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ABSTRACT: Cyanoformaldehyde [HC(O)CN], a detected interstellar molecule, exhibits
potential isomeric transformations that remain incompletely understood. Understanding its
conformational flexibility is crucial for predicting its reactivity in interstellar conditions. This
study presents a comprehensive investigation of the complete HC(O)CN potential energy
surface (PES) using the anharmonic downward distortion following (ADDF) algorithm,
enabling exhaustive mapping of EQs, TSs, DCs, and connecting pathways. At the B3LYP-
D3(BJ)/def2-TZVP level of theory, our analysis reveals 48 EQs, 152 TSs, and 49 DCs. We
identify 80 unique isomerization pathways mediated by TS structures (EQx−TSn−EQy),
complemented by 34 TS-mediated (EQa−TSb−DC) and 40 direct (EQm−DCn) DCs. The
multicomponent artificial force induced reaction (MC-AFIR) method is employed to
generate stochastic conformational ensembles comprising the most stable isomers in
investigations and a single water molecule, enabling systematic analysis of product formation
propensities. These findings provide a comprehensive database of conformational
relationships, thermodynamic behaviors, and water-involved reactions for HC(O)CN isomers. Our analysis establishes a reference
framework for predicting isomer stability, interconversion pathways, and reactivity under various conditions.

■ INTRODUCTION
The investigation of a potential energy surface (PES) provides
critical insights into the electronic and structural properties of
stable isomers, enabling the quantification of their conforma-
tional parameters, relative energies, and the potential reaction
pathways interlinking them. Although conventional principles
suggest that the formation propensities of isomers should
correlate with relative stabilities, extensive astrochemical
observations reveal that the detection of isomers in the
interstellar medium (ISM) is governed by a complex interplay
of factors beyond thermodynamic considerations alone,
making higher-energy species potentially observable.1−6

Given the importance of lowest-energy and higher-energy
isomers, systematic and global investigation of their PES is
essential for identifying potential isomeric structures and
understanding the fundamental mechanisms that govern their
molecular evolution, including conformational isomerization,
dissociative processes yielding smaller molecular fragments,
and subsequent reactions leading to the formation of more
complex molecular assemblies.7

Cyanoformaldehyde [HC(O)CN or HCOCN], also known
as formyl cyanide, readily hydrolyze to yield formic acid and
hydrogen cyanide.8 This molecule has been extensively
characterized through spectroscopic studies9−11 and subse-
quently detected in the Sgr B2(N) molecular cloud using the

Green Bank Telescope by Remijan et al.12 Gronowski et al.
conducted theoretical investigations into the structural proper-
ties of stable isomers of HC(O)CN, providing detailed
spectroscopic parameters.13 Several studies have extensively
examined its molecular behavior, particularly focusing on
potential formation mechanisms, transformation processes, and
dissociation pathways.14−17 Additionally, theoretical investiga-
tions have characterized its reactivity with various small
molecules (HNO, HF, HCl, H2O, and CH3OH).18 Despite
extensive research on the chemical properties of HC(O)CN, a
global investigation of its PES focusing on conformational
isomerism and associated interconversion pathways remains
unexplored in the report.
The scaled hypersphere search with anharmonic downward

distortions following (SHS-ADDF) method facilitates auto-
mated and efficient investigation of PES, independent of
molecular size.19,20 The approach employs systematically
scaled hyperspheres centered at each PES minimum to identify
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critical points. The algorithm proceeds in two phases: first, it
traces uphill pathways from minima to locate transition state
structures (TSs) and dissociation channels (DCs), then
calculates intrinsic reaction coordinates (IRC) bidirectionally
from each TS to identify connected equilibrium (EQ)
structures or DCs. Through iterative implementation, this
methodology enables the construction of comprehensive
reaction networks.21−25 In the present investigation, we apply
the SHS-ADDF algorithm to explore the chemical space of
HC(O)CN, identifying its EQ, TS, and DC structures, and the
associated isomerization pathways and dissociation mecha-
nisms.
In this paper, to investigate the bimolecular reaction of

HC(O)CN, its reactivity with H2O molecules is systematically
studied through quantum chemical calculations. While
conformational analysis using the SHS-ADDF method
effectively explores single-component systems, it has inherent
limitations in characterizing intermolecular reactions. Herein,
we employ multicomponent artificial force induced reaction
(MC-AFIR) approach,26−28 which provides a robust frame-
work for examining bimolecular reactions. We have systemati-
cally studied the potential reactions between a single H2O
molecule and the most stable isomers identified from our
conformational investigation by applying artificial forces
between the dimeric fragments. For each artificial force,
multiple trials are performed to ensure statistical significance.
The product formation probability is calculated as the ratio of
specific products to the total number of EQ structures from all
AFIR pathways. This comprehensive investigation of HC(O)-
CN includes both a thorough PES investigation revealing
complete reaction route maps and a systematic study of its
bimolecular reactions with H2O. The precise characterization
of isomerization mechanisms and dissociation pathways
provides fundamental insights into HC(O)CN reactivity,
offering valuable reference for understanding similar molecular
systems and potentially contributing to our knowledge of
conformational and thermodynamical processes.

■ COMPUTATIONAL DETAILS
The PES of cyanoformaldehyde is fully investigated using the
global reaction route mapping (GRRM) program (version
17)29,30 in conjunction with Gaussian 16.31 The GRRM
program’s core function, the anharmonic downward distortion
following (ADDF) algorithm,19,20,22,23,32 systematically ex-
plores the PES from an initial EQ structure to locate stable
minima. The extent of investigation is determined by the
specified size of anharmonic downward distortions (ADDs)
between harmonic and real potentials on the PES. The ADDF
search protocol can be constrained for complicated and flexible
systems or executed without constraints to fully map stable
minima and DCs, thereby enabling automated and efficient
identification of isomerization pathways and DCs. During this
process, TSs are identified simultaneously, with DCs
comprising direct and TS-mediated pathways.
The ADDF calculation provides lists of EQ, TS, and DC in

the explored sequence. For the EQ list, from EQ0 to EQx; for
the TS list, from TS0 to TSn, as well as the connection of each
TS. When a TS connects two distinct EQs, a pathway of EQx−
TSn−EQy can be established; when a TS connects an EQ and
a DC, a path of EQa−TSb−DC can be identified; for the DC
list, from DC0 to DCn, an EQm−DCn pathway can be
determined. For clarity, the notations x, y, m, n, a, and b are
employed. Notably, only verified TSs and DCs are mapped in

the final isomerization network, resulting in a subset of the
initially explored structures. Several types of identified isomers
are excluded from the final maps: (1) initially identified TSn/n
structures that reverted to their corresponding EQn config-
urations upon optimization, and thus do not represent true
TSs; (2) TSs connecting to unidentified EQs; (3) TSs
connecting two DCs; and (4) TSs that do not yield
thermodynamically reasonable pathways.
The initial HC(O)CN structure is optimized at the B3LYP-

D3(BJ)/def2-TZVP level of theory,33−36 which is subsequently
employed for the ADDF calculations. Zero-point vibrational
energies (ZPVE) corrections are incorporated into the global
reaction route map. Final energies are refined using single-
point-energy calculations with multiple high-level theoretical
methods to validate the accuracy of the explored structures
(Figures S1−S4). The comparative analysis employ the range-
separated hybrid functional ωB97X-D with def2-QZVPP basis
set,35−37 followed by calculations using the range-separated
double-hybrid functional RSX-PBE-QIDH with def2-QZVPP
basis set.35,36,38,39 Further refinements include second-order
Møller−Plesset perturbation theory (MP2) with aug-cc-pVTZ
basis set,40−42 and coupled-cluster theory with single, double,
and perturbative triple excitations [CCSD(T)] with aug-cc-
pVTZ basis set.41−43

The five most stable isomers are selected for reactive studies
with water molecules using the multicomponent artificial force
induced reaction (MC-AFIR) method implemented in the
GRRM program. This method facilitates structural deforma-
tions by driving fragments together or preventing their
proximity, as defined by the following equation.26
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The PES E(Q) is defined by geometrical parameters Q,
where α represents the force parameter and ρ is assigned a
value of either 1.0 or −1.0. The weighted term comprises the
summation of interatomic distance rij between atoms i and j,
with Ri and Rj denoting the respective covalent radii of these
atoms. The force constant, α, is expressed through the
following equation.26
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The parameters R0 and ε are equivalent to the Lennard−
Jones potential from Ar−Ar interactions (3.8164 Å and 1.0061
kJ/mol, respectively). The parameter α represents the mean
force experienced by an Ar−Ar pair during its trajectory from
the energy minimum to the collision turning point during a
direct interaction with energy γ. The collision energy
parameter γ, which is manually defined in calculations,
determines the barrier height that can be overcome using the
AFIR calculations.26

During calculation, initial structures are automatically
generated by random orientations and positions of the
fragments. For each initial structure, the algorithm computes
different AFIR paths (trajectories during the minimization of
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the AFIR function) while maintaining the identity of
fragments. Along each AFIR path, local minima and maxima
are identified, which correspond to approximate EQs and TSs
on the potential energy surface E(Q), respectively. In this
study, artificial forces are applied between HC(O)CN and
H2O molecules to induce reactions, with both reactants treated
as separate fragments randomly distributed during structure
generation. The initial parameter γ is initialized with stochastic
values of 100s, 200s, and 400s kJ/mol, where s denotes a
random number between 0 and 1. During the AFIR path
search, γ is systematically increased to reach values of 100, 200,
and 400 kJ/mol, respectively. The MC-AFIR calculations are
terminated upon reaching 50 AFIR paths (NSample = 50) or
when 10 consecutive AFIR paths fail to identify new products
(NFault = 10). Each MC-AFIR calculation with the same γ
value is repeated in triplicate for each EQ structure. The MC-
AFIR calculations are performed at the B3LYP-D3(BJ)/def2-
TZVP level of theory.

■ RESULTS AND DISCUSSION
Through systematic conformational analysis of an optimized
HC(O)CN molecule, we identify 48 EQs, 152 TSs, and 49
DCs that proceed without traversing a TS structure. The global
reaction route network (see the global reaction map in the
Supporting Information) consists of 80 isomerization
processes that connect EQs through TSs and the TS-mediated
DCs. The ZPVE-corrected relative energies at 0 K for full
paths are detailed in Table S1. The stability of HC(O)CN and
its isomers under interstellar conditions is assessed by
comparing calculated energy barriers with typical interstellar
UV radiation energies (138.4−313.6 kcal/mol).44 Our analysis
indicates that most isomerization pathways have barriers below
this energy range, suggesting that these species may require
shielded environments to maintain detectable abundances in
the ISM. Figure 1 shows the isomerization pathways (see also
the relative energies shown in Figure S5) and TS-mediated
dissociations relevant to the five most stable isomers identified

Figure 1. Reaction route map of isomerization pathways and TS-mediated dissociation channels (DCs) for EQ0, EQ5, EQ7, EQ9, and EQ13. The
reaction network illustrates isomerization pathways and DCs. Red arrows denote conformational changes from more stable structures to less stable
isomers, green arrows depict transitions toward more stable isomers and black arrows indicate pathways leading to DCs with TS barriers. Dashed
lines denote pathways equivalent in significance to those depicted by solid lines.
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in ADDF calculation. These include the global minimum
structure (EQ0) and four higher-energy isomers (EQ7, EQ9,
EQ5, and EQ13), with relative free energies of 0, 11.1, 28.9,
31.8, and 42.9 kcal/mol at 298.15 K, respectively. These
isomers remain thermodynamically stable across a range of
temperatures, with EQ0 being the most predominant species
(Table S2). Notably, the current study focuses on the
investigation of the PES, where the formation propensity of
each isomer can be estimated through thermodynamical
considerations. However, dynamical aspects, especially at
low-temperature conditions, are not included in this analysis.
Further investigations regarding the investigated isomerization
pathways would be necessary to understand the reaction
kinetics. Table 1 summarizes the relative energies associated

with these isomerization pathways. Additional pathways are
detailed in the Supporting Information. The geometrical
parameters of these structures are compared with those from
further optimization at the CCSD(T)/aug-cc-pVTZ level of

theory, confirming the reliability and accuracy of the ADDF
calculations (Table S3).
EQ 0 is a structure of HC(O)CN, while EQ7 is a structure

of HC(O)NC in which the carbon atom bonded to the −
C(O)H group exchanges position with the nitrogen atom. Via
the pathway EQ7-TS5-EQ0, the HC(O)NC to HC(O)CN
isomerization involves the rearrangement of the isocyano
group (−NC) into a cyano group (−CN) with an energy
barrier of 31.4 kcal/mol, which is notably lower than the
barriers required for transformations to thermodynamically less
stable isomers. Hydrogen atom migration occurs via the EQ0−
TS1−EQ1 pathway, where the hydrogen within the aldehyde
group [HC(O)−] ultimately forms a hydroxy group (HOC−),
overcoming a high energy barrier of 79.1 kcal/mol. Oxygen
migration is observed through the EQ0−TS19−EQ18 path-
way, in which an oxygen atom shifts from the HC(O)− group
and bonds to a different carbon atom, yielding the HCC(O)N
isomer with a significant barrier of 146.5 kcal/mol. Addition-
ally, the EQ0−TS92−EQ6 pathway facilitates the isomer-
ization of HC(O)CN to HCCNO via oxygen translocation
from the carbon to the terminal nitrogen atom, surmounting a
substantial energy barrier of 151.9 kcal/mol. These high energy
barriers illustrate the thermodynamic control over potential
isomerization pathways of HC(O)CN, with transformations to
higher-energy isomers generally requiring substantially higher
activation energies.
A similar hydrogen migration occurs via the EQ7−TS7−

EQ11 pathway, where the hydrogen atom in the HC(O)−
group forms an HOC− group, requiring a high energy barrier
of 77.1 kcal/mol. A large energy barrier of 62.5 kcal/mol is also
observed in the EQ7−TS9−EQ13 pathway, where hydrogen
migrates from HC(O)− to −NCH to form a linear OCNCH
isomer. In the EQ9−TS13−EQ15 pathway, the hydrogen
atom migrates from a carbon atom to bond with the nitrogen
atom within the ring, creating an O−c-CCN−H structure with
an energy barrier of 69.9 kcal/mol. Complex rearrangements
among HC(O)CN isomers involve various structural trans-
formations. In the EQ4−TS3−EQ0 pathway, the HCO−
moiety bonded to the −CN moiety reorganizes to form a
HC(O)− group, facilitating the isomerization of HOCCN to
HC(O)CN with an energy barrier of 17.2 kcal/mol. This

Table 1. Relative ZPVE-Corrected Energies of
Isomerization Pathways at 0 K (kcal/mol)

pathways EQx TSm x−y energy barrier EQy

EQ0-TS1-EQ1 0 79.1 79.1 45.8
EQ4-TS3-EQ0 86.8 104.0 17.2 0
EQ7-TS5-EQ0 11.2 42.6 31.4 0
EQ7-TS7-EQ11 11.2 88.3 77.1 54.6
EQ7-TS9-EQ13 11.2 73.8 62.6 42.6
EQ13-TS12-EQ9 42.6 53.1 10.5 28.5
EQ9-TS13-EQ15 28.5 98.4 69.9 71.4
EQ13-TS15-EQ3 42.6 111.2 68.6 81.0
EQ0-TS19-EQ18 0 146.5 146.5 143.2
EQ13-TS27-EQ9 42.6 74.1 31.5 28.5
EQ9-TS28-EQ18 28.5 149.8 121.3 143.2
EQ5-TS47-EQ28 31.5 163.9 132.4 163.7
EQ0-TS92-EQ6 0 151.9 151.9 81.0
EQ40-TS102-EQ0 141.0 144.6 3.6 0
EQ7-TS103-EQ40 11.2 157.9 146.7 141.0
EQ44-TS128-EQ7 165.6 167.4 1.8 11.2

Table 2. Relative Energies of TS-Mediated DCs at 0 K (kcal/mol)

pathways
explored
EQa explored TSb a-DC

dissociation
energy pathways

explored
EQa explored TSb a-DC

dissociation
energy

EQ0−TS0−DC 0 71.8 71.8 EQ25−TS57−DC 75.1 135.5 60.4
EQ0−TS4−DC 0 61.3 61.3 EQ26−TS58−DC 146.7 173.2 26.5
EQ7−TS8−DC 11.2 61.8 50.6 EQ3−TS61−DC 81.0 136.7 55.7
EQ9−TS11−DC 28.5 40.5 12.0 EQ4−TS63−DC 86.8 107.0 20.2
EQ16−TS14−DC 118.8 127.8 9.0 EQ12−TS64−DC 56.9 93.0 36.1
EQ13−TS17−DC 42.6 49.4 6.8 EQ35−TS69−DC 105.1 178.0 72.9
EQ7−TS18−DC 11.2 94.3 83.1 EQ0−TS72−DC 0 62.1 62.1
EQ5−TS20−DC 31.5 34.5 3.0 EQ16−TS87−DC 118.8 127.2 8.4
EQ20−TS22−DC 161.5 198.2 36.7 EQ39−TS95−DC 127.9 128.2 0.3
EQ13−TS26−DC 42.6 51.8 9.2 EQ39−TS96−DC 127.9 159.5 31.6
EQ2−TS34−DC 49.2 92.0 42.8 EQ7−TS97−DC 11.2 162.9 151.7
EQ12−TS40−DC 56.9 88.2 31.3 EQ31−TS125−DC 162.2 206.3 44.1
EQ15−TS43−DC 71.4 102.9 31.5 EQ20−TS127−DC 161.5 246.0 84.5
EQ26−TS45−DC 146.7 160.5 13.8 EQ44−TS130−DC 165.6 177.2 11.6
EQ27−TS46−DC 98.5 104.7 6.2 EQ44−TS131−DC 165.6 177.6 12.0
EQ29−TS48−DC 119.3 172.3 53.0 EQ44−TS132−DC 165.6 190.8 25.2
EQ25−TS55−DC 75.1 76.4 1.3 EQ26−TS141−DC 146.7 184.6 37.9
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suggests a thermodynamically favorable route back to the
global minimum structure, consistent with the tendency of
chemical systems to evolve toward their most stable
configurations. In the EQ13−TS15−EQ3 pathway, the −CH
and −OCN− moieties of linear OCNCH undergo rearrange-
ment to form HCOCN, necessitating a high energy barrier of
68.6 kcal/mol.
We identify isomerization pathways associated with

cyclization among distinct isomers. The transformation of
HC(O)NC to H−c−C(O)CN proceeds via the EQ7−
TS103−EQ40 pathway, requiring a substantial energy barrier
of 146.7 kcal/mol. Cyclization of the −CNC− moiety occurs
through the EQ13−TS12−EQ9 and EQ13−TS27−EQ9
pathways, yielding the cyclic O−c-CNC−H structure with
energy barriers of 10.5 and 31.5 kcal/mol, respectively. This

difference in energy barriers can be attributed to the cyclic
structure of TS27, which introduces additional strain
compared to the more flexible structure TS12. The EQ9−
TS28−EQ18 pathway features a ring-opening of the O−c-
CNC−H structure followed by molecular rearrangement,
leading to the formation of the HCC(O)N isomer with a
pronounced energy requirement of 121.3 kcal/mol. Addition-
ally, the EQ5−TS47−EQ28 pathway denotes the cyclization of
the linear HNCCO isomer, requiring a significant energy
barrier of 132.4 kcal/mol. Hydrogen and oxygen atom
migrations also occur in cyclic structures, facilitating the
conversion of the H−c−C(O)CN isomer to HC(O)NC via
the EQ44−TS128−EQ7 pathway, with a negligible energy
barrier of 1.8 kcal/mol. The H−c−C(O)CN structure can
undergo a ring opening process to form HC(O)CN via

Figure 2. Direct DCs for cyanoformaldehyde. The notation EQm−DCn indicates the pathway from EQm to DCn.
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EQ40−TS102−EQ0, accompanied by a negligible barrier of
3.6 kcal/mol. Although these pathways exhibit remarkably low
energy barriers, the thermodynamic instability of EQ44 and
EQ40 suggests these species may exist in extremely low
formation propensities, limiting the practical significance of
these isomerization pathways.
Analysis of the global reaction route map reveals 34 distinct

TS-mediated DCs, which are thoroughly characterized and
summarized in Table 2. The dissociation pathways of EQ0
proceed through two primary pathways. The EQ0−TS0−DC
pathway leads to HC(O)CN fragmentation, yielding C(O)CN
+ H, while the EQ0−TS4−DC and EQ0−TS72−DC
pathways result in HCO + CN fragmentation. Examining the
reaction rate (Table S4) provides fundamental insights into the
competition between dissociation and isomerization pathways.
For the global minimum structure EQ0, the dissociation
channels (particularly EQ0−TS4−DC) demonstrate signifi-
cantly higher rate constants (5.1 × 10−32 s−1) compared to the
isomerization pathway via EQ0−TS1−EQ1 (3.4 × 10−45 s−1).
This pronounced kinetic preference suggests that under
thermal conditions, HC(O)CN would predominantly undergo
fragmentation to HCO + CN rather than isomerization.
For the HOCCN structure, dissociation occurs between

carbon atoms via EQ2−TS34−DC. The HCOCN isomer
exhibits two distinct fragmentation pathways: hydrogen atom
dissociation (EQ3−TS61−DC) and HCO + CN fragmenta-
tion (EQ4−TS63−DC). Linear isomers demonstrate various
TS-mediated dissociation mechanisms. The HNCCO isomer
undergoes HNC + CO fragmentation (EQ5−TS20−DC),
while kinetic analysis suggests that the dissociation pathway is
more favorable than the isomerization pathway (EQ5−TS47−
EQ28). HC(O)NC exhibits multiple pathways: CN + HCO
fragmentation (EQ7−TS8−DC), HCN + CO fragmentation
(EQ7−TS18−DC), and dissociation through a linear
HCONC TS structure (EQ7−TS97−DC). For EQ7, analysis
of the reaction rate constants reveals a preference for
isomerization over dissociation pathways. The EQ7−TS5−
EQ0 isomerization pathway exhibits a significantly higher rate
constant (6.3 × 10−11 s−1) compared to the dissociation

channel EQ7−TS18−DC (6.2 × 10−49 s−1), indicating
HC(O)NC preferentially converts to HC(O)CN rather than
fragmenting under thermal conditions.
The HOCNC isomer fragments form CN + H + CO

through two pathways (EQ12−TS40−DC and EQ12−TS64−
DC). Cyclic structures display unique TS-mediated dissocia-
tion behaviors. The O−c-CNC−H structure undergoes ring-
opening between nitrogen and carbon atoms (EQ9−TS11−
DC), while O−c-CCN−H dissociates through ring-opening
between carbon atoms (EQ15−TS43−DC). For EQ9, kinetic
analysis reveals a substantial difference in reaction rates, with
the dissociation pathway proceeding at 1.6 × 104 s−1, in stark
contrast to an extremely low isomerization rate of 1.9 × 10−76

s−1. The H−c-CCON structure dissociates through rotational
isomerization via two pathways (EQ16−TS14−DC and
EQ16−TS87−DC). HN−c-COC demonstrates ring-opening
to form either linear HNCCO (EQ25−TS55−DC) or
HNCOC (EQ25−TS57−DC) structures.
Several isomers exhibit rotational isomerization during TS-

mediated dissociation. EQ13 shows two dissociation pathways
with rotational isomerization (EQ13−TS17−DC and EQ13−
TS26−DC). For EQ13, both isomerization pathways and
dissociation processes are kinetically feasible, with rate
constants ranging from 105 to 107 s−1. However, the
isomerization routes vary depending on the TS structure:
EQ13−TS12−EQ9 proceeds at a rate of 1.5 × 105 s−1, while
EQ13−TS15−EQ3 exhibits a low-rate constant of 4.1 × 10−38

s−1. The linear HNOCC structure dissociates through a
rotated TS (EQ20−TS22−DC) or forms NH + c-CCO
fragments (EQ20−TS127−DC). HNC(O)C undergoes NH +
CCO fragmentation (EQ26−TS45−DC) or dissociates
through rotational isomerization forming cyclic H−c-NCCO
TSs (EQ26−TS58−DC and EQ26−TS141−DC). Additional
significant pathways include the H−c-NCOC isomer dissociat-
ing to HNC + CO (EQ27−TS46−DC) and ON(H)CC
dissociating through a rotated TS (EQ29−TS48−DC). The
HNOCC structure undergoes H + NOCC fragmentation
(EQ31−TS125−DC), while H−c-CCN−O dissociates
through ring-opening to form an HCN(O)C TS (EQ35−

Table 3. Relative Energies of Direct DCs at 0 K (kcal/mol)

pathways explored EQm DCn dissociation energy pathways explored EQm DCn dissociation energy

EQ0−DC0 0 104.4 104.4 EQ3−DC22 81.0 180.4 99.4
EQ0−DC1 0 218.4 218.4 EQ4−DC23 86.8 180.9 94.1
EQ7−DC2 11.2 124.0 112.8 EQ6−DC24 81.0 149.5 68.5
EQ9−DC4 28.5 136.7 108.2 EQ6−DC25 81.0 215.6 134.6
EQ9−DC5 28.5 215.9 187.4 EQ35−DC26 105.1 221.5 116.4
EQ5−DC6 31.5 122.4 90.9 EQ23−DC28 118.0 185.0 67.0
EQ5−DC7 31.5 220.9 189.4 EQ23−DC30 118.0 249.8 131.8
EQ5−DC8 31.5 247.0 215.5 EQ29−DC31 119.3 210.3 91.0
EQ10−DC9 47.2 120.2 73.0 EQ29−DC32 119.3 226.7 107.4
EQ13−DC10 42.6 133.4 90.8 EQ22−DC33 119.1 249.6 130.5
EQ13−DC11 42.6 236.3 193.7 EQ24−DC34 139.6 194.0 54.4
EQ1−DC12 45.8 171.8 126.0 EQ40−DC35 141.0 272.2 131.2
EQ1−DC13 45.8 124.7 78.9 EQ34−DC37 141.3 283.6 142.3
EQ2−DC14 49.2 119.3 70.1 EQ18−DC38 143.2 252.4 109.2
EQ11−DC15 54.6 142.0 87.4 EQ26−DC39 146.7 254.7 108.0
EQ15−DC17 71.4 143.8 72.4 EQ17−DC41 156.1 248.4 92.3
EQ15−DC18 71.4 249.7 178.3 EQ20−DC42 161.5 227.5 66.0
EQ8−DC19 62.2 147.4 85.2 EQ20−DC43 161.5 274.0 112.5
EQ21−DC20 70.8 147.2 76.4 EQ30−DC46 184.7 189.9 5.2
EQ19−DC21 86.4 242.3 155.9 EQ41−DC47 241.1 287.1 46.0
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TS69−DC). The HCONC isomer exhibits two pathways: CN
+ HCO fragmentation (EQ39−TS95−DC) and rotational
dissociation (EQ39−TS96−DC). Additionally, the H−c−
C(O)CN structure shows multiple pathways, including
formation of linear HCNCO TSs (EQ44−TS130−DC and
EQ44−TS131−DC), and CO + HCN fragmentation (EQ44−
TS132−DC).
The conformational investigation identifies 40 direct DCs,

illustrated in Figure 2 and detailed in Table 3. These pathways
are categorized based on their structural features and
dissociation patterns. In ADDF calculation, a DC structure is
identified when the atomic distance exceeds the threshold of 2
× (RA + RB), where RA and RB are the covalent radii of atoms A
and B. For the primary HC(O)CN conformer (EQ0), two
DCs are identified: hydrogen atom dissociation (EQ0−DC0
pathway) and oxygen atom dissociation (EQ0−DC1 pathway).
Similarly, the HC(O)NC isomer (EQ7) exhibits analogous
dissociation pathways through hydrogen atom elimination via
the EQ7−DC2 pathway. The cyclic and linear isomers
demonstrate diverse fragmentation patterns. The O−c-
CNC−H isomer undergoes hydrogen atom (EQ9−DC4
pathway) and oxygen atom (EQ9−DC5 pathway) dissociation.
The linear HNCCO isomer exhibits three distinct pathways:
hydrogen atom dissociation (EQ5−DC6 pathway), HN +
CCO fragmentation (EQ5−DC7 pathway), and oxygen atom
elimination (EQ5−DC8 pathway). OCCNH and OCNCH
isomers undergo hydrogen atom dissociation (EQ10−DC9
and EQ13−DC10 pathways, respectively), with OCNCH
additionally showing oxygen atom elimination (EQ13−DC11
pathway). The HOCCN isomer exhibits multiple pathways,
including CCN + OH fragmentation (EQ1−DC12 pathway)
and hydrogen atom dissociation (EQ1−DC13 and EQ2−
DC14 pathways). The HOCNC system demonstrates hydro-
gen atom elimination (EQ11−DC15). The O−c-CCN−H
structure shows both hydrogen (EQ15−DC17) and oxygen
atom (EQ15−DC18) dissociation pathways, while cyclic HO−

c-CCN exhibits hydrogen atom dissociation through two
distinct routes (EQ8−DC19, EQ21−DC20).
Complex fragmentation patterns are observed in several

pathways. The HN−c-COC isomer dissociates to form HN +
c-COC fragments (EQ19−DC21). HCCNO demonstrates
NO + CCH fragmentation (EQ6−DC24) and hydrogen atom
dissociation (EQ6−DC25). The HONCC isomer exhibits
multiple pathways, including CCN + OH formation (EQ23−
DC28) and terminal carbon dissociation yielding CNOH
(EQ23−DC30). The ON(H)CC isomer shows both hydrogen
atom dissociation (EQ29−DC31) and CC + ONH fragmen-
tation (EQ29−DC32). The HCCON structure exhibits
hydrogen atom (EQ34−DC37) dissociation pathways. The
linear HNOCC structure demonstrates two distinct pathways:
HN + CCO fragmentation (EQ20−DC42) and hydrogen
atom dissociation (EQ20−DC43). The HCOCN isomer
shows two distinct hydrogen atom DCs (EQ3−DC22 and
EQ4−DC23 pathways). The cyclic H−c-CCN−O structure
undergoes hydrogen atom (EQ35−DC26) elimination. The
HONCC isomer demonstrates terminal carbon atom dissoci-
ation forming CNOH (EQ22−DC33), while the cyclic HO−c-
NCC structure shows OH fragment elimination (EQ24−
DC34). The cyclic H−c-C(O)CN isomer undergoes hydrogen
atom dissociation (EQ40−DC35), while HCC(O)N exhibits
two distinct hydrogen atom elimination pathways (EQ18−
DC38, EQ17−DC41). The HNC(O)C structure shows
concurrent hydrogen atom dissociation and terminal carbon
atom elimination, forming H−c-NCO (EQ26−DC39 path-
way). The cyclic HO−c-CCN demonstrates carbon atom
dissociation forming NCOH (EQ30−DC46), and the NO-
(H)CC isomer exhibits hydrogen atom elimination (EQ41−
DC47).
Among the identified structures, the EQ0, EQ7, EQ9, EQ5,

and EQ13 isomers are selected for reactivity analysis with H2O.
These isomers serve as the initial fragment to react with H2O
in potential product searching processes, performed at three

Figure 3. Predicted product distributions from MC-AFIR calculation for the reaction of HC(O)CN + H2O, starting from EQ0.
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different γ values (100, 200, and 400 kJ/mol). The artificial
forces facilitate the collision of isomers with a H2O molecule,
generating structures that may serve as intermediates, products,
or TS for subsequent reaction processes. Detailed information
on MC-AFIR products is provided in the Supporting
Information.
The MC-AFIR calculations elucidate the distinct product

distribution patterns in the reaction of EQ0 [HC(O)CN] and
H2O across different artificial force constants (Table S5 and
Figure 3). No product formation is observed at lower force

constants (100 and 200 kJ/mol), contrasted with significant
reactivity emerges at 400 kJ/mol, suggesting a high activation
barrier for this reaction. At γ = 400 kJ/mol, the predominant
product H2OC(H)(O)CN forms in 48.7% yield, while
H2OC(N)C(O)H and the ionic species OH− + HOC(H)CN+

are generated in yields of 11.5% and 10.1%, respectively, with
additional minor products each comprising less than 7% of the
total distribution. The product distribution indicates that
molecular addition pathways for EQ0 and H2O are favored
over ionic dissociation routes under these conditions.

Figure 4. Predicted product distributions from MC-AFIR calculation for the reaction of HC(O)NC + H2O, starting from EQ7.

Figure 5. Predicted product distributions from MC-AFIR calculation for the reaction of O−c-CNC−H + H2O, starting from EQ9.
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The reaction between EQ7 [HC(O)NC] and H2O is
investigated with varying artificial force constants (Table S6
and Figure 4). At 100 kJ/mol, no reactivity is observed.
However, product formation initiates at 200 kJ/mol, yielding
predominately H2OCNC(H)O (15.1%) and trace amounts of
HOCNC(H)OH (0.7%). Increasing the force constant to 400
kJ/mol results in a pronounced tendency toward ionization,
characterized by the formation of CN− + HC(O)OH2

+ ion
pair as the major product (49.3%), accompanied by the
formation of CNC(H)OH+ + OH− (11.5%) and HC(O)-

NCH+ + OH− (8.8%). Concurrently, the molecular addition
product H2OCNC(H)O exhibits a slightly diminished yield
(12.2%), while several minor products are observed at yields
<3%. These product distributions indicate that elevated forces
promote ionic dissociation pathways over molecular addition
mechanisms in the EQ7−H2O system.
The MC-AFIR calculations elucidate the product distribu-

tion patterns for the reaction between EQ9 (O−c-CNC−H)
and H2O under varying artificial force constants (Table S7 and
Figure 5). At the lowest force constant (100 kJ/mol), no

Figure 6. Predicted product distributions from MC-AFIR calculation for the reaction of HNCCO + H2O, starting from EQ5.

Figure 7. Predicted product distributions from MC-AFIR calculation for the reaction of OCNCH + H2O, starting from EQ13.
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product formation is observed. When increasing to 200 kJ/
mol, the system shows increased reactivity, predominantly
yielding the molecular addition product O−c-CNC(OH2)−H
(55.4%), with only trace amounts of O−c-CNC− + H3O+

(0.7%). At 400 kJ/mol, while O−c-CNC(OH2)−H remains
the major product (51.3%), several new products emerge
through both molecular addition and ionic pathways. Notable
products comprise H2OC(O)C(N)H (13.3%) and the ionic
pairs O−c-CN(H)C−H+ + OH− (10.0%) and HO−c-CNC−
H+ + OH− (6.0%), with additional minor products forming in
yields below 4%. These results suggest that for the EQ9−H2O
system, molecular addition remains the preferred reaction
pathway even with high activation energy, although ionic
dissociation routes have become increasingly accessible.
The reactivity patterns between EQ5 (HNCCO) and H2O,

as revealed by MC-AFIR calculations (Table S8 and Figure 6),
demonstrate unique force-dependent behavior. Notably, even
at the lowest force constant (100 kJ/mol), the system exhibits
reactivity with the exclusive formation of H2NCC(O)OH
(30.0%). As the force constant increases to 200 kJ/mol, the
emergence of ionic species becomes prominent. The OH− +
H2NCCO+ ion pair dominates (26.8%), followed by the
formation of OH− + HNC(H)CO+ (12.7%), while the initially
observed H2NCC(O)OH decreases to 15.5%. Further
enhancement of the force constant to 400 kJ/mol triggers a
significant mechanistic shift, with HNCC(O)OH2 emerging as
the predominant product (40.7%). The original product
H2NCC(O)OH maintains a substantial presence (14.0%),
while ionic pairs continue to form in significant quantities:
OH− + H2NCCO+ (11.3%) and OH− + HNC(H)CO+

(10.0%). Several additional products, including H2NC(OH)-
CO (8.7%) and various ionic species, form in minor quantities
(less than 3%). This evolution in product distribution suggests
a complex interplay between EQ5 and H2O, with the preferred
mechanism highly dependent on the activation energy.
MC-AFIR calculations reveal a distinct reactivity profile for

the reaction between EQ13 (OCNCH) and H2O (Table S9
and Figure 7). At γ = 100 kJ/mol, the system already shows
significant reactivity, predominantly forming H2CNC(O)OH
(58.1%) with a minor contribution of H2C(OH)NCO (2.7%).
When the force constant increases to 200 kJ/mol, while
H2CNC(O)OH remains the major product (50.7%), a new
significant product H2OC(H)NCO emerges (24.7%), along
with HOCH2NCO (8.0%) and trace amounts of HOC(H)-
NCO (0.7%). At the highest force constant (400 kJ/mol), the
system maintains its preference for molecular addition
pathways, with H2CNC(O)OH (44.7%) and H2OC(H)NCO
(37.3%) as the dominant products. Several new minor
products appear, including H2OC(O)NCH (6.7%) and
HOCH2NCO (3.3%), while small quantities of ionic species
such as H2CNCO+ + OH− (1.3%) and other ion pairs each
form in yields below 2%. Notably, this reaction system
demonstrates a consistent preference for molecular addition
mechanisms across all force constants, with ionic pathways
playing only a minor role even at higher forces.

■ CONCLUSION
In this study, we conduct a comprehensive investigation of the
PES of cyanoformaldehyde using the B3LYP-D3(BJ)/def2-
TZVP level of theory, identifying a complex landscape of 48
EQs, 152 TSs, and 49 DCs. The global reaction route map
reveals an intricate network comprising 80 distinct isomer-
ization pathways, complemented by 34 TS-mediated and 40

direct DCs. Analysis of the investigated pathways reveals
thermodynamic constraints on isomerization, with higher
barriers generally protecting more stable isomers. Preliminary
kinetic assessment demonstrates preferential transformation
routes, though further dynamical studies including accurate
tunneling correction are needed. Several pathways across the
interstellar UV range (138.4−313.6 kcal/mol) indicate photo-
chemically accessible transformations, but these isomers’
thermodynamic instability would require continuous formation
to maintain detectable concentrations. Through MC-AFIR
calculations incorporating a single H2O molecule, we elucidate
the mechanistic influence of bimolecular interactions on
product distribution. The systematic mapping of reaction
pathways, combined with formation propensity analyses of
water-involved products, provides fundamental insights into
isomeric transformations and establishes a theoretical frame-
work for predicting isomer distributions. Our findings
demonstrate the utility of computational approaches in
characterizing global reaction networks and offer valuable
guidance for the selective detection and understanding of
bimolecular reactions of cyanoformaldehyde isomers.
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