237	→1"34 
Α'Α(((010) → Χ'Α((000) 

671.7 vw 671.7 nm [44] 
671.7 nm [43] 

𝑅1238	→1"39 
Α'Α(((010) → Χ'Α((000) 

668.5 vw 668.6 nm [43] 𝑅123:	→1"38 
Α'Α(((010) → Χ'Α((000) 

 
662.9 vw 662.8 nm [43] 𝑅123;	→1"3< 

Α'Α(((010) → Χ'Α((000) 
629.6 – 633.6 vw 627.2 ± 5.0 nm [43]] Α'Α(((020) → Χ'Α((000) 

CH vibrational-rotational emission 
812.7 nm s 812.95 nm [41, 45] 

812.96 nm [41, 45] 
𝑃9→>(3) 
𝑃8→>(23) 

 
827.6 m 827.58 nm [41, 45] 

827.68 nm [41, 45] 
827.69 nm [41, 45] 

𝑄8→>(27) 
𝑅;→%(30) ‡ 
𝑅;→4(12) 

847.3 w 847.19 nm [41, 45] 
847.34 nm [41, 45] 

𝑅9→>(11) 
𝑃9→>(21) 

 
 
 

Peak Maxima 
(this work) 
± 0.4 nm 

Intensity 
(this 

work) 

Peak positions in literature Assignment (this work) 

NH vibrational-rotational emission 
828.8 m 828.79 nm [41, 45] 

828.82 nm [41, 45] 
828.83 nm[41, 45] 

𝑄:→%(11) 
𝑅:→%(15) 
𝑃;→4(17) 

836.7 m 836.73 nm [41, 45] 𝑄9→>(25) 

 
‡ Unlikely transition because the head of this vibrational transition when deuterated is still within range of the 
spectrometer at ~850 nm.  See section A.4 for more detail.   
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838.1 m 838.01 nm [41, 45] 𝑄'>→7(13) 
844.0 w 844.08 nm [41, 45] 𝑅8→'(24) 

OH vibrational-rotational emission 
835.2 nm m 834.92 nm [36, 41, 45, 46] 

835.16 nm [36, 41, 45, 46] 
835.43 nm [36, 41, 45, 46] 

𝑅8→%(3) 
𝑅8→%(5) 
𝑅8→%(6) 

 
 

842.1 nm m 841.89 nm [36, 41, 45, 46] 
841.90 nm [36, 41, 45, 46] 
841.99 nm [36, 41, 45, 46] 
842.18 nm [36, 41, 45, 46] 
842.25 nm [36, 41, 45, 46] 
842.28 nm [36, 41, 45, 46] 

𝑃9→'(11) 
𝑄9→'(15) 
𝑄9→'(2) 
𝑅8→%(10) 
𝑄8→%(15) 
𝑄'>→9(2) 

845.0 w 844.78 nm [36, 41, 45, 46] 
844.92 nm [36, 41, 45, 46] 
845.21 nm [36, 41, 45, 46] 

𝑄9→>(4) 
𝑃9→>(3) 
𝑅9→>(8) 

 
H2O vibrational-rotational emission 

Band centered at 895 
nm 

s 891.6 nm [36] Overlapping vibrational-
rotational bands (see [72] 

for list of bands) 
Band maxima from 

~928 – 980 nm 
vs 927.7 nm [36] 

933.3 nm [36] 
944.0 nm [36] 
948.5 nm [36] 
955.9 nm [36] 
961.1 nm [36] 
966.9 nm [36] 
966.9 nm [36] 

Overlapping vibrational-
rotational bands (see [72] 

for list of bands) 
 

CN* emission 
Shoulder at ~ 917 nm s 916.8 (R-branch) [36] 

918.9 (Q-branch) [36] 
R- and Q- branches 
Α%Π(1) → Χ%Σ(0) 

 
 

Peak Maxima 
(this work) 
± 0.4 nm 

Intensity 
(this 

work) 

Peak positions in literature Assignment (this work) 

NO2* emission 
Broadband emission 
from ~400 nm to NIR 

 From approximately 380 
nm to the near infrared 

(1000 nm) [47-53]  

Α%𝐵% → Χ%𝐴' 
𝐵%𝐵' → Χ%𝐴' 
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𝑎%𝐴% → Χ%𝐴' † 
 
3.2.  CH* (𝚨 𝚫𝟐 ) emission 
 

The emission spectra show a strong violet degraded peak at 431.4 nm characteristic of 

the CH* (Α Δ% − Χ Π% ) emission band (see Fig. 3) [36].  This is confirmed by a blue shift to 431.0 

nm upon deuteration (perdeutero-nitromethane flame, see Fig. 4).  The literature value for CD* 

emission is 430.8 nm [36], which is within the experimental uncertainty of the wavelength 

calibration of 431.0 nm.    

3.3.  Na* emission 

 Sodium emits a doublet at 589.0 and 589.6 nm [36, 41].  A strong line is observed at 

589.4 nm and expected to result from the convolution of the two lines due to the coarse 

spectral resolution.  The assignment was confirmed by sprinkling a small amount of NaCl onto 

the wick and observing a corresponding increase in emission intensity at 589.4 nm.   

3.4.  HNO* emission 
 

The bands in the region 650-900 nm have been attributed to HNO* emission.  As can be 

observed in Table 1 and Fig. 3, HNO* emission is complex with different vibrational bands, as 

well as different K sub-bands within the vibrational bands, of the Α'Α(( → Χ'Α( electronic 

transition [42-44, 54-57].  This complexity results from a bent molecular geometry that is 

considered a near prolate top with C2 symmetry in both the excited and ground state.  

Consequently, there are two “good” quantum numbers, J and K, that describe the angular 

 
† This is a tentative assignment because this transition is spin forbidden.  It is possible that this transition may be 
partially allowed due to vibronic interactions or intersystem crossing with the B2 or B1 states [50], but this has not 
been proven conclusively as of yet. 
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momentum (rotational energies): (i) J is the value of the total angular momentum, and (ii) K is 

the absolute value of the angular momentum projected along the symmetry axis for the limiting 

prolate top [36].  Therefore, the transitions in Table 1 have the vibrational transition (v1v2v3)’-( 

v1v2v3)’’ and, as assigned previously in the literature, also the sub-band K’-K’’ designation.  The 

three vibrational modes are the N-H stretch (v1), the N=O stretch (v2), and the bend (v3).  Note 

that the peak observed at 796 nm has been assigned to the H-N stretch (100)-(100), following 

the suggestion in [41].  In [58, 59], this band was instead assigned to the bending motion (001)-

(001), but the reasons for the assignment change were not discussed.   

Peak maxima for some HNO* bands are reported as a range in Table 1 because the peak 

maxima shift with flame height.  The literature values fall within these ranges.  For example, the 

(000)-(000) band shifts from ~ 766.2 to ~ 763.3 nm with increasing z-position, as shown in Fig. 

5.  This shift indicates changing population distribution among the K sub-bands (K’=3 to K’=1) 

and could be indicative of changing temperature [36, 42].  

 
Fig. 5.  HNO* (000)-(000) emission band for various z-positions in nitromethane diffusion flame.  
Spectra are corrected for background, continuous emission, and detector response (intensity).   
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The HNO* assignments were confirmed by deuterated nitromethane (DNO) spectra as 

seen in Fig. 6.  Observed bands seen in Fig. 6 agree well with literature description of DNO* 

bands [43], as described in Table 2 .   

Table 2:  DNO* assignments and features 
Peak maxima 

(this work) 
± 0.4 nm 

Intensity 
(this 

work) 

Peak Positions in 
Clement and Ramsay 

(1961) [39] 

Assignment (this work) 

873.7 vw 871.15 ± 3.0 nm (010)-(020) 
833.8 w 834.5 ± 3.0 nm (010)-(100) 
811.0 w 810.0 ± 2.0 nm (000)-(001) 
789.6 m 782.0 ± 5.0 nm (100)-(100) 
761.9 vs 759.5 ± 6.0 nm (000)-(000) 
720.0 m 720.0 ± 2.5 nm (001)-(000) 

Peak maxima 
(this work) 
± 0.4 nm 

Intensity 
(this 

work) 

Peak Positions in 
Clement and Ramsay 

(1961) [39][43] 

Assignment (this work) 

698.4 w 697.0 ± 2.0 nm (020)-(010) 
688.5 m 687.5 ± 2.0 nm (010)-(000) 
652.7 vw 652.5 ± 2.0 nm (011)-(000) 
630.1 w 629.1 ± 2.0 nm (020)-(000) 
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Fig. 6. Typical emission spectrum collected in CD3NO2 diffusion flames at 1.1 mm above the 
wick surface.  The spectrum is intensity and background corrected.  DNO peak assignments are 
shown in arrows. 
 
3.5. Vibrational emission in ground electronic states for heterogenous diatomics, CH, OH, 
and NH. 
 

In the region from 806-863 nm, there exists an open envelope spanning nearly 100 nm.  

Such a broad open structure is typical of vibrational-rotational transitions of hydrogen 

containing diatomics [36, 45]; other diatomics, like CN, NO, or CO, have a rotational constant 

that is an order of magnitude smaller than hydrogen containing diatomics, which results in a 

more spectrally compact structure due to decreased spacing between rotational lines [41, 45].  

Given that the fuel is nitromethane, it is likely that the hydrogen containing diatomic is one of, 

or a mixture of, the following species: CH, NH, and OH. 

The species present in the band(s) for each z-position were determined by comparison 

of experimental peak position with theoretical peak positions of CH, NH, and OH.   The 

theoretical peak positions were calculated using a Dunham potential for an oscillator with 30 

rotational levels and 10 vibrational levels [45].  Only P, Q, and R branches were considered.  The 

requisite diatomic constants for CH, NH, and OH were obtained from the NIST webbook [41].  

The calculated peak positions for OH were compared against the HITRAN database [46] and the 

difference between the two was less than 0.1 cm-1, giving confidence that theoretical peak 

positions are well within experimental uncertainty.  Comparison between theory and 

experiment show that, at each z-position, there is no single diatomic that can be assigned to the 

open-envelope structure.  Multiple peaks within the structure could be any of the three species 
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due to the inadequate resolution of the spectrometer.  Yet, a few peaks are partially isolated 

and can be attributed to a single diatomic species and these are listed in Table 1.   

The perdeutero-nitromethane flames show no corresponding structure (e.g., extremely 

open envelope) in the emission spectra.  Possible explanations include: (i) the deuteration has 

red-shifted the peaks out of the range of the spectrometer or (ii) the deuterated flame 

temperature is too low to excite the vibrational modes.  It is unlikely to be the latter because a 

methanol flame also exhibits the same open envelope as shown in Fig. 7 and the methanol 

flame is known to be cooler than a nitromethane flame with lower adiabatic flame 

temperatures [16,62].  Thus, the former is the more likely explanation.  This means that, of the 

vibrational transitions in listed in Table 1 for each isolated peak, the lower v’ excitations are 

more likely in the methanol flames (indicated in Table 1).   

 

Fig. 7. Typical emission spectrum collected along the centerline in CH3OH diffusion flames at 
various z-positions.  The spectrum is intensity and background corrected.  Peak assignments are 
shown. 
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As shown in Fig. 7, the methanol emission spectra exhibit two bands with wide open 

envelopes and heads at 716.5 nm and 813.6 nm which support the assignments in Table 1.  The 

813.6 nm band head is comparable to the observed band in the nitromethane emission spectra 

at 812.7 nm (as previously discussed), further confirming the assignments in Table 1.  The 716.5 

nm has no comparable observed band in the nitromethane emission spectra.  Instead, the 

observed nitromethane emission band at 716.3 nm is assigned to the HNO* emission rather 

than hydrogen containing diatomics (see Table 1).  The HNO* assignment is likely correct for 

one main reason: the qualitative shape of the band in question is narrower and exhibits a 

denser structure relative to that observed in the methanol spectra.  The narrowness and 

closed-structure are consistent with HNO* emission (see plates in [44]) suggesting that HNO* 

emission is dominating this region in nitromethane emission spectra.  Another nearby band in 

the nitromethane emission spectra has a head at 692.6 nm, exhibits similar structure to the 

band at 716.3 nm, and matches literature values for HNO* emission, providing additional 

support that the assignment at 716.3 nm is indeed HNO* emission. 

Also shown in the methanol spectra in Fig. 7 is a well-defined doublet at 766.2 and 769.7 

nm.  The two peaks are well resolved and are consistent with K* emission, which has a doublet 

at 766.5 and 770.0 nm and is a common contaminant [36].  This doublet is not observed in the 

nitromethane or perdeutero-nitromethane emission spectra where the bands in the 760-770 

nm do not exhibit the well-defined doublet structure and also show peak maxima shifting with 

flame height (reflecting temperature changes).  If there is any K* emission in the nitromethane 

or perdeutero-nitromethane spectra, it would be hidden in the HNO* or DNO* bands which are 
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an order of magnitude stronger in intensity relative to the K* emission observed in the 

methanol spectra.   

3.6. Vibrational emission in electronic ground states H2O 
 

The nitromethane flame emission spectra show a band centered around 891.3 nm and 

series of bands in the region 927-980 nm with sharp intensity maxima characteristic of water 

vibrational-rotational bands [36, 46].  The band at 891.3 nm is also observed in the methanol 

emission spectra, see Fig. 7.  This assignment is confirmed by the perdeutero-nitromethane 

flame spectra, shown in Fig. 4, which show no water emission bands.  This is expected because 

deuteration red-shifts the water bands to wavelengths longer than 1000 nm which is outside 

the spectrometer range [46].  The lack of water bands in the perdeutero-nitromethane flame 

emission also indicates that the detected emission was not due to thermally excited ambient 

water and is therefore from combustion products. 

3.7. CN* emission 
 

The shoulder on the 927 nm water band at ~917 nm is assigned to CN* emission (see 

Table 1).  This is not an obvious assignment because there are two weak HNO* bands (010-100) 

and (000-002), with origins near 912 nm [36, 43].  The perdeutero-nitromethane flame spectra 

clearly show that CN* emission is dominant in this region because Fig. 8a shows that the 

shoulder at ~917 nm retains the same peak location in perdeutero-nitromethane spectra.  

Figure 8b also shows the CN* vibrational branches on top of a weak band with open structure 

due to emission from diatomic CD/OD/ND peaks.   
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Fig. 8. Emission spectra from nitromethane and perdeutero-nitromethane (CD3NO2) diffusion 
flames: a) comparison of perdeutero-nitromethane flame spectrum with spectra taken at three 
flame heights (z) in nitromethane flame, and b) perdeutero-nitromethane spectrum with CN* 
assignments.  Spectra have been background and intensity normalized to CN* band.  
Continuous emission from NO2 has not been subtracted out.  
 
3.8. NO2* emission and potential incandescent soot emission 
 

The emission spectra typically show a broad continuous emission from ~ 400 nm to the 

near IR that agrees very well with the literature spectrum of NO2* chemical and thermal 

emission [47-51].  This close agreement is demonstrated in Fig. 9 where experimental NO2 

emission from [47] is compared with spectra from the centerlines of the CH3NO2 and CD3NO2 

flames.  The intensities of the emission curve from [47] and from the CD3NO2 have been 

rescaled so as to match the intensity of the CH3NO2 flame.  A baseline has also been added to 

the emission curve from [47] to match that of the present work.  Note that the authors in [47] 

attribute the observed emission to the chemiluminescent reaction which resulted after the 

a) 

b) 
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introduction of NO gas and a mixture of O + O2 gas (partially dissociated upstream in a 

microwave discharge) into a gas cell at low pressure, ~1-5 torr: 

 
𝑂 + 𝑁𝑂 ⇌ 𝑁𝑂% + ℎ𝑣          (1) 
 

 

Fig. 9.  Comparison of emission from reference [47] (light-blue curve) with emission from the 
centerline of (i) CH3NO2-air diffusion flame at z=0.1 mm  (dark blue curve) and (ii) CD3NO2-air 
diffusion flame at z=1.1 mm (blue-green curve). 
 

It is unlikely that the broadband unstructured emission observed in the nitromethane 

and perdeutero-nitromethane flames is due to incandescent emission soot, which is typically 

gray body emission.  As previously stated, the nitromethane and perdeutero-nitromethane 

flames are visibly low-sooting.  In addition, gray body emission has a very different curvature 

than what is observed in the present work, as shown in Fig. 10.   
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Fig. 10.  Graybody emission for five different temperatures were fit to experimental data from 
the centerline of the CH3NO2 flame (z = 0. 1 mm) (dark blue line): a) wavelength-independent 
emissivity coefficient, and b) wavelength-dependent emissivity coefficient  
 

To generate the gray body curves in Fig. 10, the distribution function for blackbody 

radiation [45] is modified by multiplication of an emissivity coefficient.  For Fig. 10 (a), the 

emissivity coefficient is wavelength -independent as in [63] and in (b) the coefficient is 

wavelength dependent as in [64].  Both gray body functional forms for various temperatures 

b) Wavelength-dependent emissivity 

a) Wavelength-independent emissivity 
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were fitted to the experimental data with the spectral bands removed using a non-linear least 

squares algorithm in MatLab.  As can be seen in Fig. 10, temperatures in excess of 2000 K agree 

best with the experimental temperature whereas flame temperatures are expected to be 

around 1500-3000 K [15].    

It is likely that NO2* emission is observed from the multiple electronic transitions 

indicated in Table 1 because the gray body emission curves clearly have different spectral 

shapes than that of the experimental data whereas the NO2 emission from [47] matches the 

experimental curves well.  The NO2* emission spectra are typically broadband and very complex 

due to four low-lying states, 𝑋%𝐴' 𝐴%𝐵%, 𝑎%𝐴%, 𝐵%𝐵', that share conical intersections and allow 

for both intersystem crossing and vibronic interactions [47-51, 65-66].  Therefore, an 

electronically forbidden transition can be made possible via these mechanisms and adds to the 

number of possible transitions [48, 65].  The broadness in the observed spectra indicates both 

chemical and thermal emission from a minimum of three transitions, (i) Α%𝐵% → Χ%𝐴', (ii) 

𝐵%𝐵' → Χ%𝐴', and (iii) 𝑎%𝐴% → Χ%𝐴' [48].  Note that the broadness of the emission does not 

necessarily indicate a broad internal energy distribution in chemically formed NO2* (e.g, 

forming in Α%𝐵%, 𝐵%𝐵', and 𝑎%𝐴% electronic states), but could mean emission from a narrow 

internal energy distribution to multiple lower states.  For example, NO2* could form in the 

𝐵%𝐵' state and undergo an internal conversion to 𝐴%𝐵% before emitting.  Therefore, it is not 

possible to say with certainty from the experimental emission if the chemically formed NO2* is 

formed in one electronic state or all three excited electronic states (Α%𝐵%, 𝐵%𝐵', 𝑎%𝐴%).  This 

uncertainty is why multiple transitions for NO2 emission are listed in Table 1. 
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5.0  Summary and Conclusions 

In this study, spatially resolved emission spectra were recorded and analyzed from a 

nitromethane-air diffusion flame stabilized on an aluminum oxide wick.  The following emitters 

were identified in the spectra using information from prior work and theory:  CH*(Α%Δ), 

HNO*(Α'Α((), CN*(Α%Π), NO2*, CH, OH, NH, and H2O.  Emission spectra from perdeutero-

nitromethane (CD3NO2) diffusion flames and methanol (CH3OH) diffusion flames were used to 

confirm spectral assignments.  Due to a lack of prior measurements in this regime, this is the 

first report for a nitromethane flame of all of the identified species except CH*(Α%Δ), which has 

been observed previously.  
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