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Hydrogen cyanide (HCN) is a well-known product in combustion, astrophysical, and plasma environments,
but its isomer, hydrogen isocyanide (HNC), remains unexplored in molecular plasmas. Here, we report on
the detection and quantification of both HNC and HCN isomers in low-temperature plasmas generated
from N,/H,/CH4 mixtures using quantum cascade laser and frequency comb absorption spectroscopy. The
identification of HNC is confirmed by comparison with molecular spectroscopic databases. The observed
[HNCI/IHCN] abundance ratio of ~10~% is far lower than reported values in interstellar media, where ratios
can reach unity. We attribute this stark difference to fundamentally different kinetics, dominated by an
interplay between formation of vibrationally ‘'hot’ intermediates (HCN* and HNC*) and their subsequent
stabilization and destruction. This mechanism contrasts with cold interstellar environments, where
dissociative recombination reactions dominate and the formed HNC persists and accumulates over
astrochemical timescales. Our results highlight the overlooked role of HNC in plasma chemistry
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containing carbon, nitrogen and hydrogen, with implications for plasma-assisted HCN synthesis and
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Introduction

Plasma synthesis of hydrogen cyanide (HCN) directly from
methane (CH,) and nitrogen (N,) has been suggested quite
recently as a method for on demand and catalyst-free produc-
tion at ambient pressure."”” As an alternative to conventional
thermal methods,>* this approach leverages the highly reactive
nature of non-equilibrium plasmas, which enables molecular
activation at low temperatures, effectively bypassing limitations
of thermodynamic equilibrium.>” Furthermore, HCN has been
reported as a major product in several low-temperature mole-
cular plasmas involving hydrogen (H,), N,, and a carbon
source,® as well as in processes such as plasma-assisted
nitrocarburizing.’®"" In such environments, the chemistry
of HCN is believed to be of central importance in material
processing. However, its isomer, hydrogen isocyanide (HNC)—an
even more reactive species—has never been conclusively detected
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nitrogen-carbon plasma processes in surface modification and material treatments.

in these plasmas, and its role remains unexplored. With a ground
state energy of 14.97 kcal mol " (ref. 12) (or 16.31 kcal mol "
(ref. 13) from a different study) higher than HCN and a barrier
height of 43.82 kcal mol " separating the two isomers,** HNC - if
formed - could significantly influence the yield of HCN by serving
as a major exit channel in its potential plasma-assisted produc-
tion; and affect plasma compositions and enhance surface reac-
tions in material processing applications.

Beyond molecular plasma applications, HNC is a key inter-
mediate in several astrochemical and combustion environ-
ments.””?* In cold interstellar media (ISM), observed [HNC]/
[HCN] abundance ratios range from 0.01 to values above
unity'”*®*—far higher than thermochemical equilibrium pre-
dictions, which suggest a ratio of ~1.9 x 10~ at 100 K (using
the recent energy difference value of 14.97 kcal mol ™ (ref. 12)).
This discrepancy led to the suggestion that dissociative recom-
bination (DR) of protonated hydrogen cyanide, HCNH' with
cold electrons plays a decisive role in the mechanism of
isomeric fractionation,'” which was later supported by phase-
space and quantum chemical calculations,**** and experimen-
tally validated by Mendes et al.>® using event-by-event fragment
momentum spectroscopy. Their results revealed that the DR
of HCNH' + e~, which proceeds with an energy excess of
136.1 kecal mol ' above HCN + H,"* yields HCN and HNC in
nearly equal amounts.
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In combustion systems, HCN is the dominant cyanide
species and a key contributor to NO, formation during the
combustion of fossil fuels.>*>> Although less abundant, HNC is
suggested to be an important intermediate in the oxidation
of HCN. At elevated temperatures, the two isomers rapidly
equilibrate, and HNC, due to its higher reactivity, is thought
to provide a faster route to cyanide oxidation.>®

Early spectroscopic efforts to provide reference spectra for
HNC were motivated primarily by astrophysical interests. The
first spectroscopic measurement of HNC was made under non-
equilibrium conditions using matrix isolation infrared spectro-
scopy at 14 K.>” Later, Maki and Sams>® were able to measure
its gas phase infrared emission spectrum by shifting the
HCN = HNC equilibrium towards HNC at ~1000 K. Picqué
et al.*® measured the emission spectra of HCN/HNC in a radio-
frequency plasmas containing H, and N,. Despite using only H,
and N, as precursors, both HCN and a very week signal of HNC
were detected, attributed to carbon impurities in their reactor.
Subsequent laboratory work on reference samples led to
the acquisition of extensive emission spectra for HCN?°?
and HNC.**® These efforts led to the identification of over
40000 rotation-vibration energy levels for both isomers so
far‘13,37739

Here, we apply optical frequency comb and quantum cas-
cade laser absorption spectroscopy to investigate the {H, C, N}
system chemistry in plasma processes containing N,, Hj,
and CH, as precursors. This dual-diagnostic approach enables
excitation of the strong fundamental rovibrational bands of
the targeted species. For HCN, the v; fundamental band near
3300 cm ™, corresponding to the C-H stretching vibration, is
probed using the optical frequency comb setup. For HNC,
although weak overtone and combination bands exist in the
same spectral region of the v, of HCN accessible by the comb
setup, their absorption strengths are insufficient for the
detection of trace amounts of transient HNC formed in the
plasma. Instead, we probe the v; fundamental band of HNC
near 2080 cm™ ', corresponding to the N-C stretching vibra-
tion, which is about one order of magnitude stronger. As a
result, the detection of trace amounts of reactive HNC
becomes possible under plasma conditions using multipass
optics with quantum cascade laser absorption spectroscopy.
From the measured absorption spectra, we accurately deter-
mined the [HNC]/[HCN] abundance ratio. A time series mea-
surements revealed a steady fourfold increase in HCN within
the first ~40 minutes after plasma ignition. The asynchronous
fluctuations of the two isomers during the preconditioning
of the plasma chamber indicate that catalytic isomerization
reactions, converting HNC to HCN, play a dominant role.
We developed a kinetic scheme and analytical model incorpor-
ating key formation, isomerization, and destruction pathways
under plasma conditions. The model includes two possible
formation routes—hot and cold channels—and demonstrates
the strong kinetic suppression of HNC in molecular plasmas.
It also shows that the [HNC]/[HCN] abundance ratio is highly
sensitive to parameters such as internal energy relaxation and
destruction rates.
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Fig. 1 Overall experimental setup, consisting of (i) the plasma reactor,
(i) @ comb-based Fourier transform spectrometer (FTS), and (iii) an EC-
QCL-based spectrometer with liquid nitrogen cooled photodetectors, PD1
and PD2 for the signal and reference arms, respectively. The comb beam
passed twice through the reactor, resulting in an effective absorption
pathlength of (146.0 £+ 0.5) cm, while the EC-QCL beam was coupled
into a multi-pass optics of White cell arrangements, resulting in an
effective absorption pathlength of (1310.4 &+ 3.2) cm. The optical windows
were made of wedged BaF, materials.

Experimental

Fig. 1 illustrates the overall experimental setup, which consists
of (i) the plasma reactor, (ii) an optical frequency comb-based
Fourier transform spectrometer (OFC-FTS), and (iii) an
external-cavity quantum cascade laser (EC-QCL) absorption
spectrometer.

The plasma was generated in a DC discharge, operated at a
pressure of (1.00 £ 0.01) mbar, using gas flows of 11 standard
cubic centimeter (sccm) N,, 1 sccm H,, and 8 scem CHy, and a
plasma power of 700 W. The reactor was a custom-built, scaled-
down version of an industrial plasma reactor used for nitro-
carburizing stainless-steel and tool materials. All measurements
were performed in the plasma chamber after preconditioning
(with the plasma being on) for 1.5 hours. Plasma nitrocarburizing
is used here as a model system for {H,N,C}-containing plasmas,
wherein HCN and its more reactive isomer, HNC, are anticipated
to play a dominant role in plasma chemistry.

The frequency comb setup used a mid-infrared (mid-IR)
frequency comb (Menlo Systems) as a light source in combi-
nation with a home-built FTS. The mid-IR output of ~150 mW,
spanning from 2800-3400 cm™ ', was produced through non-
linear difference frequency generation process in a periodically
poled lithium niobate crystal. The comb had a repetition
frequency, fep, of 250 MHz, which was locked to the output
of a tunable direct digital synthesizer referenced to a GPS-
referenced oscillator. The mid-IR output of comb beam passed
twice through the reactor using a retroreflector mounted at the
backside of the reactor, resulting in an effective absorption
pathlength of (146.0 & 0.5) cm. Details of the reactor and the
comb system are available elsewhere.**!

High-resolution spectra were obtained using the sub-nominal
data analysis approach,”>** which has been applied previously
to measure complex spectra of halogenated molecules,**™*®
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istopopocules of N,0,*”*® and for plasma diagnostics.'" In this
method, the nominal resolution of the FTS is matched to the
Jrep Of the comb, which ensures precise sampling of the
intensities of the comb modes, and enables absolute frequency
calibration. Measurements were performed at four different
Jrep values, each offset by 62 MHz in the optical domain, to
accurately sample the individual absorption profiles. Full
details of the OFC-FTS setup can be found elsewhere.*

The EC-QCL system covered the 1985-2250 cm ™" range and
included two liquid nitrogen cooled photo detectors — PD1 and
PD2 for the signal and reference arms, respectively. Wavenum-
ber calibration was performed using reference gas cells of CO
(1 mbar) and CO, (50 mbar), and a Ge etalon. For measure-
ments of HNC in the plasma reactor, the EC-QCL beam was
coupled into a multi-pass optics of White cell arrangements
attached to the reactor, resulting in an effective absorption
pathlength of (1310.4 + 3.2) cm. Details of the spectral acquisi-
tion and frequency calibration of EC-QCL measured spectra are
included in Fig. S1 and S2 in the SI.

Results and discussion
Comb spectroscopy of N,/H,/CH, molecular plasmas

The OFC-FTS setup captured the entire comb spectrum in a
single acquisition, which enabled us to identify prominent C-H
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and N-H absorbing species formed in the plasma in the 2800-
3400 cm™ " range. As shown in Fig. 2a, highly resolved rovibra-
tional features could be measured for CH,, C,H,, HCN, and
NH;. For the HCN isomer, we could measure a total of four
vibrational bands within the spectral range covered by the OFC-
FTS. Fig. 2b shows a zoomed-in spectral window of the P(J = 24)
absorption transition in the fundamental v; < v, band of HCN,
where J is the rotational quantum number, along with a
Gaussian line shape fit. A flat residual is shown in the lower
panel, indicating the high precision of the absorption profile
measurements. The fitted profiles were used to determine the
populations n; of the lower rotational states j. From these
populations, Boltzmann plots of In(n;/g;), where g; is the statis-
tical weight of rotational level j, were constructed as a function
of lower-state rotational energy E;, as shown Fig. 2c. Linear fits
to these plots yield the rotational temperatures.

Our measurements revealed clear non-local thermodynamic
equilibrium (non-LTE): Two distinct rotational temperatures of
436 K and 533 K were found, differing by ~97 K, for transitions
with lower state energies above and below ~ 1400 cm™* (corres-
ponding to a crossing point, Jeress Of 21) in the 11'0 « 010
vibrational hot band. Similar behavior for other vibrational
bands was observed but at a different value of J. ss-

From these rotational population measurements, we deter-
mined the total populations of the 00°, 01'0, and 02°0
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(a) Measured high-resolution absorption coefficient, o, of molecular species generated in plasmas with 11 sccm N, 1 sccm Hy, and 8 sccm CHy

gas flows at a total pressure of (1.00 + 0.01) mbar, and a plasma power of 700 W. (b) Absorption profile of the P(24) transition in the v;« v band of
H2CHN, together with a fit using a Gaussian line shape function. (c) Boltzmann plot of rovibrational populations derived from the 11%0 « 010 vibrational
hot band, shown as In(n;/g;) versus the lower state energy E;. Here, n; is the population of the lower rotational state j and g; its statistical weight. Two linear
regimes are observed, corresponding to non-local thermodynamic equilibrium (non-LTE) behavior, yielding rotational temperatures of 436 K (red fit,
lower Ej) and 533 K (blue fit, higher E)), with a difference of ~97 K. The solid red line represents a linear fit to the low-J data, described by y = —0.0033x
+28.129, where y = In(n;/g;) and x = lower state energy. The goodness of the fit is indicated by the corresponding coefficient of determination (R?).
Similarly, the solid blue line for the high-J data. The fitted slopes were used to determine the rotational temperatures.
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vibrational states. The details of the population determination
from the experimental spectrum are provided in SI.

Identification of reactive HNC intermediate

To identify whether HNC forms and to quantify it, we used the
EC-QCL setup to probe its strong v; rovibrational transitions.
Fig. 3 shows representative absorption spectrum near 2081.5 cm™ "
measured by the EC-QCL setup. The spectrum features clearly
resolved transitions from HCN and CO, as confirmed by compar-
ison with the HITRAN2020 database.*” One additional feature was
identified as the R(20) transition of the 00°1 « 00°0 band of HNC
(see the inset of Fig. 3). There is no reference line list for the HNC
isomer in the HITRAN database,*® however, there is an improved
line list for HCN/HNC molecular system' in the ExoMol
database.”® Our measured transition at 2082.078 em ™" is in very
good agreement with the R(20) transition of HNC in the ExoMol
database within 4 x 10™* em™" in the spectral position. In total,
we have measured eight rovibrational transitions in the 2069-
2088 cm™ ' range which we attribute to the HNC isomer. The
measured line centers showed excellent agreement with the
updated ExoMol line list of HNC,"* and with reference infrared
Fourier transform spectroscopy (FTIR) measurements on ther-
mally heated sample of HCN (to shift the equilibrium to HNC).>"
These results are summarized in Table 1, which also includes the
fitting uncertainty for each transition frequency, and the difference
in transition frequencies between measurements and ExoMol
line lists.>® Also included in Table 1 is the minimum detectable
absorption coefficient, o, defined as oy = (1/SNR) x (1/L),
where SNR is the signal-to-noise ratio of the measured absorption
profiles and L is the absorption length. The full set of measured R-
branch absorption profiles (J = 15-22) is shown in Fig. S3 in the SI.

The present measurements provide unambiguous spectro-
scopic evidence for the formation of HNC under the investi-
gated plasma conditions. Owing to its substantially higher
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Fig. 3 Measured absorption coefficient, o, of plasma-generated species
using the EC-QCL setup, together with the Gaussian fits (red) to the
resolved transitions. The measured spectrum contains absorption profiles
for HCN and CO (and overpopulated hot band transition of CO near
2081.26 cm™, denoted as CO*). The identified transition of HNC, around
2082.078 cm™, is shown in the inset together with a Gaussian line
shape fit.
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Table 1 Transition frequencies assigned to HNC and their corresponding
values from EXoMol database,®® and FTIR reference measurements.>! The
number in parentheses represent a 1o uncertainty from the fit using a
Gaussian line shape function. The o, of each measured profile is also
listed. The difference in transition frequencies between our EC-QCL
measurements and the ExoMol line list is given in the final column
(a-b) x 1074

Transition frequency [em ']

This work (@) ExoMol (b)*° FTIR* Umin X 10° (a-b) x 10*
R(15) 2069.1472(4) 2069.1506(4) 2069.1506 9.54 —34
R(16) 2071.7790(3) 2071.7837(4) 2071.7840 6.36 —47
R(17) 2074.3900(2) 2074.3930(4) 2074.3930 5.45 -30
R(18) 2076.9815(3) 2076.9784(4) 2076.9784 6.36 31
R(19) 2079.5444(5) 2079.5400(4) 2079.5402 12.72 44
R(20) 2082.0780(5) 2082.0776(4) — 10.90 4
R(21) 2084.5913(3) 2084.5910(4) 2084.5909 6.94 3
R(22) 2087.0809(4) 2087.0804(4) 2087.0806 7.63 5

chemical reactivity relative to HCN, the [HNC]/[HCN] abun-
dance ratio represents a sensitive diagnostic of plasma reactivity
and a potential indicator for tailoring plasma operating condi-
tions to specific application requirements, as discussed below.

[HNC]/[HCN] abundance ratio in molecular plasmas

To determine the [HNC]/[HCN] abundance ratio from spectro-
scopic measurements, we follow four approaches. (i) We deter-
mined the abundance ratio from populations of rotational
states. For HNC, we used the lower-state population of the
R(20) rovibrational transition of the v; < v, fundamental band
(00°1 < 00°0) at 2082.0780 cm ™', measured using the EC-QCL
setup. For HCN, we used the corresponding R(20) transition of
the v; « v, fundamental band (10°0 « 00°0), measured using
the broadband OFC-FTS. Although several low-/ transitions of
HCN are saturated, the remaining non-saturated transi-
tions provide sufficient information to construct a reliable
Boltzmann plot and even extrapolate populations for unmea-
sured levels. This approach takes advantage of the broad
spectral coverage of the comb, allowing population compari-
sons between rotational states with identical J quantum num-
bers. Comparing rotational populations with identical J values
of the two isomers minimizes sensitivity to differences in
rotational and vibrational excitation between the two species,
providing accurate estimate of the abundance ratio, particularly
under non-LTE conditions of molecular plasmas. (ii) We deter-
mined the ratio from the total population of the ground
vibrational states. For HNC, we first determined the rotational
populations from measured profiles for transitions listed in
Table 1, determined the rotational temperature from a Boltz-
mann plot, and then extrapolated to determine the total popula-
tion of the 00°0 vibrational state. For HCN, whose rovibrational
populations show non-LTE (see Fig. 2c), we employed a bimodal
temperature model to estimate the total population in its ground
vibrational state. Absorption profiles with SNR of <10 as well as
saturated profiles (i.e., low-] transition of the 14, < v, band) were
excluded from the analysis. (iii) We determined the ratio by
assuming that HNC follows the same bimodal temperature
distribution as HCN, justified by the similarity in their formation

This journal is © the Owner Societies 2026
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Table 2 Populations (in molecule cm™3) of HNC and HCN from EC-QCL
and OFC-FTS measurements, respectively, together with the corres-
ponding [HNC]/[HCN] abundance ratio. The uncertainties are evaluated
by propagating the errors originating from fit and parameter uncertainties

(i) (i) (iii) (iv)
HNC x 10~ 0.11 & 0.02 5.23 & 1.98 2.07 £ 0.17 4.80 + 0.64

HCN x 1071 0.05 + 0.01 4.55 + 0.09 4.55 + 0.09 3.08 + 0.11
[HNC][HCN] x 10* 2.15 + 0.32 1.15 £ 0.80 2.20 £ 0.10 1.56 £ 0.30

(i): lower rotational state populations from the R(20) lines for both HNC
and HCN. (ii): Ground vibrational state populations. For HNC based on
the determined rotational temperature of transitions of Table 1. For
HCN, a bi-modal T., approach is used to evaluate the non-LTE
populations. (iii): Ground vibrational state populations assuming a
bi-modal T}, for both HNC and HCN. (iv): Assuming thermal popula-
tion at the gas kinetic temperatures.

mechanisms—both largely produced through exothermic radi-
cal-radical reactions that impart significant internal excitation
(see below) before relaxing to their steady-state concentrations.
Finally, (iv) for comparative purposes, we estimated the ratio
from densities determined by assuming thermal equilibrium at
the gas kinetic temperature, derived from the Doppler widths of
the measured profiles. The Doppler widths were evaluated from
the full width at half maximum (FWHM) obtained by fitting a
Gaussian line-shape model to the comb-measured absorption
profiles, which exhibit high signal-to-noise ratios. An average
FWHM of 0.00997 + 0.00033 cm ™, determined from sample of
nine well-resolved transitions of HCN in the v; « 1, band,
corresponds to a gas kinetic temperature Ty, = 507 £ 37.
At the low operating pressure of 1 mbar, pressure broadening
is negligible and contributes approximately 1% to the Doppler
FWHM. Detailed population analysis using methods (i)-(iii) is
provided in the SI.

Table 2 lists the evaluated populations based on the differ-
ent scenarios (i)-(iv) and the resulting ratios. Overall, the
[HNC]/[HCN] ratio in molecular plasmas lies in the range of
(1.15-2.20) x 10~ *. As the EC-QCL measurements (see Fig. 3)
included some transitions of HCN (the P(5) transition of the
00°1 « 00°0 band at 2081.8632 cm™ ', and the P(11) transition
of the 03'0 « 00°0 band at 2082.3291 cm '), we evaluated the
population of HCN based on those transitions as well. The
agreement between EC-QCL and OFC-FTS data, including a
cross-comparison of transitions sharing the same lower state,
lies within 24-30%, which is within the combined uncertainties
of the two measurement methods (see Table S2).

Time series measurements

A time series experiment using the EC-QCL setup was per-
formed to monitor the temporal evolution of HNC and HCN
populations from plasma ignition up to 120 minutes (during
the preconditioning phase). Fig. 4 presents the measured
densities of HNC and HCN (left axis, logarithmic scale), along
with the [HNC]/[HCN] abundance ratio (green, right axis). Here,
the densities were evaluated using method (iv), as described
earlier. At plasma onset (0.5 min), the HNC density is initially
high (~1.5 x 10> cm™?), while HCN starts near ~1 x 10" cm ™.
Over the first 10 minutes, HNC decreases by approximately a
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Fig. 4 Time series measurements of HCN (blue circles) and HNC (red
squares) densities using the EC-QCL setup - left axis, together with [HNC]/
[HCN] abundance ratio (green diamonds) — right axis. The densities were
evaluated using method (iv). The error bars represent total propagated
uncertainty.

factor of 1.5 and then exhibits mild fluctuations, reflecting
possible plasma instabilities or drifts in operational parameters.
In contrast, HCN accumulates steadily, increasing nearly fourfold
to reach a steady-state value of ~4.6 x 10'> cm > within about
40 minutes. These asynchronous behavior, particularly during
earlier times from plasma ignition, suggesting that the two
isomers respond to plasma dynamics through distinct yet inter-
linked chemical pathways. Actually, the undulations observed in
the HNC density at longer times are also present in the HCN time
profile but out of phase. Rather than simple parallel formation or
destruction, the opposing behavior may indicate an overall
dynamic interconversion mechanism, where changes in one
species are mirrored by changes in the other. This is consistent
with rapid isomerization reactions occurring on collision-limited
timescales, likely catalyzed by reactive species, such as atomic
hydrogen, carbon, or oxygen (H, C, or O). Such catalytic processes
can efficiently convert HNC to HCN in response to minor
perturbations in plasma conditions, including shifts in electron
temperature, power, or radical concentrations. It is worth noting
that the dual diagnostic setup developed here enables quantifica-
tion of densities of the two isomers over a range spanning four
orders of magnitude, demonstrating the very wide dynamic range
of the setup.

The [HNC]/[HCN] abundance ratio begins at ~12 x 10~ *
and drops within the first 10-20 minutes, stabilizing near
2 x 107" after ~40 minutes. Importantly, this decline is
primarily driven by the accumulation of HCN, most likely by
the very fast catalytic reactions of HNC + M — HCN + M with M
being another species such as H, C, or O adsorbed on the
surface or in the plasma. Further time-resolved measurements
on microsecond to millisecond timescales would be valu-
able for capturing transient kinetic responses and it would
confirm the suggested interlinked kinetics of the two isomers.
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Such measurements will be capable of capturing the predicted
fast decrease in HNC abundance after plasma ignition, and it
will also capture its instantaneous responses to changes in
concentrations of reactive species such as CH, C, and H3,.

Kinetic scheme and analytical model

The measured [HNC]/[HCN] abundance ratio in molecular
plasmas is significantly lower than values typically reported in
cold molecular clouds and star-forming regions,">"”'® where
the ratio can approach or even exceed unity, despite HCN being
the more thermodynamically stable isomer. In ISM, this high
ratio is commonly attributed to the DR of HCNH" with cold
electrons (HCNH' + e~ — HCN + H or HNC + H), a pathway that
efficiently populates both isomers,'* and leads to a near-
statistical distribution between HCN and HNC.* This is justi-
fied as the DR reaction exhibits a high cross-section at low
electron energies typical for cold ISM. However, other radical-
radical and ion-radical reactions also contribute to isomer
formation in the ISM.>* Even at slightly higher temperatures
in hot cores and young stellar objects,”>>* the formation starts
to favor HCN over HNC due to the onset of HNC destruction via
reactions with atomic H, C, and O, albeit at slow rates com-
pared to plasma environments. Amano et al.>® further demon-
strated this trend in an emission spectroscopy study using an
extended negative glow discharge at 77 K (higher than typical
cold molecular clouds with temperatures of 10-50 K), where the
measured [HNC]/[HCN] abundance ratio already deviated
significantly from ISM conditions. This indicates that alterna-
tive formation mechanisms, next to the DR, become operative
even at such relatively low temperatures. Next to its formation,
HNC can accumulate in interstellar environments due to the
low densities, which limit collisions and reactive destruction
pathways. Additionally, the low temperatures suppress other
decay channels, allowing HNC to survive over long astrochemi-
cal timescales and making the observed abundance mostly
controlled by the formation channels, contributing to its high
abundance relative to HCN.

In industrial molecular plasmas, however, HCN—and, as
demonstrated here for the first time, also HNC—are produced
from various precursor gas mixtures (e.g., N,/H,/CH,), but the
resulting [HNC]/[HCN] ratio is markedly lower in the order of
10~ This stark difference suggests a fundamentally different
set of chemical pathways. In plasmas, fast electron-driven
processes such as ionization and excitation occur at rates far
exceeding those of DR. The DR cross-section for HCNH'
declines sharply with increasing electron temperature—from
about 2 x 10~ cm? at 0.01 meV to ~3 x 10 '* at 100 mev'*
—and it becomes even negligible at the electron temperatures
1-10 eV typical for molecular plasmas. At these energies, the
HCNH" intermediate itself becomes short-lived and susceptible
to fragmentation or charge exchange with neutrals like H, and
N,, neither of which yields HCN or HNC. This diminishes the
effective HCNH' concentration and further shifts the chemistry
away from DR-mediated pathways.

Instead, exothermic radical-radical reactions are pre-
dicted to supersede the formation of HCN and HNC in plasmas.
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These ‘hot’ formation pathways generate internally excited
molecules (HCN* and HNC*) carrying substantial internal
energy stored in the form of vibrational and rotational excita-
tion. For example, the reactions: (N + CH, — HCN + H,
AH = —133.7 kecal mol™") and (NH, + C —» HNC + H, AH =
—118.5 kcal mol™") are highly exothermic. Herbst et al’>°
suggested that the largest fraction of this exothermicity will
be transferred into internal energy, estimated at 103.9 kcal mol ™
for HNC and 113.6 kcal mol ™" for HCN, predominantly stored
in vibrational and rotational modes, and the minor rest will
be translated as motion. This is consistent with our comb
spectroscopy measurements of the gas kinetic temperature
(~1 kecal mol™* or 500 K), obtained from Doppler broadening
of the absorption profiles. Similarly, for the reaction NH +
CH — HNC + H or HCN + H, an even higher exothermicity of
143.2 keal mol " and 130.5.5 keal mol " were calculated for the
HCN and HNC pathways, respectively.>>

In Fig. 5, we present a schematic of the key reaction path-
ways and processes governing the [HNC]/[HCN] abundance
ratio in molecular plasmas. Central to this scheme is the
behavior of the internally excited intermediates, HNC* and
HCN*, which can undergo ultrafast unimolecular isomerization
prior to vibrational relaxation. When the internal energy
of these intermediates exceeds the isomerization barrier
(~43.8 keal mol™" for HCN — HNC and ~28.9 kcal mol™"
HNC — HCN), the interconversion rate can reach ~10"° s
Such fast isomerization will overwrite any memory of the initial
formation pathways and effectively compensate for losses in
any of the internally exited isomers, if it happens, before
relaxation. Similar behavior has been reported for isomeriza-
tion involving light hydrogen moiety, such as in H,NC' =
HCNH'.%” Thus, the fast isomerization between HCN* and
HNC* is expected to establish a near-instantaneous equili-
brium on the sub-picosecond timescale, long before signifi-
cant vibrational cooling occurs. However, as the molecular
system approaches the isomerization barrier, the rate slows to

N+CH,] [ NH+CH | [C+NH,
_H “H|-H ~-H|-H -H
Loss
- NC*
8 |7 | ization barri 1 g
§ HEN somerization barrier THNC §
(g Isomerization 8
LS T (ultraslow) HNC Loss
- § QZPI(‘N 2] e
3§ L y |© ‘2"' A e Kt
o
IN+CH| | NH+CH, | [N+G.H|

Fig. 5 Schematic of major chemical processes involved in the determi-
nation of the final [HNC]/[HCN] abundance ratio in molecular plasmas.
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~10"" s7'.%7 A critical population of molecules exists with an
internal energy approximately equal to the transition state
barrier; in this regime, the instantaneous [HCN*]/[HNC*] ratio
reflects the isomerization rate near the barrier energy. Once the
internal energies drop below the isomerization threshold, other
processes such as collisional (or radiative, in the case of ISM)
relaxation and dissociation dominate.

In addition to these hot channels, this schematic also
includes a pathway where the formation directly yields ‘cold’
products with an internal energy below the isomerization
barriers. This can be the case for both isomers or for only
one of them. For example, radical-radical reactions N + C,H —
HCN + C, (AH = —44.7 kcal mol™") and N + C,H — HNC + C,
(AH = —32.0 kecal mol ).>® Although the exothermicity of
these reactions still appears larger than the isomerization
barriers (~43.8 kcal mol ' starting from the HCN side and
~ 28.9 kcal mol™" starting from the HNC side), the small
portion that is transferred to translational motion will cause
the internal energy of both HCN* and HNC* to fall just below
the barrier. In this case, relaxation or dissociation processes
will compete with isomerization until the molecules become
frozen in the ground state with almost negligible direct unim-
olecular isomerization. However, ‘catalytic’ isomerization of
reactive HNC in the ground state (or partially excited) can still
convert it to HCN. For example, the reaction HNC + C - HCN +
C is barrierless or has only a small activation barrier (~ few
hundred Kelvin), proceeding at a near collision-limited rate
(1.15 x 107" ¢cm® molecule ' s71),”® as estimated from capture
rate theory. Similarly, the reaction CH + HNC is exothermic and
takes place at a rate of 1.40 x 10 '° ecm® molecule ™ s71.%°
As the abundance of C and CH in such plasma nitrocarburizing
plasmas is predicted to be high, particularly at high plasma
powers, these reactions will effectively convert HNC into HCN,
increasing its budget.

Another illustrative case are the NH + CH, — HNC* +2H
(AH = —133.8 kcal mol %) and NH + CH, — HCN +2H (AH =
—41.8 keal mol™") reactions. The former will form hot HNC*
first, while the latter will directly form cold HCN. This reaction
underscores the formation of isomers with different internal
energy profiles, which further support the observed low [HNC]/
[HCN] abundance ratio in our experiments. In Table S4 in SI,
we list exothermic chemical reactions that act as a potential
formation pathway for both hot and cold HCN and HNC
isomers.

Building on the kinetic framework illustrated in Fig. 5, we
developed an analytical model that semi-quantitatively
describes the formation and fate of HCN and HNC isomers in
plasmas, and it explains the observed lower [HNC]/[HCN]
abundance ratio in terms of dominant molecular and kinetic
processes. The aim of this exercise was to provide chemical
kinetic parameters that could ideally be linked to experimental
variables for tuning the HNC abundance based on the applica-
tion needs for high reactive HNC (relevant to material proces-
sing applications like plasma nitrocarburizing) or efficient HCN
production (potential plasma-assisted chemical synthesis of
HCN). The model incorporates both ‘hot’ and ‘cold’ formation
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channels, as well as subsequent isomerization, relaxation,
and destruction processes. In this model, a fraction of the
total production, f proceeds via hot formation pathways. This
fraction rapidly interconverts through isomerization and is
assumed to establish a transient equilibrium before relaxation.
Assuming symmetry in isomerization, we approximate [HCN*]
~ [HNC*] =~ f/2. The remaining fraction (1 — f§) corresponds to
cold formation, where internal energy is insufficient to allow
efficient unimolecular isomerization. It also accounts for other
channels that bypass the excited state pathway entirely and
form cold HCN via endothermic reactions, e.g., NH; + C —
HCN + H,, which is a key step in conventional thermal synth-
esis of HCN and requires 1100 K.®® One can expect that most of
these cold contributions go to HCN, as formation of cold HNC
is less favorable due to its higher energy and reactivity. Never-
theless, the cold channel is further portioned into y for cold
HCN and (1 — y) for cold HNC formation. Excited HCN* and
HNC*, once dropped below the isomerization barrier, can
either relax to ground-state molecules or be lost through
destruction before being fully relaxed. The probability of suc-
cessful relaxation to HCN and HNC is captured by the cooling
efficiencies ny;cy and yjjne, respectively. Additionally, ground-
state HNC is subject to further transformation: it may be
destroyed (efficiency yunc) or converted to HCN (fraction 0),
reflecting its higher chemical reactivity even in the ground
state. HCN, on the other hand, is generally more stable and
tends to persist under plasma conditions, see Fig. 4, therefore it
is better to define the corresponding term ypcn as stabilization
or accumulation efficiency (see SI).

Assuming total production, P, = 1, the final steady state
abundances of [HCN] and [HNC] are given by:

[HCN] = (1 = zpen) - {g “Muens +7 - (1= ﬁ)}

0 o +0-0-0-p]

HNC = (1 = e = 0)+ (5 me + 1= (1= p)| @

The complete derivation of the model and the final expres-
sion for the steady-state abundance ratio are given in SI,
together with expression for the ratio in the special cases of
hot-pathway-dominated chemistry (relevant to non-thermal
molecular plasmas) and cold-pathway-dominated chemistry
(relevant to conventional thermal processes).

This model reveals that the steady-state [HNC]/[HCN] abun-
dance ratio is governed by a finely balanced interplay between
formation of excited intermediates and their relaxation, as well
as the conversion of HNC to HCN and the destruction pro-
cesses. The relaxation efficiency of excited HNC* (nj;yc) plays a
crucial role in enabling HNC survival, especially under high f
conditions where hot formation dominates akin to plasma
conditions. Conversely, the destruction efficiency (yunc) and
the conversion fraction to HCN () act strongly to suppress
HNC, and their combined influence becomes critical when
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(runc = 0) ~ 1, a regime associated with extreme HNC deple-
tion as observed in plasma experiments. Cold formation pre-
ferentially favors HCN due to energetic constraints, with
a marginal (1 — 7) contribution to cold HNC formation. Para-
meter sensitivity surface plots (see Fig. S5 in see the SI)
demonstrate sharp gradients in the [HNC]/[HCN] abundance
ratio, with steep cliffs and valleys in response to small varia-
tions in key parameters, highlighting the sensitivity of HNC
abundance in reactive environments.

The [HNC]/[HCN] abundance ratio can serve as a valuable
indicator for optimizing process yields in plasma-based appli-
cations. In plasma nitrocarburizing, a higher ratio—favoring
the more reactive HNC isomer—may enhance the overall
plasma reactivity, potentially improving the diffusion of reac-
tive species into treated surfaces. Conversely, in potential
plasma-assisted HCN synthesis, a lower [HNC]/[HCN] ratio
may be more desirable, as HNC acts as a competing destruction
channel that can reduce HCN yield. In both scenarios, the
abundance ratio offers a pathway for process control. By linking
experimental variables—such as gas composition, plasma
power, and process pressure—to the model parameters (e.g.,
By MiNnes Xunc, and 0), it becomes possible to tune operating
conditions with greater precision. This approach moves beyond
conventional trial-and-error methods for processing control,
enabling more informed and efficient plasma processes
optimization.

Conclusions

We report on the first identification and quantification of HNC
in molecular plasmas containing N,/H,/CH,, highlighting its
role as a highly reactive and transient species in such environ-
ments. HNC is likely a major reactive sink that can affect the
overall yield of HCN in plasma-assisted synthesis schemes.>
Even trace carbon impurities can facilitate the formation of
both HCN and HNC in N,/H, plasmas.*® Using a combination
of broadband optical frequency comb-based Fourier-transform
spectroscopy and high-resolution EC-QCL absorption spectro-
scopy, we performed detailed spectroscopic analysis of both
isomers. By comparing spectral features to database references
and constructing Boltzmann plots under non-LTE conditions,
we accurately determined the [HNC]/[HCN] abundance ratio.
The consistently low ratio of (1.15-2.20) x 10~ * stands in stark
contrast to the ISM, where the two isomers often approach
equal abundance, despite HCN being thermodynamically
favored. The time series measurements of HNC and HCN reveal
a steady fourfold accumulation of HCN within the first
~40 minutes after plasma ignition. In contrast, the sharp
initial decrease in HNC (not fully captured here), along with
its asynchronous fluctuations relative to HCN in response to
plasma instabilities, points to a dominant role of catalytic
isomerization reactions that interconvert HNC to HCN.
We developed a kinetic scheme and analytical model that
accounts for key formation, isomerization, and destruction
pathways in plasma conditions. Our model considers the
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two possible formation pathways including the hot and cold
channels. In contrast to the ISM, the radical-radical reactions
dominate over dissociative recombination under molecular
plasma conditions in the hot formation pathway, leading to
highly vibrationally excited intermediates (HCN* and HNC¥)
that rapidly isomerize prior to vibrational cooling. The model
highlights the strong kinetic suppression of HNC in plasmas
and emphasizes how sensitive the [HNC]/[HCN] abundance
ratio is to parameters such as internal energy relaxation and
destruction processes. These parameters could be linked to
experimental variables from gas composition to plasma power
and process pressure. For example, there should be an optimal
N,/CH, ratio that yields maximum HNC yield, which could be
beneficial for plasma surface processing applications, or the
suppression of undesirable products for plasma-assisted HCN
synthesis. Similarly, high plasma power increases the electron
temperature and enhances further dissociation of CH, and N,,
boosting CN and CH radical formation which may selectively
enhance the formation of one isomer over the other as well.
Overall, we propose the isomeric ratio as a powerful diagnostic
of [H, C, N] non-equilibrium plasma chemistry, with direct
implications for both potential plasma-assisted synthesis of
HCN, and current industrial practices such as plasma nitrocar-
burizing or the deposition of diamond-like films.
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