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ABSTRACT: The potential energy surface for OH + HOCH2CN
was investigated computationally with B2PLYP-D3/cc-pVTZ
density functional theory for geometries and frequencies, and
coupled-cluster theory with double, triple and perturbative
quadruple excitations approximately extrapolated to the complete
basis set limit for energies. The results were employed with
canonical variational transition state (TS) theory and an Eckart
tunneling model to obtain rate coefficients, k, for three channels,
(1) H abstraction from the C−H bonds, (2) H abstraction from
the O−H bond and (3) addition to the nitrile C atom. Over 220−
450 K, k1(T) = 2.07 × 10−13 (T/298 K)2.264 exp(+15 K/T) cm3

molecule−1 s−1 and is the dominant pathway, accounting for ca.
85% of total reactivity at 298 K and 1 atm. k2(T) = 5.16 × 10−15

(T/298 K)3.470 exp(+440 K/T) and the high-pressure limit for channel 3, k3,∞(T), was found to be temperature-independent with a
value of 2.2 × 10−14 cm3 molecule−1 s−1. Consideration of the low-pressure limit and falloff indicates the high-pressure limit is the
relevant quantity for atmospheric conditions. Intramolecular hydrogen bonding both stabilizes the TSs and makes them less flexible.
The tropospheric lifetime of HOCH2CN with respect to reaction with OH is estimated to be ∼45 days. Its major degradation
product is predicted to be HC(O)CN, with minor contributions from HOC(O)CN and other species. Thermochemistry for
HOCH2CN and these two products was obtained.
KEYWORDS: tropospheric chemistry, lifetime, wildfire, astrochemistry, transition state theory

1. INTRODUCTION
Biomass burning influences atmospheric composition, the
climate and ecology and is the major atmospheric source of
nitrile compounds.1 Emission of reactive nitrogen compounds,
including nitrogen-containing volatile organic compounds
(NVOCs), from wildfires impacts air quality and human
health, and is a topic of current research.2 Recent work in this
laboratory has shown that 2-hydroxyacetonitrile (HOCH2CN,
HAN), an isomer of methyl isocyanate, is emitted from
wildfires.3 There is considerable information about the
rotational spectrum,4−6 however, little is known about the
gas-phase thermochemistry, IR and UV spectroscopy or
reactivity of HOCH2CN. A primary goal of the present work
is to predict the reactivity of HOCH2CN with the hydroxyl
radical under conditions relevant to the troposphere, estimate
its atmospheric lifetime with respect to OH radical reactivity,
and evaluate likely degradation products.
Here we investigate four OH + HAN reaction pathways

computationally. There are two sites for H atom abstraction
plus possible addition to either end of the CN group

+ +
=H

HOCH CN OH HOCHCN H O

132.5 kJ mol
2 2

0
1

(R1)

+ =HOCH CN H O 45.9 kJ mol2 2 0
1

(R2)

=HHOCH C(OH)N 111.7 kJ mol2 0
1

(R3)

= +HHOCH CNOH 78.7 kJmol2 0
1

(R4)

where the ΔH0 values were obtained in the present work. The
uncertainties are ±1.5 kJ mol−1 (see Section 3.1). The
thermochemistry of HAN has not been measured and the
first part of this work was to derive an accurate heat of
formation, to allow assessment of feasible reaction pathways
and dissociation equilibria. The central thrust of the study was
to obtain temperature-dependent rate coefficients relevant to
atmospheric chemistry, for which there are no prior
experimental or theoretical data. These were used to assess
the tropospheric lifetime. To predict the reaction rate
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coefficients, canonical variational transition state (TS) theory
was applied with information about the potential energy
surfaces for reactions (R1−R4) obtained at levels of theory
that approximate coupled cluster theory through quadruple
excitations at the complete basis set limit, along with an
accounting for vibrational and torsional anharmonicity in the
normal modes.
We also discuss the potential atmospheric fate of HAN and

its likely degradation products such as formyl cyanide,
HC(O)CN, and cyanoformic acid, HOC(O)CN. These
three species are also relevant to astrochemistry, where
compounds containing a CN group are of interest as prebiotic
precursors to amino acids and nucleobases,7 implicated in the
origins of life. This has motivated detailed studies of the
rotational energy levels of HOCH2CN to assist radio
astronomy detection.4−6 HC(O)CN was isolated in the
laboratory in 19928 and detected in a star-forming region in
2008.9 HAN was similarly detected in 2019.10 In this context,
Zhao et al. have analyzed some of its reactions computation-
ally,11 with a focus on H atom loss or its reverse and
emphasizing surface-adsorbed species, but no gas-phase
kinetics data are available.

2. METHODOLOGY
Geometries of bound minima and TSs on the potential energy
surface for OH + HOCH2CN were characterized with the
B2PLYP-D3/cc-pVTZ level of density functional theory
(DFT).12−14 This was chosen because it “provides [coupled
cluster with single, double and perturbational triple excita-
tions] CCSD(T) quality geometries and frequencies” at low
computational cost.15 The stability of the wave function at the
stationary points was verified, and the intrinsic reaction
coordinates (IRC) were followed to confirm the species
connected by the TSs. Fundamental vibrational frequencies
were evaluated by scaling the harmonic frequencies ω by
1.045−0.00851 ω0.292 as proposed by Elliott et al.15 for H/C/
O species. Compared to a large training set obtained via
anharmonic vibrational second-order perturbation (VPT2)
analysis, they found a rms deviation of 13 cm−1 per normal
mode. As a check on application of this scaling to a nitrogen-
containing molecule similar to HAN (and likewise outside the
H/C/O training set) we examined CH3CN. Compared to the
experimental fundamental frequencies,16 DFT scaled as above
yielded a rms deviation of 18 cm−1 per mode. For zero-point
vibrational energy (ZPVE), a constant scale factor was applied
so that ZPVE = 0.9863 × 1/2 Σω, which Elliott et al. found to
have a rms error of 0.7 kJ mol−1 per molecule compared to
VPT2 results for their training set.15 For our test case of
CH3CN, combination of DFT with VPT2 reveals an error of
−0.4 kJ mol−1 in the simple scaling approach for ZPVE.
Single-point electronic energies were obtained with coupled

cluster theory extrapolated to the complete basis set limit, ECBS,
using energies at CCSD(T)17 with the cc-pVTZ and cc-pVQZ
basis sets,14 denoted as En with n = 3 and 4, respectively. The
T1 diagnostic18 was monitored to check for excessive
multireference character which would make the single-
reference methodology unreliable. En is the sum of the
Hartree−Fock and correlation energies, EHF + Ecorr, which
were extrapolated separately to their CBS limits as follows19

=E E A nexp( )nCBS
HF HF 1/2 (1)

where α is fixed at 5.46 and A is a species-specific parameter,
and

=E E E(3 4 )/(3 4 )CBS
corr

3
corr

4
corr

(2)

where β = 3.05, and then added. All the quantum calculations
were made with the Gaussian 16 program,20 except for a
higher-level correction for electron correlation to include exact
triple and perturbative quadruple excitation terms, defined here
as

=E E(CCSD(T)/cc pVDZ) E(CCSDT(Q)/cc

pVDZ)
HL

(3)

This last step was evaluated with the MRCC program21

integrated with Cfour.22 ECBS for the OH radical was corrected
down by 0.83 kJ mol−1 to account for its spin−orbit splitting.16

ECBS for all species were then modified by adding the ZPVE to
obtain the final energy Etotal as

= + + +E E E E ZPVEtotal CBS
HF

CBS
corr

HL (4)

Differences in Etotal between reactants and TS or products
correspond to enthalpy changes at 0 K, ΔH0. For loose
complexes of radicals with closed shell molecules, convergence
difficulties interfered with computation of EHL and so this term
was left out of their ΔH0 calculations. This should cause
minimal error because valence forces are minor for these long-
range systems.23

The thermochemistry of HAN was assessed by computation
of ΔH0 for a hypohomodesmotic working reaction24 which
conserves the number and type of bonds and the hybridization
of the carbon atoms

+ +HOCH CN C H HOCH CH CH CN2 2 6 2 3 3 (R5)

This process is chosen to cancel computational errors. The
enthalpies of formation of ethane, ethanol and acetonitrile are
accurately known from the Active Thermochemical Tables
(ATcT),25 the source for all ancillary thermochemistry used
here unless otherwise noted. Given the computed reaction
enthalpy for reaction (R5), ΔfH0(HAN) is derived. The
fundamental frequencies were used to evaluate the thermal
correction H298−H0 for HAN and, together with the H298−H0
for the elements in their standard states,26 ΔfH298(HAN) is
obtained. Possible atmospheric degradation products of HAN
(see later) are suggested to be HC(O)CN and HOC(O)CN,
and they were analyzed via analogous working reactions

+ +HC(O)CN C H CH CHO CH CN2 6 3 3 (R6)

+ +HOC(O)CN C H CH C(O)OH CH CN2 6 3 3
(R7)

Rate coefficients k were calculated via canonical variational
TS theory, CVTST,27 as the minimum of k with respect to s,
the distance of the TS along the reaction coordinate from the
saddle point

i
k
jjj y

{
zzz=k

k T
h

m
m

Q

Q Q
E
RT

min exp
s

B TS

reactant

TS

OH HAN

0

(5)

where E0 is the 0 K energy of the TS relative to reactants,
Etotal(TS) − Etotal(OH) − Etotal(HAN). Etotal(TS) varies with its
location. m is the number of optical isomers that do not
interconvert via low-barrier internal rotations. Molecular
partition functions Q were based on the harmonic oscillator-
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rigid rotor model using the scaled fundamental frequencies and
the moments of inertia obtained from DFT, and include
rotational symmetry factors σ. Low-barrier torsions, such as the
hindered rotation of OH in HAN which connects the most
stable gauche structure with a higher energy trans conformer,4

were treated as separable one-dimensional modes. For these
modes, the torsional potential was evaluated over the 2π range
of torsion angle φ with B2PLYP-D3/cc-pVTZ theory in 32
steps, and a discrete Fourier Transform was applied to express
the potential as a sum of sine and cosine components of φ
through 6φ. This scan automatically accounts for the number
of optical isomers along these paths. The hindered rotor
partition function was obtained via the energy levels of the
torsional potential as implemented in the Multiwell program.28

The highest value of E0 as a function of s, the distance along
the mass-weighted IRC away from s = 0 at the DFT saddle
point, along with the neighboring points on either side, define

an inverted parabola. This yields the curvature of the
vibrationally adiabatic ground-state (VAG) potential and, via
the method of Coote et al.,29 the imaginary frequency for
motion along the IRC. In turn, this parameter, along with the
forward and reverse barrier heights Vf and Vr at the local
maximum of the VAG, allows the transmission correction
factor κ for quantum mechanical tunneling to be evaluated
with a simple one-dimensional Eckart model, based on a
Boltzmann distribution of energy levels in the reactants. These
Q and κ calculations were carried out with the Multiwell
program.28 To summarize, (i) anharmonicity in regular
vibrations is accounted for by scaling, (ii) torsional
anharmonicity is accounted for by evaluation of 1-D torsional
potentials and their associated eigenvalues, which also (iii)
incorporates different conformations that can interchange via
the low-barrier torsions, while (iv) multistructural effects from
different conformations that cannot interconvert via such

Figure 1. Structures of reactants, bound complexes, TSs and products for the reactions of hydroxyl with hydroxyacetonitrile from B2PLYP-D3/cc-
pVTZ DFT. Selected bond lengths are shown in units of 10−10 m. Atoms are denoted as oxygen (red), carbon (black), nitrogen (blue) and
hydrogen (pale blue). A color version of this figure is available in the online version.
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internal rotations, for example certain optical isomers, are
accounted for with a separate factor m. Together with external
rotational symmetry numbers σ (actually included within Q for
overall rotation), the ratio mTS σreactant/(mreactant σTS) is a
reaction path degeneracy that multiplies the rate coefficient.
Because σ (which is 1 for the present cases) is already included
within Q for overall rotation, only the factor mTS/mreactant
appears explicitly in eq 5.
Variational effects were evaluated by stepping along the IRC

away from the saddle point of the VAG, and geometries at
positive and negative s values were characterized with steps of
0.07, 0.16, and 0.05 amu bohr1/2 for reactions (R1−R3),
respectively, as trial locations for the TS. At each location,
motion along the IRC was projected out and frequencies were
scaled as before. Etotal(TS) was reevaluated at each of these
locations, hence modified E0 values, with the assumption that
EHL was unchanged from the value at s = 0 for small
displacements. Along with the modified moments of inertia,
scaled modified frequencies were used to calculate QTS and
hence k as a function of s. At each temperature, the IRC point
that minimized k together with the neighboring points, defined
a quadratic function for k(s) used to interpolate k (by 1−10%)
to our best estimate of its minimum value.
The inherently pressure-dependent kinetics for the addition

reaction (R2) were predicted via Troe’s unimolecular formal-
ism.30 Equation 5 yielded its high-pressure limit, and the low-
pressure limit was predicted via the Statistical Adiabatic
Channel Model detailed by Troe.30 Atmospheric conditions
were explored by interpolation between these limits using the
simplified falloff relation employed by Burkholder et al.31

3. RESULTS AND DISCUSSION
3.1. Thermochemistry. Structures of the reactants,

intermediates, TSs and products for (R1−R4) are shown in
Figures 1 and 2, and their Cartesian coordinates are provided
in Table S1 of the Supporting Information. As expected, for
gauche HAN the DFT bond lengths are similar to those from
the explicitly correlated coupled cluster calculations (CCSD-
(T)-F12/aug-cc-pVTZ) made by Dalbouha et al.,5 with mean
and rms differences of 0.001 and 0.003 in units of 10−10 m,
respectively. Table S2 lists the initial computed harmonic
frequencies before scaling, and Figure S1 shows the torsional
potentials for those modes treated as hindered rotors. To date,
the gas-phase infrared spectrum of HAN has not been
published, although it has been studied in the liquid state32

and in a frozen matrix.33,34 We also summarize our predicted
fundamental vibrational frequencies in Table S2, to assist
future gas-phase identification of HAN.
Table S3 lists the results of the single-point energy

calculations. The T1 values are below the general thresholds
of T1 < 0.044 for radicals and T1 < 0.02 for closed-shell
species,18,35 which indicates that single-reference coupled-
cluster theory is valid. Via the working reaction (R5), we
obtain the enthalpy of formation of HAN at 0 and 298 K to be
−43.37 and −52.17 kJ mol−1, respectively. The ATcT
uncertainties in the three reference values propagated in
quadrature yield ±0.33 kJ mol−1. We expect significant
cancellation of any residual errors in Etotal. As a check, we
considered an intentionally inferior isogyric working reaction

+ + +HOCH CN 2H H O CH HCN2 2 2 4 (R8)

that yields ΔfH0(HAN) = −43.55 kJ mol−1, where
uncertainties in the reference compounds together contribute

±0.10 kJ mol−1. The close accord of ∼0.2 kJ mol−1 between
the two approaches, where the second benefits from less error
cancellation, is consistent with a conservative uncertainty of
around 0.5 kJ mol−1 for the hypohomodesmotic working
reactions combined with our Etotal formalism. Combined in
quadrature with the rms ZPVE uncertainty of 0.7 kJ mol−1 for
each species leads to a final uncertainty of ∼1.5 kJ mol−1 (1σ).
For HAN thermochemistry there are no prior experiments or
computations for comparison.
Substitution of Etotal values into (R1−R4) yields the ΔH0

values shown in the Introduction. A first step in rationalization
of the reactivity of HAN is to consider the strengths of the
breaking or forming bonds. In two related molecules,
acetonitrile and methanol, the C−H bond dissociation
enthalpy at 0 K (BDE) is lowered by about 36 kJ mol−1

compared to that in methane, from 432.5 kJ mol−1 in CH4 to
397.7 kJ mol−1 in CH3CN and 395.7 kJ mol−1 in CH3OH.
This may reflect stabilization of the resulting substituted
methyl radicals by π electron donation from the OH or CN
group toward the half occupied, electron deficient p orbital in
the radical. Both groups together exhibit an additive effect,
with a computed C−H BDE in HOCH2CN of 361.8 kJ mol−1,
i.e., lowered by a further ca. 35 kJ mol−1. One might therefore
expect C−H abstraction kinetics in HAN to be more favorable
than in the simpler analogs. For the O−H BDE, computation
yields 446.4 kJ mol−1 in HAN, 11 kJ mol−1 higher than the

Figure 2. Structures of reactants, bound complexes, TSs and products
for the reactions of hydroxyl with hydroxyacetonitrile from B2PLYP-
D3/cc-pVTZ DFT. Selected bond lengths are shown in units of 10−10

m. Atoms are denoted as oxygen (red), carbon (black), nitrogen
(blue) and hydrogen (pale blue). A color version of this figure is
available in the online version.
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435.0 kJ mol−1 found in methanol. OH can add to the C atom
of the nitrile group in HAN, pathway (R3), with a computed
C−O BDE in the product HOCH2(OH)N radical of 110 kJ
mol−1 at 0 K. For the analogous radical CH3C(OH)N formed
from acetonitrile, our calculations yield 99 kJ mol−1. Thus, the
addition product is slightly more strongly bound for HAN vs
CH3CN and would be stable at ambient conditions. Addition
of OH to the N atom in HAN is significantly endothermic,
with a computed ΔH0 = +79 kJ mol−1, so reaction (R4) will be
both thermodynamically unfavorable and negligibly slow under
atmospheric conditions, and therefore it is not considered
further.
HAN can dissociate via a molecular channel

+HOCH CN CH O HCN2 2 (R9)

and the extent of dissociation in the gas-phase bears on the
possible observation of HAN and its fate. The ΔfH298(HAN)
together with ΔfH298 of CH2O and HCN yield the enthalpy
change for reaction in the gas-phase, ΔH298 = +72.2 kJ mol−1.
We compute the entropy S298 and Cp,298 for HAN as 295.2 and
67.9 J K−1 mol−1 and, combined with the entropies of the
products,26 this implies ΔG°298 = +34.8 kJ mol−1 when all
species are present at partial pressures of 1 bar = 105 Pa. At 298
K the equilibrium constant is Kp = 8 × 10−7 (standard state 1
bar) or Kc = 2 × 1013 (standard state 1 molecules cm−3).
Dissociation of HAN becomes more favorable as its partial
pressure decreases, and for example starting with pure HAN at
pressures of 10 mbar and 10 ppb, we predict degrees of
dissociation of 0.009 and 0.99, respectively, at thermal
equilibrium. Trace partial pressures of HAN are therefore
thermodynamically unstable.
3.2. Kinetics of Hydroxyl Radical Reactions with

Hydroxyacetonitrile. The relative 0 K enthalpies of OH +
HAN, TSs and products (derived from relative Etotal values
listed in Table S3) for (R1−R3) are summarized in Table 1

and plotted on a potential energy diagram in Figure 3, along
with hydrogen-bonded complexes in the entrance and exit
channels. The local maxima in the Etotal energies, which include
ZPVE, along the IRC are close to the DFT saddle point that
defines s = 0. With these s values for reactions (R1−R3) equal
to −0.095, 0.062, and 0.025 bohr amu1/2, respectively, it may
be seen that DFT yields a close estimate of the geometry of the
saddle point of the high-level VAG. At temperatures T > 0,
changes in the partition functions along the IRC further−
slightly−shift the position of the variational TS (i.e., the s value

where locating the TS minimizes ki(T)). The factors by which
the variational analysis reduces ki(450 K) compared to using
simple TST at s = 0 for i = 1−3 are 1.14, 1.33 and 1.08,
respectively, and decrease to 1.02, 1.03, and 1.01 at 220 K.
Thus, variational effects are not large for our conditions of
interest. The imaginary frequencies vi for motion along the
reaction coordinate evaluated from the curvature of the VAG
potentials at their maxima for the three reactions are 944i,
2188i and 532i cm−1, respectively. This parameter reflects the
narrowness of the barrier, so higher values imply more
tunneling for a given barrier height. Because of the strongly
nonlinear dependence of the tunneling correction factor κ of
eq 5 on vi, tunneling is much more important for abstraction of
H from the hydroxyl group than for the other pathways.
The CVTST kinetics results for reactions (R1−R3) are

plotted in Arrhenius format in Figure 4. The greatest rate
coefficient is for (R1), whose rate expression is provided in
Table 2.
A simple Arrhenius fit of k1 over this same temperature

range yields a preexponential A factor of about 2 × 10−12 cm3

molecule−1 s−1, in line with typical A factors for H abstraction
by the OH radical. The alternative abstraction path (R2) rate
coefficient is an order of magnitude lower (Table 2). Despite a
barrier 7.3 kJ mol−1 higher than for (R1), the temperature
dependence is similar. Partly this reflects the increasing
influence of quantum mechanical tunneling with decreasing
temperature. At 298 K the factor κ of eq 5 is 1.6 for k1 and 8.8
for k2, while at 220 K the values are 2.4 and 46, respectively.
For channel R3, addition of OH to the C atom of the nitrile

group to yield the HOCH2C(OH)N radical, the CVTST
analysis yields the high-pressure limit k3,∞, which is similar to
k2(298 K). The barrier is small, ∼1 kJ mol−1, hence the
negligible temperature-dependence of k3,∞(T), which is
constant to within 5% at 2.2 × 10−14 cm3 molecule−1 s−1,
and the role of tunneling is negligible. The pre-exponential
factor is lowered in the moderately tight TS3, where the
barriers to rotation of the hydroxyl group in HAN and of the
incoming hydroxyl group are high, at 26 and 41 kJ mol−1,
respectively. This reflects dipole−dipole attraction between the
OH and CN groups that holds them nearly parallel (see Figure

Table 1. Relative Enthalpies of Stationary Points on the OH
+ HAN Potential Energy Surface at 0 K

species enthalpy relative to reactantsa/kJ mol−1

OH + HOCH2CN 0
HB1 −12.53
HB2 −22.21
TS1 4.85
TS2 12.19
TS3 0.99
HB3 −59.56
H2O + OCH2CN −45.93
HOCH2C(OH)N −111.67
HB4 −168.63
H2O + HOC(H)CN −132.54

a1 σ uncertainty of 1.5 kJ mol−1.

Figure 3. Potential energy diagram for reactions of hydroxyl with
hydroxyacetonitrile based on approximate CCSDT(Q)/CBS results
plus ZPVE (see text), showing the pathways for R1 (red), R2 (blue)
and R3 (black). A color version of this figure is available in the online
version.
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1), while this and a hydrogen-bonding interaction with the
hydroxyl group stabilize TS3 and contribute to the low barrier.
The pressure dependence of k3 was predicted via Troe’s SACM
model, with a threshold energy of 112.7 kJ mol−1 for the
dissociation of HOCH2C(OH)N back to OH + HAN. A
typical and constant average energy transferred in collisions
with N2 bath gas of ⟨ΔE⟩ = −4 kJ mol−1 was assumed, which at
298 K implies a collisional efficiency of βc = 0.44. βc varied
from 0.53 at 220 K to 0.37 at 450 K. The low-pressure limit
k3,0(220−450 K) was estimated as 4.0 × 10−29 (T/298 K)−3.42

cm6 molecule−2 s−1. Interpolation of the falloff curve for 298 K
reveals that the effective second-order rate coefficient is within
10% of the high-pressure limit when the bath gas pressure
exceeds 3 mbar, so falloff can be neglected under tropospheric
conditions. Given our computed equilibrium constant for (R3)
of Kc = 6.8 × 10−28 exp(−13,800 K/T) cm3 molecule−1, and
the above k2,∞(T) expression, we can deduce that at the high-
pressure limit the lifetime of the HOCH2C(OH)N adduct
with respect to dissociation is of the order of a year at 298 K,
but drops to the order of a second at 450 K. Thus, the adduct
is nonreactive with respect to OH loss at ambient temperature,
although of course the HOCH2C(OH)N adduct is a labile
radical.
3.3. Complex Formation with Hydroxyl Radical. A

feature of the abstraction reaction paths is the formation of
bound complexes, with reactant complexes, HB1 and HB2,
before the TSs and postbarrier complexes between the
products, HB3 and HB4, see Figures 1 and 3. As discussed
below, these complexes do not significantly affect the kinetics
under tropospheric conditions.

HB1 is bound by a 12.5 kJ mol−1 interaction (at 0 K,
including ZPVE, relative to reactants) between the H atom of
the hydroxyl radical and the O of HAN, with a short hydrogen
bond length shown on Figure 1 of 1.94 × 10−10 m and where
the O atom of the hydroxyl could go on to attack a C−H bond
via reaction(R1). HB2 is bound by two interactions whose
combined strength is 22.2 kJ mol−1. The H atom of the
hydroxyl group is 2.37 × 10−10 m from the N atom of HAN
and the hydroxyl’s O atom is 2.02 × 10−10 m from the H atom
of HAN’s alcohol group. In HB2 the hydroxyl radical is
positioned for H-abstraction from the OH group of HAN via
reaction (R2). There is a further HB5 complex with OH along
the NCC axis of HAN with an N−H separation of 2.03 ×
10−10 m and bound by 15.7 kJ mol−1, but this is not clearly part
of a further reaction path.
The kinetics calculations via eq 5 correspond to the low-

pressure limit, where bound vibrational energy levels of
prereactive complexes are unpopulated and do not contribute
to the rate coefficient. If collisional stabilization populated
lower energy levels of HB1 and HB2, and if these levels
tunneled through the barriers at TS1 and TS2, then in
principle these levels could contribute to overall reaction via
tunneling to the products. Under these conditions pathway
(R2) would be favored because of the narrower barrier (larger
vi) permitting enhanced tunneling. At low enough temper-
atures, the tunneling rate of a prereactive complex may become
so fast that the reaction bottleneck becomes initial capture of
OH to form the prereactive complex. Typical capture rate
coefficients are of the order of 10−10−10−9 cm3 molecule−1 s−1

so the consequence is a major increase in the observed rate
coefficient at low temperatures, often occurring at around 50−
150 K depending on the reactant.36

As a check on whether this effect could be significant under
tropospheric conditions, we focus on HB2 because it is more
strongly bound than HB1 and tunneling is favored for (R2).
With an assumed A factor for HB2 dissociation back to
reactants of 1015 s−1 and a threshold of 22 kJ mol−1, HB2
molecules formed at 220 K with an energy above OH + HAN
of 3/2 RT (the average kinetic energy), we use the Inverse
Laplace Transform method37 to estimate the microcanonical
k(E) for dissociation as 8 × 1011 s−1. Collisional stabilization is
slower than this at pressures of 1 atm or less, so HB1 and HB2
have negligible impacts under atmospheric conditions.
Based on the broad similarity between properties of HB2

and TS2 and the analogous complex and TS for H abstraction
from the hydroxyl group of methanol,38,39 it is reasonable to
expect k2 to increase significantly at similar temperatures, i.e.,
at ca. 150−200 K, and to approach the OH + HAN capture
rate coefficient kcap at around 50−100 K. For capture
dominated by dipole−dipole interactions we apply the long-
range variational TS theory of Georgievskii and Klippenstein40

to obtain kcap = 5.7 × 10−10 (298 K/T)1/6 cm3 molecule−1 s−1.
These extremely low temperatures are outside the realm of

Figure 4. Arrhenius plot of computed rate coefficients for reactions of
hydroxyl with hydroxyacetonitrile, showing the pathways for R1 (red
dashed line), R2 (blue dash dot dot line), R3 (black dash dot line)
and total (green solid line). A color version of this figure is available in
the online version.

Table 2. Summary of Computed Rate Coefficients for OH + HOCH2CN

reaction products k(298 K)/cm3 molecule−1 s−1 k(220−450 K)/cm3 molecule−1 s−1

HOCHCN + H2O (R1) 2.2 × 10−13 2.07 × 10−13 (T/298 K)2.264 exp(+15 K/T)
OCH2CN + H2O (R2) 2.3 × 10−14 5.16 × 10−15 (T/298 K)3.470 exp(+440 K/T)
HOCH2C(OH)N (R3) 2.2 × 10−14 2.2 × 10−14

overall 2.6 × 10−13 8.2 × 10−12 exp[(1.12 × 105 K2/T − 1430 K)/T]
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atmospheric chemistry, although relevant to interstellar
chemistry, and were not pursued further in the present work.
3.4. Implications for Atmospheric Chemistry. The sum

of rate coefficients for pathways (R1−R3) at 298 K gives an
effective rate coefficient of 2.6 × 10−13 cm3 molecule−1 s−1

(Table 1). For comparison, this is approximately 3 times less
than the OH + methanol rate coefficient and 10 times greater
than for the OH + acetonitrile reaction.31 With an average
tropospheric concentration [OH] ∼ 1 × 106 molecules cm−3,
the HAN lifetime with respect to removal by OH is ∼45 days.
The uncertainty of up to ±2 kJ mol−1 in the reaction barrier
heights implies a factor of ∼2 uncertainty in the calculated rate
coefficient and a similar uncertainty in the lifetime.
As noted in Section 3.1, decomposition of low partial-

pressures of HAN to CH2O + HCN (R9) is thermodynami-
cally favored. Prior computational analysis yielded a high
barrier for direct dissociation with a slightly more favorable
path via isomerization of HAN to HOCH2NC followed by
dissociation of the isonitrile.41 The latter step is the bottleneck
for which we derive a barrier of 288 kJ mol−1 relative to HAN.
Therefore, (R9) is negligible in the atmosphere.
HAN is soluble in water42 and if dissolved in cloud aerosol,

it will dissociate in solution, especially at high pH, on a time
scale of hours.43 The rate-limiting step is reversible loss of
CN−(aq) from OCH2CN−(aq).43 We speculate that the
atmospheric lifetime with respect to this loss mechanism
might be similar to the removal of other soluble compounds by
cloud droplets, for which ∼7 days is recommended.44 In the
context of astrochemistry within molecular clouds, it has been
argued that dissociation and formation of HAN are
heterogeneously catalyzed by water clusters or ice-coated
grains.41

We considered possible photolysis of HAN. The UV
spectrum has not been reported in the literature, so we
made configuration interaction calculations with single
substitutions (CIS/aug-cc-pVTZ) to investigate the possibility
of electronically excited states accessible by UV−visible
absorption. This revealed an absence of transitions at
wavelengths longer than 200 nm, so photolysis does not
appear likely to be a rapid removal path for HAN in the
troposphere. This is in accord with measured UV spectra of
methanol and acetonitrile,45 which indicate the hydroxy and
nitrile groups not absorb above 200 nm. The implication of an
average lifetime of around 7 days, and in the absence of clouds
considerably longer, is that this component of smoke plumes
could be transported long distances.
We now comment briefly on the formation and likely

atmospheric fate of the HOCHCN radical and OCH2CN
radical formed in the OH + HAN gas-phase reaction. The
dominant channel (R1) leads to the formation of HOCHCN,
an α-hydroxyalkyl radical. Subsequent reaction with molecular
oxygen is expected to rapidly form HO2 and the aldehyde
HC(O)CN (formyl cyanide) through a mechanism involving
the initial formation of a HOCH(OO)CN peroxy radical
followed by H-transfer from HO− to OO− and elimination of
HO2.

46 If the peroxy radical was stabilized, then reaction with
NO to form the alkoxy species HOCH(O)CN followed by
removal of the H atom from C−H through collision with a
second O2 molecule could lead to the formation of
HOC(O)CN, cyanoformic acid. Enthalpies of formation for
both these nitrile products were derived via the working
reactions (R6 and R7). There has been a past discrepancy
between experimental47 and computed48 thermochemistry for

formyl cyanide, with ΔfH298 proposed as 26 ± 20 and 55 kJ
mol−1, respectively. For formyl cyanide, we obtain ΔfH0 and
ΔfH298 as 51.76 and 49.81 kJ mol−1, respectively, with an
uncertainty of 1.4 kJ mol−1 arising mainly from ZPVE. This
supports the suggestion that ΔfH298(HC(O)CN) should be
raised to the top or beyond of its experimental range. We are
not aware of prior thermochemistry for cyanoformic acid. The
derived ΔfH0 and ΔfH298 are −199.16 and −204.01 kJ mol−1,
respectively, with an uncertainty of 1.5 kJ mol−1. The minor
channel (R2) yields OCH2CN, and we expect atmospheric O2
to abstract an H atom to yield HC(O)CN. Thus, formyl
cyanide is likely the dominant product formed in the
atmospheric oxidation of HAN by the OH radical via both
(R1) and (R2), with a predicted yield of ca. 90%. In turn, a
possible environmental fate of HC(O)CN is hydrolysis to
formic acid and HCN, which occurs readily with water
adsorbed on surfaces.8

The product of channel (R3) could undergo C−C fission to
make CH2OH and HOCN radicals. Our derived thermochem-
istry indicates an endothermicity of 95 kJ mol−1 for the
decomposition of the reaction product and so at room
temperature, with an assumed A factor of ∼1015 s−1, this
process might have a first-order rate coefficient on the order of
0.01 s−1. A competing atmospheric fate is formation of a
peroxy radical by addition of O2 to the radical center on the N
atom, with an effective atmospheric first-order rate coefficient
of the order of 107 s−1, likely followed by O atom abstraction
by reaction with NO. For analogous perfluoronitrile/OH
adducts, subsequent steps involving H-shifts or H-transfers
have been proposed, leading to nitrosocarbonyl compounds,
NO and, following reaction with a second NO molecule,
N2O.49,50 There is insufficient information about analogs of
channel (R3) to be definitive about the multiple pathways
available for subsequent chemistry of the radical adduct, and
direct experimental measurements are desirable.

4. SUMMARY
Our calculations indicate that, like for methanol, the dominant
path for OH reaction with hydroxyacetylnitrile is abstraction of
H from C−H bonds (see Table 1). Despite the reduced C−H
bond strength in HAN, and because both the OH and CN
groups provide opportunities for favorable dipole or hydrogen
bond interactions that can stabilize the TSs, the total reactivity
is about 3 times less than methanol. This reflects the lowered
entropy in the TSs also caused by these attractive forces. An
estimated atmospheric lifetime with respect to OH chemistry is
45 days, and we note that heterogeneous loss on water aerosol
could be significant. The dominant product of OH reaction is
formyl cyanide with ca. 90% yield, which may ultimately be a
source of HCN.
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