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The cyano radical (CN) is an abundant, open-shell molecule found in a variety of environments,
DOI:00.0000/000000000x including the atmosphere, the interstellar medium and combustion processes. In these environments,
it often reacts with small, closed-shell molecules via hydrogen abstraction. Both carbon and nitrogen
atoms of the cyano radical are reactive sites, however the carbon is more reactive with reaction
barrier heights generally between 2-15 kcal mol~! lower than those of the analogous nitrogen. The
CN+HX — HCN/HNC+ X, with X=H, CH3, NH;, OH, F, SiH3, PH;, SH, Cl, C;H, CN reactions
have been studied at a high-level of theory, including CCSD(T)-F12a. Furthermore, kinetics were
obtained over the 100-1000 K temperature range, showing excellent agreement with those rate

constants that have been determined experimentally.

1 Introduction

In addition to being one of the first radicals to be detected in the
interstellar medium (ISM), the cyano radical (CN) is also one of
the most abundant open-shell molecules found in the ISM. 12 The
CN radical has been identified in Titan’s atmosphere® as well as
the atmospheres of the outer planets and some of their satellites.®
Furthermore, it is involved in the chemistry of hot molecular cores
and the outflow of dying carbon stars. Also, the reactions of CN
radicals with unsaturated hydrocarbons are important steps in
the production of long chain nitrile species.® Because hydrogen
cyanide is a common intermediate in hydrocarbon flames contain-
ing a nitrogen source, the CN radical is also particularly relevant
to the combustion of hydrocarbons.@ The cyano radical often re-
acts via hydrogen abstraction with small, closed-shell molecules
also found in interstellar and combustion environments.2Z The
reaction of CN radical with H; to form HCN and the subsequent
reaction between HCN and atomic oxygen to form NO is an im-
portant aspect of NO formation from atmospheric nitrogen and
nitrogen-containing fuels.®2 Additionally, the cyano radical is a
by-product of the decomposition of nitrogen oxide compounds.?
The production of HCN via the abstraction of H, by the cyano
radical has been observed at very low temperatures, such as those
in the ISM.10 Other hydrogen abstractions by the cyano radical,
such as CN*® + CH4 — HCN + CHj3, are among the proposed reac-
tions that take place in Titan’s atmosphere® and HCN is an impor-
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tant intermediate in combustion environments and can be pro-
duced through cyano radical hydrogen abstractions. Accurately
determining the energetics and rate constants of these reactions
can provide insight into what is taking place in both combustion
environments and the ISM.

In these hydrogen abstractions, either the carbon or nitrogen
can abstract the hydrogen to form either HCN or HNC. HCN is an
important intermediate in the combustion of hydrocarbons, but
the isomer HNC has a lower stability and is rare on earth.1 The
abundance ratio of these two molecules in space is quite different.
HNC has been observed to be as abundant as HCN, and in some
cases moreso. The HNC/HCN abundance ratio has even been
observed to be 1.55 in cold clouds with temperatures as low as
10 K122l While the carbon terminal is more reactive, reactions
with the nitrogen end are still feasible and have been considered
in previous studies. 13717 Therefore, reactions with the nitrogen
end will be examined as well. In this work, the following hydro-
gen abstraction reactions of the cyano radical with various small
closed-shell molecules will be investigated using high-level ab-
initio methods:

CN+HX—HCN+X (R1)
CN+HX—HNC+X (R2)

where X=H, CHj3, NH,, OH, F, SiH3, PH,, SH, Cl, C,H, and CN. In
this study, we are primarily concerned with the energetics of the
stationary points and kinetics of these reactions. Our primary goal
with this work is to achieve accurate barrier heights which paint a
picture of the potential energy surfaces of each reaction pathway.
After accurately determining the barrier heights for these reac-
tions, we can produce reliable rate constants over a wide range
of temperatures which mimic the conditions in which these reac-
tions occur. These highly accurate results may then be used by
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experimentalists when examining yet-uncharacterized reactions
involving the cyano radical.

2 Methods

Equilibrium geometries of stationary points (both minima and
transition states) were optimized using the CCSD(T)-F12al®
method with the aug-cc-pVTZ basis seti? in MoLPrO 2010.2V
Electronic energies of stationary points along all reactions were
computed according to the focal point approach (FPA) of Allen
and coworkers.21'22 Methods that describe electron correlation
up to CCSDT(Q)2 and basis sets as large as aug-cc-pV5Z12
were used in this study. CCSD(T)/aug-cc-pVXZ (X = D, T, Q,
5)24 single point energies were computed using MOLPRO 20104V
whereas the CCSDT/aug-cc-pVDZ and CCSDT(Q)/aug-cc-pVDZ
corrections were obtained using MRrcc 2018.22 For third row el-
ements (Si— Cl), aug-cc-pV(X+d)Z (X = D, T, Q, 5)2¥ basis sets
were used to compute the CCSD(T) single point energies. As seen
in Table [1} there is excellent convergence to the CBS limit and
good convergence to the FCI limit. The CCSD(T) complete basis
set (CBS) energies were obtained by exptrapolating the Hartree—
Fock energy and correlation energies using a three-point expo-
nential equation® and a two-point inverse cubic equation,2Z re-
spectively:

Eref(X) = Exgp + ae™"X 1)

Ecorr(X) = EZpp+aX 3 (2)

The focal point energies were obtained with the following for-
mula:

AEccspT(0)/cBs = AEccsp(m)/cBs + OET(Q) (3)

Additional corrections were made to account for approxima-
tions made during the focal point computations. To account for
the core-correlation neglected under the frozen-core approxima-
tion, the difference between the CCSD(T)/aug-cc-pCVQZ ener-
gies with and without core-electrons correlated was determined
(Ocore)- A scalar relativistic correction was obtained using X2C-
CCSD(T)/aug-cc-pCVTZ-X2C (Sppr). 2822 The clamped nuclei ap-
proximation was treated via diagonal Born—Oppenheimer correc-
tions (Spgoc) %3l evaluated at the ROHF/aug-cc-pVTZ level of
theory.!2 Both the relativistic correction and the diagonal Born—
Oppenheimer correction were carried out with CFOUR 2.0.22 An
experimental shift (6sg) was included for the OH, F, Cl, and SH
products to account for the splitting of the electronic ground state
due to spin-orbit coupling.2334 Finally, zero-point vibrational en-
ergies (Ozpyg) were obtained from the CCSD(T)-F12a/aug-cc-
pVTZ harmonic vibrational frequencies. Anharmonic contribu-
tions for the zero-point vibrational energies of the reactants and
products were also determined at the MP2/cc-pVDZ=2"37 Jevel
of theory by applying VPT22843 ysing CFOUR 2.0.22 These cor-
rections were included if they were considered significant (>0.1
keal mol~!). These corrections were added together to obtain the
relative enthalpy at 0K:

AHog = AEccspT(0),/cBS + OCORE + OrEL + OpBOC + 07PVE (+050)
@

Rate constants were calculated over a range of temperatures
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using canonical transition state theory: 444>
kgT QTS(T) —AH#
KIST(T) = i (T) 2= 5
(1) = x5 Trir P (o ®)

where QT5(T) and QR(T') are the partition functions of the tran-
sition state (TS) and reactants (R) and AH¥ is the barrier height
for the reaction. The transmission coefficient, x(7), was deter-
mined with an asymmetric Eckart potential barrier given the rel-
ative enthalpies of the pre-reactive complex, transition state, and
products for each reaction as well as the imaginary harmonic vi-
brational frequency corresponding to the reaction mode of the
transition state.4® Eckart tunneling was used because of its past
success accurately describing the tunneling of hydrogen transfer
reactions at moderate to high temperatures.4Z>% The methods
we are using are the most accurate in the 200 — 2000 K range. It
is expected that contributions from the excited electronic states
of CN will play a negligible role in the kinetics below 2000 K so
it will not be investigated in this work. Additionally, pressure de-
pendence was not accounted for in this work.

3 Results

3.1 Energies and Geometries

Tables [2] and [3] show the reaction enthalpies at 0 K for CN H-
abstractions from the carbon and nitrogen terminals. As seen in
the final two columns of each table, the agreement between our
computed reaction enthalpies and the reaction enthalpies taken
from the Active Thermochemical Tables (ATcT) (version 1.122e)
is excellent.>1"53 The latter results were unavailable for the reac-
tions between CN and SiHy, PH3, and H,S. All of our energy val-
ues for the carbon terminal abstractions lie within 0.20 kcal mol~!
of the ATcT values, while those of the corresponding nitrogen ab-
stractions lie within 0.30 kcal mol~!. The mean absolute error
of the carbon terminal abstraction reaction enthalpies is 0.09 kcal
mol~! and 0.11 kcal mol~! for the nitrogen abstractions. The root
mean square error for the carbon abstractions is 0.11 kcal mol~!
and 0.14 kcal mol~! for the nitrogen abstractions. The largest
deviation for both the carbon and nitrogen abstractions is that
for HF, with differences of 0.20 kcal mol~! and 0.29 kcal mol~!,
respectively.

Table 4|shows the enthalpies of the carbon terminal abstraction
transition states relative to their respective reactants. According
to the results in Table |2} we may expect these barrier heights to be
accurate within an uncertainty of 0.20 kcal mol~!. The transition
states with NH3, PH3, and H,S have submerged barriers below
the relative enthalpies of their respective reactants. This suggests
that these reactions will be fast even at low temperatures. On the
other hand, reactions with HF, C,H,, HCN, and HNC have barri-
ers larger than 10 kcal mol~! so it is unlikely that these reactions
will take place at room temperature. Reactions with Hy, CHy,
H,0, HC, and SiH, have barriers between 0 and 8 kcal mol~! so
these reactions will proceed at a modest but non-negligible rate
at moderate temperatures. For the reactions with moderate barri-
ers, it is important to determine the barrier height to a high-level
of accuracy in order to elucidate exactly how fast each reaction
will occur.
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Table 1 Representative focal point analysis table for the barrier height of the CN + H, reaction. Additional focal point tables can be found in the
supplementary information

Basis Set HF TOMP2 F5CCSD +3(D) ToT 13(Q) Net

aug-cc-pvDZ 1248 —T1.10 286 —0.77 022 —0.13 3.56
aug-cc-pVTZ +13.46 ~11.57 +3.06 ~0.84 [+0.22] [~0.13] +4.20
aug-cc-pVQZ +13.69 ~11.64 +3.10 ~0.85 [+0.22] [~0.13] +4.38
aug-cc-pV5Z +13.72 ~11.62 +3.10 ~0.85 [+0.22] [~0.13] +4.45
CBS Limit [+13.72] [~11.59] [+3.11] [-0.84] [+0.22] [-0.13] +4.49

Table 2 Enthalpies at 0K (AHgk) in kcal mol~! for products relative to reactants (CN 4 HX — HCN + X)

Donor CBS“ Or(Q) OCORE OREL dpBoOC Soove 850 Total ATcT¢
H, —22.64 0.65 —0.52 0.07 0.00 0.78 —21.66 —21.76
CH, —19.78 0.65 —0.34 0.05 0.00 —2.35(0.93) —21.77 —21.66
NH; —16.92 0.64 —-0.22 —0.03 0.09 —2.52(0.18) —18.95 —19.02
H,0 —6.50 0.72 —0.30 —0.07 0.02 —1.06(0.16) —-0.20 —17.38 —17.38
HF 9.32 0.81 —0.34 —0.14 0.03 1.15 —0.39 10.44 10.24
SiH, —35.55 0.63 —-0.36 —0.06 —0.04 0.77 —34.60

PH, —44.54 0.67 —0.36 —1.63 —0.01 0.43 —45.44

H,S —36.08 0.68 —-0.32 —1.93 —0.01 —2.46 —0.54 —40.11

HCI —24.63 0.70 -0.29 —0.47 0.00 2.79 —0.84 —22.74 —22.82
C,H, 7.12 0.38 —0.18 —0.07 0.02 —-0.72 6.56 6.69
HNC —14.91 —-0.17 —-0.20 —0.03 0.07 0.32 —14.93 —14.89

“CBS denotes the CCSD(T)/CBS relative energy

bZero-point vibrational energies computed with the harmonic oscillator treatment, contributions from anharmonic treatment of the ZPVEs at the MP2,/cc-
pVDZ level of theory are in parentheses

‘Data taken from the Active Thermochemical Tables (AT(:T)'E"IEI

Table 3 Enthalpies at 0K (AHgk) in kcal mol™! for products relative to reactants (CN-+HX — HNC +X)

Donor CBS* Or(Q) OCORE OREL Sppoc S7ovE 850 Total ATcT¢
H, —7.73 0.82 —0.32 0.11 —-0.10 0.46 —6.76 —6.86
CH, —4.87 0.82 —-0.14 0.09 —0.02 —2.67(0.94) —6.79 —6.77
NH; —2.00 0.81 —0.02 0.01 0.07 —2.84(0.20) —-3.97 —4.13
H,O 8.41 0.90 —0.10 —0.04 0.04 —1.38(0.18) —0.20 7.64 7.51
HF 24.24 0.98 —-0.14 —0.10 0.01 0.83 —0.39 25.43 25.14
SiH, —20.64 0.80 —0.16 —0.03 —0.05 0.45 —19.62

PH, —29.63 0.84 —0.16 —1.60 —0.10 0.11(0.10) —30.54

H,S —-21.16 0.85 —0.12 —1.89 —0.02 —2.78(0.10) —-0.54 —25.13

HCI —-9.72 0.87 —0.09 —0.43 —0.03 2.47 —0.84 —7.77 -7.92
C,H, 22.04 0.55 0.02 —0.03 0.01 —1.04 21.54 21.58
HCN 14.92 0.16 0.20 0.03 —-0.10 -0.32 14.93 14.89

“CBS denotes the CCSD(T)/CBS relative energy

bZero-point vibrational energies computed with the harmonic oscillator treatment, contributions from anharmonic treatment of the ZPVEs at the MP2,/cc-
pVDZ level of theory are in i arentheses

¢Data taken from the ATcT>!

H2 Coov CH4 C3v iE NH3 Cs g

H0 G HF Coy HCl Cony

CZHZ Ccov SiH4 C3v PH3 Cs
D= >

HS Gy HCN Doopy HNC Coo

Fig. 1 Geometries of R1 transition states.
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M M NH;3 Cs

Hzo C1 HF Coov HCl Coov

O=0——0 o—-0———@

C2H2 Coov S|H4 Cs PH3 CS
Om=@—0—Cm= =0
HaS C HCN Ceoy HNC Deo

O=Q—0—CO=Q (O=m@—0—0=0)

Fig. 2 Geometries of R2 transition states.

Table 4 Enthalpies in 0K in kcal mol~! of carbon terminal abstraction transition states relative to reactants (CN+HX — HCN +X)

Page 4 of 13

Donor CBS¢ 31(0) OCORE OREL dpBOC OZPVE Total
H, 4.40 0.08 —0.02 0.03 0.11 —0.37 4.24
CH, 2.43 0.17 —0.06 —0.08 0.10 —1.37 1.19
NH, —0.79 0.00 —0.11 —0.01 0.03 —1.53 —2.41
HzOb 10.14 —0.55 —0.13 —0.05 0.16 —2.42 7.15
HF 24.67 —0.64 0.09 —0.09 0.02 —1.53 22.53
SiH, —0.69 0.03 —0.04 0.02 0.01 1.02 0.35
PH, —4.24 0.08 —0.15 0.36 0.01 0.35 -3.59
H,S —1.15 0.05 —0.17 0.33 0.10 0.09 —-0.75
HCl 5.09 —0.01 —0.09 0.06 0.06 —1.64 3.47
C,H, 18.64 0.20 —0.11 0.05 0.02 —3.55 15.25
HCN 18.47 0.00 0.02 0.00 0.15 —2.87 15.77
HNC 13.99 0.14 0.04 —0.08 0.02 —2.83 11.27
“CBS denotes the CCSD(T)/CBS relative energy

bThe transition state for the CN + H,0 — HCN -+ OH reaction was optimized at the CCSD(T)/aug-cc-pVTZ level of theory

Table 5 Enthalpies in 0K in kcal mol~! of nitrogen abstraction transition states relative to reactants (CN +HX — HNC + X)

Donor CBS* 01(Q) OCORE OREL dpBoC OzPVE Total
H, 17.69 —0.28 0.04 0.01 0.38 —1.25 16.59
CH, 16.02 —-0.20 0.13 0.04 0.06 —-3.26 12.79
NH; 8.91 0.00 0.04 —0.01 0.01 —1.68 7.27
H,0 21.59 —1.69 —0.09 —0.05 0.01 —2.86 16.91
HF 32.72 —0.94 —0.03 —0.08 —-0.01 —-3.40 28.25
SiH, 8.57 —0.22 —0.01 —0.04 0.15 —2.09 6.36
PH, 4.90 0.04 0.06 0.33 0.25 —1.33 4.25
H,S 9.03 —-0.76 —0.04 0.67 0.03 —1.45 7.47
HCl 11.60 —0.41 0.07 —0.15 0.09 —-1.73 9.47
C,H, 32.76 —0.17 0.07 —0.04 —0.01 —4.71 27.91
HCN 28.90 0.31 0.04 —0.08 0.02 —2.81 26.37
HNC 16.13 —0.33 0.06 0.00 0.07 —2.08 13.85

“CBS denotes the CCSD(T)/CBS relative energy

4| Journal Name, [year], [vol.], 1



Page 50f 13

Table[5]|shows the nitrogen terminal abstraction transition state
reaction enthalpies relative to their respective reactants. Accord-
ing to the results in Table [3] we may expect these barrier heights
to be reliable within an uncertainty of 0.3 kcal mol~!. None of the
nitrogen terminal abstractions studied have submerged barriers,
and in every case the transition state barriers for these abstrac-
tions are higher than those of the corresponding carbon terminal
abstractions. The nitrogen terminal abstractions with Hy, CHy,
H,0, HF, C,H,, HCN, and HNC all have barriers greater than 10
kcal mol~! and in some cases the barriers are greater than 20
keal mol~!. Because of this, these reactions are unlikely to take
place at most temperatures. The remaining reactions, NH3z, HCI,
SiH,, PHs, and H,S, have barriers less than 10 kcal mol~'. These
reactions are more likely to take place than the others; but in
most cases the carbon terminal abstraction will dominate. Figure
depicts a visual representation of the barrier heights and rela-
tive enthalpies of the various hydrogen abstractions investigated
in this research.

The &7 and J(q) corrections (dr(q) = 6r + &(g)) suggest that
the energies reported in Tables and [5] generally converge
well to the FCI limit. Of the corrections reported in Tables [4|and
OzpvE is the largest, suggesting that accurate barrier heights re-
quire accurate electronic energies as well as reliable vibrational
frequencies. As expected, Oggy, is larger for the third row donors
PHj3, H,S, and HCL. The diagonal Born—Oppenheimer corrections
for the reaction enthalpies in Tables [2| and |3| were consistently
small (< 0.1 keal mol~!) while for the transition state barriers
this is not the case, where dpgoc values are as large as 0.4 kcal
mol~!. The latter value is artifactual, almost surely due to a con-
ical intersection involving the A 21T state of the CN radical.

The isomerization energy barrier for HNC — HCN has been
extensively studied in previous theoretical studies.24%% In this
work, it was predicted to be 44.61 kcal mol~!, which is in agree-
ment with the energy value range of 44.5 — 48.2 kcal mol~! re-
ported by previous studies.2#26559163/ This Jarge energy barrier
makes it unlikely that the HCN formed will isomerize into HNC at
low temperatures. It will become more likely at higher tempera-
tures, but we did not consider this in the present research.

3.2 Comparison between Hydrogen Abstractions by C,H and
CN

The ethynyl radical (C,H) is another radical present in the inter-
stellar medium and combustion environments. It is isoelectronic
with the cyano radical and also has a high affinity for hydro-
gen abstraction from small closed-shell molecules. The transition
state barrier enthalpies in Figure [4 were taken from a recent pa-
per studying many of the same reactions with ethynyl radical as
the abstraction agent instead.©? This work on the ethynyl radi-
cal employed a very similar level of theory which allows us to
make accurate direct comparisons. The transition state barriers of
the cyano radical nitrogen terminal abstractions are significantly
larger than the corresponding barriers for both the cyano radical
carbon terminal abstractions and the ethynyl radical abstractions.
Therefore, we have chosen to only draw comparisons between the
ethynyl radical abstractions and the cyano radical carbon termi-
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nal abstractions. When comparing reactions, we see that abstrac-
tions of NH3, PH3, and H,S by the ethynyl radical and the cyano
radical all have submerged barriers. In every case except for the
abstractions of NH3 and PHj3, the barrier of the cyano radical car-
bon abstraction is higher than the analogous ethynyl barrier. The
difference between the barrier heights of the ethynyl radical and
cyano radical is less than 5 kcal mol~! for all reactions except for
the abstraction of HF and HCN. Therein the cyano radical abstrac-
tion of HF has a barrier height 8.80 kcal mol~! higher than that of
the ethynyl radical, and the cyano radical abstraction of HCN has
a barrier height 7.05 kcal mol~! higher than the corresponding
ethynyl barrier.

3.3 Kinetics

Thus far, only the kinetics for the reactions resulting in the pro-
duction of HCN have been studied. As discussed previously, in
nearly every case, the reaction resulting in the production of HCN
will be significantly faster than the corresponding reaction pro-
ducing HNC. For this reason we chose to only report rate con-
stants for a subset of reactions. Table[f]contains the rate constants
for CN+H,, H;0, HCl, and SiH4 using the rigid-rotor harmonic
oscillator approximation. The reactions of CN + NH3, PH3, and
H,S have submerged barriers, and as such the rate constants for
these reactions at all temperatures will be large as most collisions
result in the products NH,, PH,, and HS. On the other hand, the
abstractions from C,H,, HCN, HNC, and HF encounter barriers in
excess of 10 kcal mol~! and are not expected to be very important
at most temperatures. Because of these considerations, we have
only examined the rate constants for the abstractions from H,,
CH4, H,0, HC, and SiH,4. Table[6]displays the rate constants for
the CN +H,, CHy, H,0, HCl, and SiH, reactions.

3.4 CN+H,

Due to the simplicity of this system and its importance in inter-
stellar and combustion chemistry, CN + H,; — HCN + H has been
extensively studied in numerous previous experimental®®"71l and
theoretical studies. 1033172481l Figyre [5| shows features of the po-
tential energy surface we obtained for this reaction. The re-
action proceeds through a linear transition state at 4.24 kcal
mol~! and then continues to the products at —21.66 kcal mol~!.
Further results for this reaction as studied in this work can be
found in the supplemental information.” Comparisons may be
drawn between the theoretical results presented in this work
and previous theoretical studies of this reaction; see Table
In Table [/, our results may be considered as the current high-
est level of theory incorporating a robust geometry as well as
various incremental corrections to the electronic energy. The
CAS+1+2+QC(3E,30)/cc-pVTZ results from ter Horst et al., 16
the HFB/6-311G(2d,2p) results from Carvalho-Silva et al.,”# and
the MR-CI,3E,30-CAS+1+2/cc-pVTZ results from He et al.Z8 all
agree reasonably well with our results. The barrier heights from
these studies fall within 0.20 kcal mol~! of the barrier height we
found in this study.

Table [6] contains the rate constants obtained for the reac-
tion CN+ H; — HCN + H. Rate constants were obtained using
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Fig. 3 Potential energy surfaces of all of the various hydrogen abstractions investigated in this work.

Table 6 Rate constants for CN+HX — HCN + X abstractions in cm?® molecule™! s71.

approximation unless stated otherwise

Page 6 of 13

Rate constants are obtained with the harmonic oscillator

T/K H, CHY H,0 HCI SiHy

50 3.61x 1077 1.34 x 10! 8.36x 10~ 5.03 x 10721 2.68x10°1
100 7.25% 10718 2.71x 1071 1.13x 10718 5.87x 1071 2.52%x10°13
150 1.26 x 10~10 1.33x 10713 2.50x 10718 3.21x 107V 2.81 x 10713
175 430x 10710 2.29%x 10713 4.14x 10718 1.31x 10716 2.99 x 10713
200 1.24x 10713 3.57x 10713 7.20 x 10718 4.05 x 10710 3.17x10°13
225 3.03x 10715 5.21x10713 1.29 x 10717 1.03 x 1071 3.37x10°13
250 6.54x 10715 7.21x 10713 2.34x 10717 2.25%x 10715 3.57x 10713
275 1.27 x 10714 9.59x 10713 422 %1077 438 x 1071 3.77x 10713
295 2.03x 10714 1.18 x 10712 6.99 x 10717 7.01 x 10715 3.93x10°13
298 2.17x 1071 1.21 x 10712 7.15x 10717 7.49 x 1071 3.95x 10713
300 2.27x 1071 1.24 x 10712 7.48 x 10717 7.83x 10715 3.97x10°13
325 3.78 x 10714 1.56 x 10712 1.29 x 10716 1.30x 10714 4.17x 10713
350 5.95%x 10714 1.92 x 10712 2.16x 10716 2.05x 10714 438 x 10713
375 8.95x 1014 2.33x 10712 3.49x 10716 3.08x 10714 458 x 10713
400 1.29 x 10713 2.79 x 10712 5.47x 10710 4.44 x 10714 478 x 10713
500 423 %1013 5.11x 10712 2.50x 10715 1.46 x 10713 5.59x 10713
1000 8.71x 10712 3.20x 10711 1.55x 10713 3.36x 10712 9.20x 10713
1500 3.82x 10711 9.25x 10711 1.15 x 10712 1.63x 107! 1.22x 10712
2000 1.01 x 10710 1.93 x 10710 4.15 % 10712 457 %1071 1.48 x 10712
3000 3.69 x 10710 5.30x 10710 2.12x 10711 1.78 x 10710 1.91 x 10712
4000 8.84x 10710 1.05 x 107 6.05x 10711 438 x 10710 2.27 x 10712
5000 1.70 x 10~ 1.77 x 107 1.30 x 10~10 8.58 x 10710 2.59 x 10712

4C—H-C bending motion treated as an anharmonic vibration

6 Journal Name, [year], [vol.],
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Table 7 Comparison of the CN(22*) +H; — HCN +H abstraction at various levels of theory. Enthalpies are given in kcal mol~!, bond distances and

angles of the transition state are given in Angstroms and degrees, respectively, and frequencies in cm™

1

Method AH* AH, RcH o+
CCSDT(Q)/CBS//CCSD(T)-F12a/aug-cc-pVTZ? 4.24 —21.66 1.593 7501
QCISD(T)/6-311+ +G**//B3LYP/6-311+ +G** 1.43 —20.18

CAS+1+2+4+QC(3E,30)/cc-pVTZ 4.3 —20.0 1.62 684i
MRCI/ CC—pVQZd 3.49 —20.46 6901
HFB/6-311G(2d,2p)¢ 4.41 5961
MP2/6-311G(2d,2p)* 3.19 572i
MR-CL,3E,30-CAS+1+2/cc-pVTZ/ 4.44 1.685 644i
G38 3.85 —22.83 1.701 14151
Active Thermochemical Tables -21.76

@This work ?Zhao et al.8% cter Horst et al.1¢l (QC here means a Davidson correction has been included) 4Ju et al.Z eCarvalho-Silva et al.Z4 /He et al.78

sAlbernaz and BarretoZ3

I B CH + HX
20 I mm CN + HX
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H 15
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E I

3

= 104 - [ |
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I

g s [ |
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’ o

0 II -I II II

T T T T T T T T T T
H; CHs NH3 Hz;O HF PH3; HzS HClI CH; HCN HNC

Fig. 4 Comparison of enthalpies at 0 K in kcal mol~! of the C,H +
HX — CyH, + X transition states, optimized at the CCSD(T)-F12a/aug-
cc-pVTZ-F12 level of theory, and the CN+ HX — HCN + X transition
states, optimized at the CCSD(T)-F12a/aug-cc-pVTZ level of theory,
relative to their respective reactants. Barrier height (AH*) values can be
found in Table herein and in the study by Bowman and coworkers. @8

canonical transition state theory with Eckart tunneling correc-
tions. #4457 Futhermore, to account for the uncertainty in the
barrier height, we evaluated rate constants with transition state
barriers 0.3 kcal mol~! higher and lower than the barrier height
of 4.24 kcal mol~! that we reported. The rate constants with the
increased barrier height of 4.54 kcal mol~! seem to match exper-
iment the best in the range 300 — 700 K, while the rate constants
obtained with the decreased barrier of 3.94 kcal mol~! overesti-
mate the experimental rate constants over the 100 — 1000 K range.

We compared our computed rate constants with previous theo-
retical and experimental works, as can be seen in Figure[f] Wag-
ner and Bair”Z? computed their rate constants using conventional
transition state theory with Wigner tunneling. They originally
found a barrier height of 6.0 kcal mol~! (without zero-point vibra-
tional correction) which they suspected was too high to be consis-
tent with experimental rate constants. Instead, they reported rate
constants using a barrier height of 4.1 kcal mol~!, which repro-
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Fig. 5 Potential energy surface of the CN(?Z*)+Hy; — HCN+H re-
action at 0 K at the CCSDT(Q)/CBS//CCSD(T)-F12a/aug-cc-pVTZ
level of theory. Internal coordinates for all structures can be found in the
supplemental information.’

duced experimental rate constants.”2l However, it appears their
rate constants are a bit higher than experiment, suggesting their
barrier height is not high enough. Albernaz and BarretoZ3l ob-
tained their rate constants using canonical variational transition
state theory with Wigner tunneling. They reported a zero-point
corrected barrier height for the reaction CN+H,; — HCN +H of
3.85 keal mol~! which is 0.39 kecal mol~! lower than the barrier
found in this research.73 This smaller barrier height along with
the variational treatment of their rate constants likely lead to a
slight underestimation of the experimental rate constants.

We also investigated the branching ratio for the reactions
CN+H; - HCN+H and CN+H, — HNC+ H. The branching
ratio between the formation of HNC versus HCN for these reac-
tions is simply given as the ratio between canonical transition
state theory rate constants between R2 and R1 for the H, donor
at a certain temperature. At higher temperatures, the branching
ratio becomes more evenly distributed between the production of
HCN and HNC. In most cases, the barrier of the nitrogen termi-
nal abstraction is at least 5 kcal mol~! greater than the barrier
of the corresponding carbon terminal abstraction. Therefore the
production of HCN is expected to dominate the HNC production
pathway at moderate to low temperatures.

Journal Name, [year], [vol.],
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Fig. 6 Comparison between CN(®’L*)+H, — HCN+H rate con-
stants obtained in this work and previously reported experimental (mark-
ers) 06769171 5nd theoretical rate constants (lines)./273

Albernaz and BarretoZ2 also reported theoretical HNC/HCN
branching ratios for the reaction CN +H, — HNC/HCN + H. They
predicted the branching ratio to be temperature dependent over
the range 200 — 4000 K with the CN + H,; — HCN + H reaction
as the dominant channel. As the temperature increases to 4000
K, Albernaz found the HCN channel remains dominant with the
probability > 99% in the range of temperatures they analyzed.’2
We found similar results for the branching ratio of this reaction,
as may be seen in Figure |7} As the temperature increases from
40 K up to about 350 K, the HNC/HCN branching ratio quickly
decreases to a minimum of less than 1074, suggesting that the
CN +H, — HNC + H reaction channel is not as important at low
temperatures. As the temperature increases past this point, the
branching ratio begins to increase again, showing an increased
favorability for the production of HNC. We agree with the find-
ings of Albernaz and Barreto that the CN + H, — HCN + H path-
way is the dominant reaction channel for this range of temper-
atures. However, as the temperature increases, the probabil-
ity of this reaction channel decreases as the probability of the
CN+H, — HNC+ H increases.

3.5 CN-+CHy
The CN-+CH4 — HCN + CH3 reaction has also been studied in pre-
vious experimental 1706769171l and theoretical studies®2 due to its
importance in both combustion environments and the ISM. Fig-
ure |8] shows the stationary points we obtained for this reaction.
This reaction proceeds through a transition state of C3, symmetry
with a small barrier height of 1.19 kcal mol~!. The reaction then
continues to the products HCN and CHj3 at —21.77 kcal mol~!.
Further results for this reaction as studied in this work can be
found in the supplemental information.” Rate constants for this
reaction are provided in Table[f] In a previous study, we found
that anharmonic treatments of low frequency vibrational modes
may be necessary for highly accurate TST rate constants.®2 For

8 Journal Name, [year], [vol.], 1

— CN+H,
—— CN + CHy

100

1071

Log(HNC/HCN) Branching Ratio

1000 2000 3000
T (K)

4000 5000

Fig. 7 Theoretical branching ratios for CN(’Z*) +H; — HNC/HCN +H
and CN(?Z*) + CHy4 — HNC/HCN + CH3(%4%) as a function of tempera-
ture (40-5000 K) (this research).

the reaction CN + CH; — HCN + CH3 we also found this type of
treatment to be necessary and it has been included. Our rate con-
stants were obtained using canonical transition state theory with
Eckart tunneling corrections using an anharmonic treatment of
the first degenerate vibrational mode. Additionally, we computed
rate constants for this reaction with barrier heights 0.3 kcal mol !
higher and lower than the barrier height we reported for this reac-
tion. The rate constants computed with the reduced (1.19 - 0.30)
barrier height of 0.89 kcal mol~! significantly overestimated the
experimental rate constants, while the rate constants computed
with the higher (1.19 + 0.30) barrier height of 1.49 kcal mol~!
had excellent agreement with experimental rate constants in the
range 100 — 500 K. The latter result is a bit surprising because
higher levels of electronic structure theory (than those used here)
tend to decrease barrier heights. However, our simple procedures
for predicting the rate constants may be an important part of the
disagreement between the 1.19 and 1.49 kcal mol~! barrier re-
sults.

We compared our computed rate constants with previous theo-
retical and experimental works, as shown in Figure 9] Espinosa-
Garcia et al.®2 computed their rate constants using canonical vari-
ational transition state theory (CVT) with multidimensional tun-
neling, and again with ring polymer molecular dynamics (RPMD).
They computed their rate constants with a transition state bar-
rier of 2.5 kcal mol~!. Their CVT results seem to reproduce ex-
perimental data well in the range 300 — 1000 K while the RPMD
seem to slightly overestimate the experimental rates in the same
temperature range. Our results seem to match the experimental
trend qualitatively, but our rate constants overestimate the exper-
imental rates in this same temperature range. If we had used
a variational treatment for our rate constants, it is possible they
would have matched experiment better at high temperatures. At
lower temperatures, the rate constants we computed with the bar-
rier height 1.49 kcal mol~! have excellent agreement with exper-
iment.
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Fig. 8 Potential energy surface of CN(?Z+) + CHs — HCN + CH3(%A%)
reaction at 0 K at the CCSDT(Q)/CBS//CCSD(T)-F12a/aug-cc-pVTZ
level of theory. Internal coordinates for all structures can be found in the
supplemental information.”

We investigated the branching ratio between the CN + CH; —
HCN + CH3 and CN + CH4 — HNC + CHj3 reactions using the
same methodology described before. Bethardy et al.8Z re-
ported a HNC/HCN branching ratio for the reaction CN + CH4 —
HNC/HCN + CHj3 of less than 10~* at room temperature, which
we have found to be true at low temperatures.8Z As the temper-
ature increases from 40 K up to around 350 K, we found there is
a decrease in the branching ratio, leading to a minimum of less
than 10 at around room temperature. This value is in agree-
ment with the results reported by Bethardy and coworkers. As the
temperature increases past this point, the HNC/HCN branching
ratio increases and approaches 1 as the temperature approaches
5000 K, showing that the reaction between CN + CH,; may pro-
ceed over the 12.79 kcal mol~! barrier resulting in the production
of HNC + CH3. However, the CN + CH; — HCN + CHj3 reaction
will remain the dominant reaction pathway of the two. The re-
lationship between branching ratio and temperature is illustrated
in Figure[7] presented earlier.

3.6 CN+NH;

The reaction CN + NH3 — HCN + NH, has a submerged barrier
of —2.41 kcal mol~!, as seen in Figure Because of this sub-
merged barrier, rate constants for this reaction at all temperatures
will be large, as most collisions will result in the products. The
experiment of De Juan et al.®® agrees with this. The rate con-
stants they obtained for this reaction were so large that they con-
cluded the absence of any significant potential barrier.®® Other
previous experimental and theoretical studies similarly found that
this reaction has a rapid rate. 14829l Comparisons may be drawn
between the theoretical results presented in this work and pre-
vious theoretical studies on this reaction, found in Table |8} Our
results may be considered as the current highest level of theory
incorporating a robust geometry as well as various incremental
corrections to the electronic energy. The next highest level of
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Fig. 9 Comparison between CN(?Z*)+ CHyq — HCN + CH3(%4%) rate
constants obtained in this work and previously reported experimental
(markers) 83786l and theoretical data (solid and dashed lines).®2

theory [CCSD(T)] is the work by Talbi and Smith found in Ta-
ble 8|22 The transition state we found, shown in Figure[11] is in
reasonable agreement with that which Talbi and Smith reported
for the low energy pathway from CN + NHj3 to HCN + NH, us-
ing their potential energy surface. Our transition state barrier is
—2.41 keal mol~!, which is within 0.2 kcal mol~! of the transition
state reported by Talbi and Smith.22 However, our exothermicity
(—18.95 kecal mol™!) is in near perfect agreement with the ATcT
result (—19.02 kcal mol~!) but quite distant from the earlier the-
oretical result (—20.78 kcal mol~!). Additionally, the geometric
parameters of our transition state are in good agreement with
those of Talbi and Smith, as can be seen in Table[§]
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Fig. 10  Potential energy surface features for the
CN(’zZ*) + NH; — HCN + NH,(?B;) reaction at 0 K at the
CCSDT(Q)/CBS//CCSD(T)/aug-cc-pVTZ level of theory. Inter-

nal coordinates for all structures can be found in the supplemental
information.
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Table 8 Comparison of CN(>Z*+) +NH3; — HCN 4 NH,(?B; ) abstraction at various levels of theory. Enthalpies are given in kcal mol~!, bond distances

and angles of the transition state are given in Angstroms and degrees, respectively, and frequencies in cm™

Theory AH* AH, Rcu RNH /CHN *
CCSDT(Q)/CBS//CCSD(T)-F12a/aug-cc-pVTZ? —2.41 —18.95 1.46 1.12 137.8° 1068i
CCSD(T)/6-311++G(3df,2pd)//CCSD/6-311G(d,p)b —2.60 —20.78 1.54 1.09 133.9° 8461
Active Thermochemical Tables —19.02

4This work
bTalbi and Smith?2

1.020

57.4 :CHNH

Fig. 11 C; symmetric CN(?Z+) +NHj; transition state found in this work
optimized at the CCSD(T)-F12a/aug-cc-pVTZ level of theory. Bond an-
gles and bond distances are given in degrees and in angstroms, respec-
tively.

3.7 CN+H;0

Due to its importance in the ISM and combustion environments,
the CN +H,0 — HCN + OH reaction has been studied in previous
experimental®3"22l and theoretical studies.2° Figureshows the
stationary point energies we obtained for this reaction. This re-
action proceeds through a transition state of C; symmetry with
a barrier height of 7.15 kcal mol~!. The reaction then proceeds
to the products HCN and OH at —7.38 kcal mol~!. Further re-
sults for this reaction as studied in this work can found in the
supplemental information.? The &; and O corrections for this
transition state were found to be 0.12 and —0.67 kcal mol~!, re-
spectively, suggesting that further corrections may be necessary to
better converge the focal point energy to the FCI limit. Rate con-
stants for this reaction can be found in Table[6l Our rate constants
were obtained using canonical transition state theory with Eckart
tunneling corrections. Additionally, we computed rate constants
for this reaction with a barrier height 0.3 kcal mol~! higher and
lower than the barrier height we reported for this reaction. The
rate constants computed with both modified barrier heights and
those computed with our actual barrier height of 7.15 kcal mol~!
fall between the two sets of experimental results, seen in Figure
[13]

We compared our computed rate constants with previous the-
oretical and experimental studies, as illustrated in Figure
Wang et al.28l computed their rate constants using both con-
ventional transition state theory and canonical variational tran-
sition state theory (CVT). They further corrected their CVT rate
constants with small-curvature tunneling (SCT).2® They opti-
mized their stationary points for this reaction at the QCISD(T)/6-
311+G(2df,2p)//QCISD/6-311G(d,p) level of theory. They re-
ported a transition state barrier height of 7.51 kcal mol~! with
zero-point energy included. Based on their results, Wang et al.
concluded that the variational effect is very small in the calcu-
lation of the rate constants. They also concluded that the SCT

10 | Journal Name, [year], [vol.], 1
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Fig. 12 Potential energy surface features for the CN(?Z*) 4+ H,0 —
HCN +OH(?I) reaction at 0 K at the CCSDT(Q)/CBS//CCSD(T)/aug-
cc-pVTZ level of theory. Internal coordinates for all structures can be
found in the supplemental information.®

corrections were necessary, so they consider their CVT/SCT re-
sults to be the most reliable.28l The TST results they reported fall
between the experimental results while their CVT/SCT results fall
slightly above the experimental results reported by Jacobs et al.23
Our results seem to match the experimental trend well qualita-
tively, falling between the experimental rate constants reported
by Jacobs et al. and Szekely et al.?33 We also obtained rate con-
stants with modified barrier heights 0.3 kcal mol~! higher and
lower than our reported barrier height to explore whether our
barrier was too high or too low. As can be seen in Figure
these modified barrier heights do not significantly alter our rate
constants with respect to the experimental results. At high tem-
peratures, our rate constants match well with the transition state
theory results reported by Wang et al.22 We obtained a transition
state barrier for this reaction of 7.15 kcal mol~!, which is slightly
lower than their transition state barrier of 7.51 kcal mol~!.2% Fu-
ture experimental studies of this reaction may be necessary. The
two experimental studies compared in this work disagree signif-
icantly, and the theoretical results found in this study are not in
excellent agreement with either set of experimental results.

4 Conclusions

The energetics of the cyano radical hydrogen abstractions of Hj,
CH,4, NH3, H,0, HF, SiHy, PH;, H,S, HCl, C,H,, HCN, and HNC
with both the carbon and nitrogen terminals have been deter-
mined using highly accurate ab initio methods. We were able to
achieve sub-chemical accuracy through a variety of additive en-
ergy corrections and we obtained excellent agreement with the
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Fig. 13 Comparison between CN(?Z*)+H,0 — HCN + OH(*II) rate
constants obtained in this work and previously reported experimental
(markers)23195 and theoretical data (solid and dashed lines).%¢

Active Thermochemical Table values. Accurate transition state
barriers have been obtained for all reactions with the carbon and
nitrogen terminals. It was found that the carbon terminal ab-
stractions of NH3, PH3, and H,S have submerged barriers below
the relative enthalpies of their respective reactants. Abstractions
of H,, CH4, H,O, HCl, and SiH4 have barriers between 0 and
8 kcal mol~!. Abstractions of HF, C,H,, HCN, and HNC have
barriers larger than 10 kecal mol~!. It was also found that the
nitrogen terminal abstractions have higher barrier heights and
are almost always slower than the analogous carbon terminal ab-
stractions. The energetics for the nitrogen terminal abstractions
presented in this research may aid any future experimental stud-
ies of these reactions. Accurate rate constants were obtained for
the CN + H,/CH4/H,0/HCl/SiH4 — HCN + H/CH3/0OH/Cl/SiH3
reactions. Excellent agreement was demonstrated for the com-
puted rate constants for the CN + H, — HCN + H reaction with
current experimental rate constants without adjusting the barrier
height. Good agreement for the computed rate constants for the
CN + CH4 — HCN + CH3 and CN + H,0 — HCN + OH reactions
with current experimental rate constants was also demonstrated.
Based on the agreement of these rate constants with experiment,
the computed rate constants for the CN + HCl — HCN + Cl and
CN + SiH4 — HCN + SiHj3 reactions are expected to be reliable.
The CN + HCl — HCN + Cl reaction has not been as extensively
studied as the CN + H,/CH3/H,O0 — H/CHj3/0H reactions, and
the CN + SiH4 — HCN + SiH3 reaction has not yet been studied,
so these results will be useful to guide future experimental and
theoretical studies.
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