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ABSTRACT

Context. Our current understanding of interstellar carbon fractionation hinges on the interpretation of astrochemical kinetic models.
Yet, the various reactions included carry large uncertainties in their (estimated) rate coefficients, notably those involving C with C,.
Aims. We aim to supply theoretical thermal rate coefficients as a function of the temperature for the gas-phase isotope-exchange
reactions l3C+‘2C2(X‘E;,a3Hu)‘ﬁ‘3C‘2C(XIE*,a3IL,)+'2C and l3C+‘3C‘2C(X'Z*,a31'L,);"3C2(XIE;,a3Hu)+'2C.

Methods. By relying on the large masses of the atoms involved, we employ a variation of the quasi-classical trajectory method, with
the previously obtained (mass-independent) potential energy surfaces of C; dictating the forces between the colliding partners.
Results. The calculated rate coefficients within the range of 25 <7 /K <500 show a positive temperature dependence and are markedly
different from previous theoretical estimates. While the forward reactions are fast and inherently exothermic owing to the lower zero-
point energy content of the products, the reverse processes have temperature thresholds. For each reaction considered, analytic three-
parameter Arrhenius-Kooij formulas are provided that readily interpolate and extrapolate the associated forward and backward rates.
These forms can further be introduced in astrochemical networks. Apart from the proper kinetic attributes, we also provide equilibrium
constants for these processes, confirming their prominence in the overall C fractionation chemistry. In this respect, the *C+'*C,(X'%})

and 3C+'2C,(a’Tl,) reactions are found to be particularly conspicuous, notably at the typical temperatures of dense molecular clouds.
For these reactions and considering both equilibrium and time-dependent chemistry, theoretical '>C/'3C ratios as a function of the gas

kinetic temperature are also derived and shown to be consistent with available model chemistry and observational data on C.
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1. Introduction

Observations of isotopic abundance ratios in interstellar
molecules provide an avenue for tracking Galactic chemical evo-
lution, from stellar nucleosynthesis to dense cloud formation
and processing of the ejected material to new stars and plane-
tary systems created therefrom (Wilson 1999). For example, the
seemingly incompatible elemental ['2C/'3C] ratios found in the
local interstellar medium (ISM; ~68 as inferred from CN: Milam
et al. 2005, CO: Langer 1992, H,CO: Langer 1992 and CH*:
Wilson 1999) and in the Solar System (~89) might be indicative
of 13C enrichment of the ISM by asymptotic giant branch (AGB)
stars since the formation of the Sun (Milam et al. 2005).

Apart from the intrinsic variations with galactocentric dis-
tance and time (Wilson 1999; Milam et al. 2005; Langer
1992), isotopic abundance ratios as measured in molecules are
also important tracers of local environment effects. Interstellar
species often show relative abundances of particular isotopologs
that may significantly differ from those inherent in the gas
owing to peculiarities in their chemistry (Furuya et al. 2011).
In cold dense cloud cores, with typical temperatures (7") of
~10K and visual extinctions (Ay) of ~ 10 mag, this so-called iso-
topic fractionation (Langer et al. 1984; Terzieva & Herbst 2000;
Furuya et al. 2011; Liszt & Ziurys 2012; Roueff et al. 2015;
Furuya & Aikawa 2018; Loison et al. 2018, 2019, 2020; Colzi
et al. 2020) has long been recognized and mainly attributed to
gas-phase isotope-exchange reactions (Dalgarno & Black 1976;
Watson et al. 1976). Given the very low collision energies in

Article published by EDP Sciences

dense clouds, it becomes clear that the most efficient fraction-
ation pathways therein must involve exothermic reactions for
which the salient features of the potential energy surfaces (PESs;
Rocha 2019) are basins rather than barriers (Henchman &
Paulson 1989). Indeed, chemical fractionation via barrierless
ion—molecule or neutral-neutral reactions is mostly driven by the
small zero-point energy (ZPE) differences between reactants and
products of isotopically distinct species (Mladenovi¢ & Roueff
2014, 2017); the role of isotope-selective gas—grain interactions
and photodissociation in also altering fractionation ratios is dis-
cussed elsewhere (e.g., Furuya et al. 2011; Furuya & Aikawa
2018; Loison et al. 2018; Visser et al. 2009).

With regard to carbon isotopic fractionation, Watson et al.
(1976) first pointed out the relevance of the reaction

Bct+ 2o :: BCO+2C* + AEy,,. (1)
-1
which is particularly efficient at low T; k;/k; = 33 at 10K
and AE(ZIP)E, the ZPE difference among '>CO and '3CO, is
~35K (Watson et al. 1976; Smith & Adams 1980; Langer et al.
1984). As first noted by Langer et al. (1984) reaction (1), on
one hand, enhances the amount of *C locked up in CO (and
in species directly formed from it), and on the other hand
makes '3C* less available to react with other C-bearing species,
decreasing their '3C content. Because CO is by far the largest
repository of gas-phase carbon (at least in oxygen-rich dense
clouds Langer et al. 1984), the above scenario led to the sugges-
tion that '2C/'3C values as measured from CO serve as a lower

Al42, page 1 of 12


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202040093
mailto:romerorocha@strw.leidenuniv.nl
http://www.edpsciences.org

A&A 647, A142 (2021)

limit to the “true” elemental ['>C/'*C] ratio gradient throughout
the Galaxy, while those inferred from other species like H,CO
reflect an upper range (Wilson 1999; Langer 1992).

Ever since the postulation of reaction (1) as the main C
fractionation route in strongly shielded regions (Watson et al.
1976), a notable contrast has emerged between the above general
predictions (by chemistry models) of the strong '*C depletion
in C-containing molecules (Langer et al. 1984) and the gen-
eral absence of this observable effect in surveys conducted, for
example, in abundant species such as CS (Liszt & Ziurys 2012),
CN (Milam et al. 2005), C, (Hamano et al. 2019), CCS (Sakai
et al. 2007), HNC (Liszt & Ziurys 2012), C; (Giesen et al.
2020), and HC3;N (Takano et al. 1998) that are not formed
directly from CO and whose '2C/!3C ratios thus inferred are
in agreement with (or even lower than) the gas elemental val-
ues. Such a conflict therefore opened up new avenues for the
possibility of an overall '3C enrichment in species other than
CO, and led to the proposition of alternative isotope-exchange
reactions (e.g., BCcH4CN: Langer 1992; Roueff et al. 2015,
BCO+HCO*: Smith & Adams 1980; Mladenovié & Roueff
2017, 3C+C,: Roueff et al. 2015, and '*C+C;: Giesen et al.
2020; Colzi et al. 2020; Loison et al. 2020) and novel formation
pathways (Takano et al. 1998; Sakai et al. 2007; Furuya et al.
2011) deemed to contribute to the '*C fractionation chemistry.
Despite previous assessments (Woods & Willacy 2009; Furuya
et al. 2011; Roueff et al. 2015; Colzi et al. 2020; Loison et al.
2020), validation of this hypothesis is often hindered by a lack
of accurate experimental and/or theoretical rate coefficients for
some of these reactions (Furuya et al. 2011; Woods & Willacy
2009).

In this work, we provide such values for the gas-phase
reactions

ko

BC+PCX's)) = PClPC(X's)) + PC+ AES,,, )
ka

k

13C+ 13C12C(Xlz+) é 13C2(X12+)+ 12C+AE(3) , (3)
[4 ks 4 ZPE
k

BC+ PCy@'M,) 2 PCRCW@TL) + 1°C + AER, €5
4

and

e+ BClRCE,) & = 13C2(a3H )+ 2C + AES),, )

by means of a theoretical approach (see below). The motivation
here is primarily grounded in the prevalence of C,, the small-
est pure carbon cluster, throughout the ISM; it has been detected
(via its Phillips (A 'TT,-X 1ZJ;') and Swan (d 31'19—5131'1,4) bands)
in a myriad of astronomical sources (Babb et al. 2019), including
diffuse (Souza & Lutz 1977; Snow & McCall 2006), translu-
cent (Hamano et al. 2019), and dense molecular clouds (Hobbs
et al. 1983) and is known to be the primary reservoir of gas-phase
carbon in oxygen-poor regions (Souza & Lutz 1977). Besides
being key for probing the physical conditions of interstellar
clouds (Snow & McCall 2006), C», together with C*), is thought
to be the fundamental building block in the formation chemistry
of larger hydrogen-deficient C-bearing species (Ehrenfreund &
Charnley 2000; Kaiser 2002; Gu et al. 2006), and therefore
plays an active role in their '*C enrichment. From a top-down
perspective, C, radicals are also important units arising from
the (photo)fragmentation of polycyclic aromatic hydrocarbons
(PAHs) and fullerenes. In a number of experimental studies
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Fig. 1. One-dimensional cuts of the nuclear-mass-independent PESs of
C; along the minimum-energy paths connecting reactants and products
via C; intermediates. The zero of energy is set relative to the infinitely
separated C+C,(X 12:;) fragments. The reacting carbon atom is shown
in yellow. '

it was shown that PAHs, once fully dehydrogenated, fragment
through sequential C,-losses (see, e.g., Zhen et al. 2014). This
is fully consistent with the general picture that some of the dif-
fuse interstellar band (DIB) carriers, notably those responsible
for the so-called C, DIBs (Thorburn et al. 2003; Elyajouri et al.
2018), might be related to PAH cations and their derivatives upon
photoprocessing.

As for the calculation of both forward and reverse rate
coefficients of reactions (2)—(5), we herein employ the quasi-
classical trajectory (QCT) method (Truhlar & Muckerman 1979;
Peslherbe et al. 1999), with the previously obtained (nuclear-
mass-independent) global PESs of C3(3A’) (Rocha & Varandas
2019) and C3('A’) (Rocha & Varandas 2018) dictating the inter-
actions between the involved nuclei (see Sect. 2). From the
calculated rate coefficients as a function of 7, equilibrium con-
stants for these processes are also provided and their possible
impact on the overall C isotopic fractionation chemistry is briefly
discussed.

2. Methods
2.1. Potential energy surfaces

The global adiabatic mass-independent PESs of ground-state
C3('A’) and C3(A’) used here in the QCT calculations are
depicted in Figs. 1 and 2. They were obtained by perform-
ing electronic structure calculations for a sufficient number of
(fixed) nuclear configurations whose energies were then modeled
by physically motivated many-body expansion forms (Rocha &
Varandas 2018, 2019). To obtain a balanced and accurate descrip-
tion of both valence and long-range features of the potentials, ab
initio calculations were carried out at the multireference con-
figuration interaction [MRCI(+Q)] level of theory (Szalay et al.
2012), with the final total energies subsequently extrapolated
to the complete (one-electron) basis set limit (Varandas 2018)
prior to the fitting procedure. For the singlet PES, Rocha &
Varandas (2018) improved the spectroscopy near its linear min-
ima [£-C3(X 12;)] by morphing this global form with an accurate
Taylor-series expansion taken from Schroder & Sebald (2016). In
this spirit and to partially account for the incompleteness of the
N-electron basis and other minor effects, both global PESs used
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Fig. 2. Relaxed 3D plots in hyperspherical coordinates (Varandas

1987) of the nuclear-mass-independent PESs of ground-
state (a) C3('A’) and (b) C3(PA’). The zero of energy is set relative
to the infinitely separated C+C, fragments. Stationary points and
minimum energy paths (solid yellow lines) as in Fig. 1. Solid white
lines show the time evolution (in coordinate space) of sample reactive
trajectories for the processes (a)'3C(*P)+'2C,(a*I1,) — PC"2C(a’I1,) +
2C(P) and (b) 13C(3P)+12C2(X12;) - 13CIZC(Xlil;)+ 2C(P). An
isotopically distinct carbon atom is schematically represented in yellow.

in this work have their ab initio two-body terms replaced by the
direct-fit, experimentally determined, diatomic curves (Rocha &
Varandas 2019). The spectroscopic attributes of the isotopically
substituted dissociation channels and of the C; intermediates
spanned by the trajectories are shown in Tables 1 and 2, respec-
tively. Also listed in Table 3 are the corresponding AEzpg values
of reactions (2)—(5) as predicted from the global PESs; their
thermodynamic aspects are briefly summarized below.

As Fig. 1 shows, the underlying C exchange reactions
proceed without activation barriers for collinear atom—diatom
approaches. Along C.,, the shape of the ground-state C3('A")
PES is characterized by a single, deep potential well; the sta-
bilization energy of the £-C3(X 'Z) complex is 183 kcal mol™!

relative to the infinitely separated CCP)+Cy(a’IL,) frag-
ments. In contrast, the minimum energy path (MEP) for
the CCP)+Cy(X 'E)) insertion unravels the existence of two
such wells; the shallower of the two with a well depth of

—125kcalmol™! characterizes the ¢-C3(a>I1,) local minimum,
while the deepest at —158 kcal mol™" defines the c-C3(*A%) equi-
lateral triangular global minimum. The access from one basin to
the other is granted via the C,, transition state (TS) tc-C3(3By)
with activation energy of 37 kcal mol™! relative to £-C3(a>I1,).
We note that, due to the permutational nature of the PESs, three
symmetry-equivalent and interconnected MEPs exist for rota-
tions by +120° (see Fig. 2); this is expected to enhance the
efficiency of the isotopic scrambling by long-lived C; interme-
diates (Henchman & Paulson 1989). However, differently from
the collinear insertions, Fig. 2 unravels the presence of energy
barriers along perpendicular approaches of the fragments; these
are ~9 and 2kcalmol™! for the C3('A’) and C3(*A’) PESs,
respectively, and therefore make reactive events arising from Cy,
atom—diatom encounters prohibitive at low 7.

2.2. Quasi-classical trajectory calculations

The quasi-classical trajectory (QCT) method employed in this
work has been extensively described in the literature (Truhlar
& Muckerman 1979; Peslherbe et al. 1999). Using a locally
modified version of the VENUS96C code (Hase et al. 1996),
batches of 10* trajectories were run for the ground adiabatic
'A” and 3A’ PESs of C3 separately; non-adiabatic (Tully &
Preston 1971; Voronin et al. 1998; Galvao et al. 2012) and
spin-forbidden (Tachikawa et al. 1995; Galvao et al. 2013)
transitions were not taken into account. Cross-sections and
rate constants for the envisaged (forward and reverse) isotope-
exchange reactions (Egs. (2)—(5)) were obtained for fixed T's
by randomly sampling (Peslherbe et al. 1999) the orientation
of the reactants; atom-diatom relative translational energy; the
ro-vibrational state of the reactant dicarbon; and impact param-
eter (b). The integration of the Hamilton’s equations of motion
employed a time-step of 0.1 fs such as to warrant conservation
of the total energy to better than 107*hartree (E,). Reactants
were initially separated by 12ay, with a maximum value of
b (bmax) optimized by trial and error for each 7' and PES; see
Tables A.1-A.3. Figure 2 shows sample reactive trajectories for
reactions (2) and (4).

For a given T, (averaged) reaction cross-sections were then
obtained as (Peslherbe et al. 1999)

(AT = o, ©)

where N; is the number of reactive trajectories out of a total
of N that were run. To account in an approximate way for the
deficiency of classical mechanics in conserving the quantum
mechanical ZPE, we herein follow Nyman & Davidsson (1990)
and Varandas (1993) and consider in the statistical analysis only
trajectories that show enough vibrational energy to reach the
ZPE of the products or the reformed reactants (Table 1); no
ZPE constraints were a priori imposed on the Cj intermediate
complexes (Table 2) (Truhlar 1979).

Assuming that the translational and internal degrees of free-
dom are at equilibrium, that is, the velocity distributions are
Maxwellian and the reactants quantum numbers are determined
from Boltzmann distributions, the thermal rate coefficients of
reactions (2)—(5) were calculated as (Peslherbe et al. 1999)

kg T

12
k(T) = g.(T) (ﬂ ) (o(T)), )

C+C,

A142, page 3 of 12


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040093&pdf_id=0

A&A 647, A142 (2021)

Table 1. Spectroscopic properties (in cm™") of the reactant and product diatomics (of reactions (2)—(5)) correlating with the global singlet and

triplet PESs of C;.

Source T.@ R, WeXe Wele B. e Ezpr
X 15 C;CA)PES 0.0 2348 1855.5 13.5624 —0i655 1.8203 0.0214 924.1
2 Sy exp.® 0.0 2348 18550 13.5701 -0.1275 1.8200 0.0179 924.
BERCx 1T C;CGA)PES 0.0 2348 18195 13.1000 -0.1480 1.7503 0.0210 906.2
97 exp.®O 0.0 2348 18189 13.0466 —0.1202 1.7498 0.0169 906.2
BC,X 5 C;CGA)PES 0.0 2348 17827 12.5845 -0.1400 1.6803 0.0342 8879
R exp.® 0.0 2348 1781.8 123560 —0.1466 1.6796 0.0157 887.8
G, (eI, C3;('A’)PES 7153 2479 16413 115723 —0.0047 1.6324 0.0177 819.5
24 exp.® 7162 2479 16413  11.6595 16323 0.0166 819.4
BERC(AL) C;('A’)PES 7153 2479 1609.5 111471 -0.0037 15696 0.0167 803.6
@I exp.® 7162 2479 1609.4 11.2103 15693  0.0156 803.4
BCy (@) C;('A’)PES 7153 2479 15769 107539 -0.0012 1.5068 0.0293 7873

28 exp. ® 7162 2.479 1.4993

Notes. @Energies given with respect to the corresponding ground electronic states of each isotopologue. ¥’Data from Amiot (1983), Brooke
et al. (2013), Ram et al. (2014), and Chen et al. (2015). “Experimental spectroscopic constants calculated from 12C2(X12g) data and isotopic

relationships (see, e.g., Ram et al. 2014).

with the estimated standard deviation (68.2% error) given by
AK(T)=k(T)[(N-N,)/(NN,)]"%. In Eq. (7), kg is the Boltzmann
constant, (c+c, is the reactants reduced mass and

0.(C3)
(T)= —= 8
91)= 5.0 0.(C) ©

is the electronic degeneracy factor that approximately accounts
for fine structure effects (Truhlar 1972; Muckerman & Newton
1972; Graff & Wagner 1990; Zanchet et al. 2007, 2010); the
Q,s are electronic partition functions. For C3('A’) and C,('Z}),
they assume unit values, while Q, (C3(3A’)) =3. For CP) and

C,(?1L,), the Q.s are:

0. (C(3P)) =1+3 exp( 62) + 5exp ( _62'46), (&)

T

97) (—43.94)
+ 2exp T s

where the first equation accounts for the populations of the
3Pj_o, 3P;-1, and 3P,_, spin-orbit terms of C(*P) with energy
gaps 23.62 and 62.46 K and degeneracy 2J+1 (Haris & Kramida
2017). The corresponding inverted multiplets *Ilgo, *Ilgy, and
Mgy of Co(’T1,) are considered in Eq. (10); they are spaced
by 21.97 and 43.94K and are all doubly degenerate (Brooke
et al. 2013; Ram et al. 2014). In deriving Eq. (8), it is assumed
that the spin-orbit states of the reactants are thermally popu-
lated and that only specific fine-structure levels, that is, those
that adiabatically correlate with the underlying PESs, may lead
to reaction. For C(P) + C('E}), we consider in Eq. (8) that of
the nine spin-orbit states arising asymptotically (Eq. (9)) only the

and

Q0. (C2CMm,)) =2+ 2exp( (10)
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lowest three (correlating with the 34’ PES) are reactive, these
being the CCPy) + Co('Z}) and two of the three CCPy) +

Cz(lZ;’) states (Wilhelmsson & Nyman 1992; Russell &
Manolopoulos 1999); for simplicity, no temperature dependence
was a priori included into the corresponding partition function,
that is, Q,(C3(*A")) =3 in Eq. (8) (Wilhelmsson & Nyman
1992). The remaining six states correlate with two other excited
triplet PESs and are regarded as nonreactive. Such a scenario
becomes even more intricate in the case of CCP) + Co(CIL,).
Their asymptotic interaction gives rise to 18 (6 singlet, 6 triplet
and 6 quintet) electronic states, correlating to a total of 54
spin-orbit levels (Egs. (8)—(10)). This undoubtedly makes the
determination of the appropriate adiabatic correlations, and
hence Q. (C3(1A’)) in Eq. (8), a nontrivial task. Due to lack of
experimental and further theoretical evidence, we herein sim-
ply choose to correlate the ground-state PES of Cj to the lowest
spin-obit states of its fragments (i.e. to the lowest A’ component
of CCPy) + C,(TL,); Andersson et al. 2003; Abrahamsson et al.
2008), which means that this surface is the only one available for
reaction among all 54 (Q, (C3(1A’)) =1in Eq. (8)). We note that
while the above surmises are the most appealing a priori, they
may introduce, together with the single-surface ansatz (7) (Graff
& Wagner 1990), additional approximations in the calculated
rate coefficients; however, these can only be assessed once exper-
imental kinetics data become available. In this respect, we note
that the possible contributions of the other excited states to the
overall dynamics (not considered here) cannot be grasped at the
moment as these and their associated global PESs remain largely
unexplored. We further note that we herein employ the same Q,s
for both main and rare isotopologs, which is a reasonable approx-
imation. For example, the energy differences between spin-orbit
terms of '2CCP) and BCCP) and of >C,(*I1,), *C2C(C1L,),
and 3C,(11,) are well below 0.01% (Haris & Kramida 2017;
Brooke et al. 2013; Ram et al. 2014; Amiot 1983).
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Table 2. Structural parameters (bond distances R, in gy and angle « in degs), harmonic (w;), fundamental (v;) frequencies and zero-point energies
(in cm™") of the '3C singly and doubly substituted C; minima of the PESs spanned by long-lived trajectories.

Source R, @ w®  w® W ® oy ® v, @ v Ezpg
C;('A’)PES 2445 180.0 1182.8 42.5 2088.0 1201.9 632 2027.7 1686.5
£-Pekehkexiz)) ex3p.(") 2.445 63.1 2027.1
C;('A’)PES 2445 180.0 1206.7 417 20467 12224 612 1989.5 1675.7
£-rehekexizg) ex3p.(") 2.445  180.0 61.1
C;('A’)PES 2445 180.0 1159.4 422 20742 1179.3 63.0 2014.3 1667.9
£Pekebe 'y exp.© 2.445 180.0 62.9
C3;("A’)PES 2445 180.0 1182.8 414 2033.1  1199.2 60.8 19764 1656.9
131312 Iy+ 3
ERCTCTCX 2y exp. © 2.445 180.0 60.7
c-BC2C2CCAY) C3;(GA’)PES 2.580 60.0 1530.5 1077.6 1503.8  1081.1 1851.6
c-BC2CBeeAy) C3;(GA’)PES 2.580 60.0 1511.0 1063.3 1483.6  1067.1 1826.8
£-3C2C2c@’,)  C3CA)PES 2466 180.0 11221 550.2  1331.5 11425 4957 1403.0 17827
exp. @ 2.465 180.0
£-12c3C2C@®n,) C3CA’)PES 2466 180.0 11453 5394 13045 1153.5 4914 1388.6 1776.4
exp.@ 2.465 180.0
£-1B3C12CBc@ln,) GCiCA)PES 2466 180.0 1100.4  547.1 13221 1131.2 4885 13792 1757.1
exp.@ 2.465 180.0
£-B3CBc2c@’n,) CsCA)PES 2466 180.0 1121.8 5362 1296.8 11414 4841 1365.8 1751.0
exp. @ 2.465 180.0

Notes. "R, =R, =R,. ®’See Rocha & Varandas (2018, 2019) for the definition of the vibrational modes and to assess the corresponding values for
the main isotopologues. “Data from Krieg et al. (2013) and Breier et al. (2016). “"Data from Tokaryk & Civis (1995).

Table 3. Exothermicities (in cm™! unless otherwise stated) of reactions (2)—(5) based on the data shown in Table 1.

Reaction #
Source ) 3) 4) (&)
This work 17.9 (25.8 K) 18.3(26.3K) 15.9(22.9K) 16.3 (23.5K)
AEzpg (@) Others © 18.0(25.9K) 18.3(26.4K)
Exp. @ 17.9 (25.8K) 18.4 (26.5K) 16.0(23.0K)

Notes. This assumes that the reactions proceed in the ground-rovibrational states of both the reactants and products. ®’The corresponding zero
point energies in K, AEzpg /kg, are also given in parenthesis. “Data from Colzi et al. (2020). “Experimental estimates using the data from Table 1.

3. Results and discussion

Figure 3 shows the calculated forward and backward rate coef-
ficients for the gas-phase isotope-exchange reactions (2)—(5)
within the temperature range of 25 <7 /K <500. Also shown for
comparison are the corresponding QCT rates obtained for the

2C+ PC(X'E)) LN PCx'sh + °C, (11)
and
12C + 12C,(d’11,) RN 20, (@11, + 2C, (12)

atom-exchange reactions and available results from the liter-
ature (Roueff et al. 2015; Colzi et al. 2020; Westley 1980);

Tables A.l1-A.3 gather all the numerical values. To further

explore the temperature dependence of k, we have considered

the popular Arrhenius-Kooij formula (Laidler 1984)
T ¢ -C

kT)=A|—=——= — 1

@) (298.15) eXP( T ) (13)

where A, B, and C are parameters to be adjusted to the QCT
data; they are numerically defined in Table 4, with the final fitted
forms also plotted in Fig. 3. We note that, in the least-squares
fitting procedure, the nonlinear parameters C were allowed to
float freely from their initial values, and therefore slightly devi-
ate from the expected AEzpg values in Table 3. Physically, this is
consistent with the presence of rotationally excited reactant and
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Fig. 3. Forward and backward thermal rate coefficients and associated error bars for the reactions (a) PCCP)+"Cy(X'E))="C*C(X'E)) +
2CCP) (Eq. (2), ky.2); (b) PCCP)+PCRC(X'E))= PCou(X ' E5)+"*CC P) (Eq. (3), k3.3); (¢) PCC P)+"*Co(a’T1,)= P C1*C(’T1,)+"*CC P) (Eq. (4),
ky-4); (d) BCCP)+BC2C@TL,)=2Cy(a’11,)+'2CCP) (Eq. (5), ks_s) at temperatures up to 600 K. Also shown are the QCT values obtained for
the *C + *Cy(X'Z} /a’T1,) =" Co(X'E} /a’T1,) + *C atom-exchange reactions (Egs. (11) and (12)) and available results from the literature (Roueff
et al. 2015; Colzi et al. 2020; Westley 1980); CT stands for capture theory (Georgievskii & Klippenstein 2005). Solid thick lines show the predicted
QCT thermally averaged rates using the Arrhenius-Kooij formula of Eq. (13).

Table 4. Parameters of Eq. (13) for the forward and reverse rate
coefficients of reactions (2)—(5), (11), and (12).

Rate Parameter )
constant A B C
k, 1.0824(=10)  5.7905(=1) 0
ko 5.3988 (—11) 6.3165 (—1) 2.6963 (+1)
k3 54118 (-11) 5.7905 (-1) 0
ks 1.0835(=10)  5.7742(-1)  2.6560 (+1)
ks 7.6852(-12) 5.1035(-1) 0
ke 3.8553(=12) 54722(=1)  2.3706(+1)
ks 3.8426(~12) 5.1035(-1) 0
ks 7.6919 (—12) 5.0770 (-1) 2.3850 (+1)
ki 1.1078 (-10) 6.0149 (-1) 0
kis 79168 (=12)  53256(=1) 0

1

Notes. ©x (y) represents x X 10. A is in cm® molecule™' s™!, B unitless

and C is in K.

product C, species (Mladenovi¢ & Roueff 2014). Suffice it to say
that, due to the homonuclear nature of the '%/13C, (XIE;’) reactant
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molecules, only even rotational quantum numbers J were con-
sidered in the trajectory samplings; for the '3C'2C species, the
corresponding Boltzmann distributions include both odd and
even J values.

As shown in Fig. 3, the calculated thermal rate constants
for the C+C, reactions increase as a function of tempera-
ture, revealing a positive T dependence. As previously noted
(Sect. 2.1), this stems from the fact that, at higher 7', not
only are the (head-on collinear) MEPs sampled by the reactive
trajectories but also other regions of the PESs become energet-
ically accessible (e.g., bimolecular side-on encounters at high
collision energies), increasing reaction probabilities. A similar
temperature-dependent profile (k o« 7%%) was found experimen-
tally for the barrierless N+C, reaction (Loison et al. 2014). As
expected, all these processes evolve via long-lived trajectories,
with the strongly bound energized complexes spanning large sec-
tions of the molecular PESs; see Fig. 2. Figure 3 shows that the
forward exothermic reactions (2)—(5) are fast with the calculated
rate constants varying from 1072 up to 107'° cm?® molecule™! 5!
within the temperature interval considered. At T=10K, Eq. (13)
predicts ky, k3, k4, ks to be 1.5 X 1071, 7.6 x 10712, 1.4 x 10712,
and 6.8 x 107!3 cm? molecule™ s™!, respectively; these values
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Fig. 4. Equilibrium constants and associated error bars for the reactions (a) “C(P)+"Cy(X'E})="C*C(X'E})+"*CCP) (Eq. (2), K, =
ky/ks) and BCCP)+12Cy(a*1,)=BC12C(@T1,) + 2CCP) (BEq. (4), Ky =ka/ka); (b) BCCP)+ 13C‘2C(X‘2);):‘3C2(X12‘.;) +12C3P) (Eq. (3),
K3 = k3/k3) and PCCP)+3C"2C(a*11,)="3Cy(a’T1,) + 2CCP) (Eq. (5), K5 = ks/k.5) at temperatures up to 600 K. Points and solid thick lines
are obtained from Eq. (14) using the QCT thermally averaged rates and their analytic forms in Eq. (13), respectively, while dashed thick lines repre-
sent theoretical estimates based on statistical mechanics (Eq. (15)). Also shown are the corresponding values predicted via capture theory (Roueff
et al. 2015; Colzi et al. 2020) for reactions (2) and (3) and experimental data (exp) for *C* + '2CO="3CO + '>C* (Eq. (1), K|, =k /k.) as taken
from Liszt & Ziurys (2012). For clarity, the K values for the thermoneutral reactions (11) and (12) are also indicated. High-temperature limits are

represented by gray solid lines.

are typical of atom-radical reactions that are currently included
in low-temperature astrochemical networks (Smith et al. 2004).
Overall, the reactivity of Cy(X '2;’) with ground-state C atoms is
about one order of magnitude higher than that of the first excited
C,(a®11,) state. This is in general agreement with experimental
results when the molecular partner is an unsaturated hydrocar-
bon (Gu et al. 2006; Paramo et al. 2008). We further note that,
except for T =200K (see Figs. 3a and b), the predicted rates
of the isotope-exchange reactions (2) and (3) are in sharp con-
trast to the theoretically derived k via simple capture theory (CT;
Roueff et al. 2015; Colzi et al. 2020), particularly at low T.
Such discrepancies are large enough to suggest that, in addi-
tion to long-range interactions, the strongly bound (short-range)
parts of the PESs considered here also influence the dynamics
of all these reactive processes. One should bear in mind that,
although an approximate treatment of the ZPE-leakage (Truhlar
1979) is warranted here (see Sect. 2.2), our QCT approach
(like CT; Georgievskii & Klippenstein 2005) neglects, by its
own nature, other quantum-mechanical (QM) effects such as
tunneling; this is also justifiable on the large masses of the
nuclei involved. While such an approximation may be less reli-
able in the low-temperature limit (Truhlar & Muckerman 1979;
Peslherbe et al. 1999), accurate estimates of QM effects unavoid-
ably require exact (nonadiabatic) quantum dynamics calculations
which are even more demanding in the case of complex-forming
reactions (Guo 2012), and hence are beyond the present scope of
this work.

In contrast to the forward reactions, the backward processes
in Egs. (2)—(5) show temperature thresholds (Table 4); these
latter are attributed to ZPE differences between reactant and
product C, isotopologs. Due to operation of statistical factors on
the kinetics of (2) and (4) (i.e., % for backward and 1 for forward),
we recognize from Figs. 3a and c that, in the high-7" limit, the
rate coefficients k., 4 are approximately half of k; 4 (Henchman
et al. 1981). The contrary is the case for reactions (3) and (5)
where statistical factors of 1 for backward and % for the forward
processes are operative (Henchman et al. 1981). Therefore, as

shown in Figs. 3b and d, k3_s = 2ks 5 in the high-7 limit. How-
ever, at lower temperatures, the manifestation of the statistical
factors on all these rate coefficients is largely masked by the
increased influence of such 7 thresholds (Henchman et al. 1981).

The (small) effects of the isotope substitution on the over-
all kinetics (i.e., the kinetic-isotope effect) can primarily be
assessed from Figs. 3a and c. By comparing the thermoneutral
reactions (11) and (12) with the forward ones in Egs. (2) and (4),
one can see that, given the lower ZPE content of the '*C'2C
product species and the exothermic nature of these latter pair
of reactions, abstraction by '*C(3P) is slightly faster than by
2C(3P) at low T. Nevertheless, such an energy defect (AEzpg)
becomes less significant in determining reactivity as long as
higher internal and collision energies are accessible at higher
T. We note that the calculated thermal rate coefficients of reac-
tion (11) are about seven times greater than those reported by
Westley (1980).

To quantify the possible impact of reactions (2)—(5) on the
overall C fractionation chemistry, in Fig. 4 we plot their equilib-
rium constants (K) as a function of the temperature. These were
obtained using both QCT data and the analytic forms in Eq. (13)
as

k(T) _ [*CI[°Cy]
k(T) — [BCIRC,Y

where k; and k; are the forward and reverse rates, with R and
P identifying the corresponding reactant and product C, iso-
topolog. These K values are also compared with theoretical
estimates based on statistical mechanics (Terzieva & Herbst
2000; Mladenovi¢ & Roueff 2014, 2017),

K(T) = (14)

Oin("C2) AEzpg
K(T) = 32 ex , (15)
I G®Cy) P\ T
where the mass factor f,, is given by
m(C)m("Cy)
fn = et (16)
m(Cm(RCy)
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with m(X) denoting the mass of the species X; AEzpg in Eq. (15)
is in K. The internal partition function, Qiy, includes only the
rovibrational degrees of freedom (no translation and electronic
contributions) and is given by the standard expression,

Ounc = gants Y, D (27 + De /T, (17)
v J

where € is the diatomic rovibrational energy (with total angu-
lar momentum J and vibrational quantum number v) measured
relative to the corresponding ZPE; this is calculated from the
experimentally derived two-body term of the associated C; PES.
In Eq. (17), ganss accounts for the combined effects of A-
doubling and nuclear spin (hyperfine) degeneracy and is defined
in Irwin (1987, see Table 3 therein). For comparison, we also plot
in Fig. 4 equilibrium constants for reactions (2) and (3) obtained
via CT (Roueff et al. 2015; Colzi et al. 2020) and the experi-
mental values of 3C* + 2CO="3CO + '>C* taken from Liszt &
Ziurys (2012).

The data presented in Fig. 4 clearly indicate that the C iso-
topic fractionation occurs most efficiently at low temperatures,
notably in reactions (2) and (4). Under these conditions virtu-
ally all the available '*C is in the form of '*C!2C, with only a
small fraction being locked up in '*C,. Among '3C'?C, ground-
state *C'*C('%}) appears to be the dominant species owing to
the higher exothermicity of reaction (2); see Table 4. Indeed,
by extrapolating Eq. (13) in (14) to the typical temperature of
dense clouds, T = 10K, we obtain K, ~ 36, K, =24, K3 =7,
and Ks = 5. These former values are quite close to the one
predicted for the ion—molecule '*C* + '2CO reaction (Eq. (1)),
K ~33 (Langer et al. 1984). We note that, in the high-T limit,
the equilibrium constants converge to well-defined values: 2 for
the isotope-exchange reactions (2) and (4) and % for (3) and (5).
Such limits reflect the manifestation of the aforementioned sta-
tistical factors in the overall chemical kinetics and become
equivalent to ‘symmetry’ (or probability) factors appearing in
previous statistical thermodynamic considerations (Terzieva &
Herbst 2000). In this regard, we note that the calculated Kvalues
from Eq. (15) represent lower limits to the actual QCT data and
are roughly consistent (as expected) with the ones predicted from
CT (Roueff et al. 2015; Colzi et al. 2020). We reiterate that, sim-
ilarly to Eq. (15), CT does not take into account all the details
of the molecular PESs in estimating the macroscopic kinetic and
thermodynamic attributes.

4. Astrophysical implications

To further (qualitatively) assess the extent to which the most
relevant reactions (2) and (4) influence the net '*C chemi-
cal enrichment in diverse astronomical environments and their
possible effects on observational data, we plot in Fig. 5 the
expected theoretical '>C/!3C atomic carbon ratios versus kinetic
temperature (Ty;,) as possibly measured from C, (e.g., via its
Phillips (A 'TT,—X '%}) and Swan (d °Tl,—a°TI,) bands). Follow-
ing Smith & Adams (1980), the calculated ratios were obtained
from Eq. (14), that is, assuming chemical equilibrium conditions

12C [IZC] 1 [12C2]

(1) = 2x K(T) = [13cl2c]

(18)

where K(T) are the corresponding equilibrium constants (K;
and K, for the X 12; and a°I1, states, respectively, see, e.g.,

Fig. 4a) and ['2C]/['3C] is the elemental (reservoir) carbon

Al142, page 8 of 12

120
100
Solar System Ogol  aa o i R
100 |t Abundance Ratio 9 s
[3)
§ 80r HD 56126
80 L 40 1 1 1 1
0 Model (3x10%r) 100 200 30_(r) /éoo 500 600
™ kin J—
= e
o 8 Cygnus OB2 No.12 -
N
—
40 | ~ .
s . CyX'E) —
N — Model (1.6x10%yr) .
20+ 777 . Cy(a’n) --
Model (3x10%yr)
O L L L L L L L L

10 20 30 40 50 60 70 80 90 100
Tin/K

Fig. 5. Variation of the '>C/"*C isotope ratios derived from Cy(X'Z;)
and C,(a’Tl,) (by means of reactions (2) and (4), respectively) as a
function of the gas kinetic temperature (7\;,). Solid (blue and red)
lines represent the theoretical values calculated from Eq. (18) assum-
ing chemical equilibrium conditions, while the corresponding (pink and
back) dashed lines show their behavior as obtained from a reduced
kinetic model with fixed integration time of 1.6 X 103 yr (see text). Also
shown by the gray points (with error bars) are the corresponding val-
ues obtained from observational surveys conducted by Hamano et al.
(2019) and Bakker & Lambert (1998) towards Cyg OB2 No. 12 and
HD 56126, respectively, as well as those reported by Colzi et al. (2020)
for 10 K using a gas-grain chemical model in three different simulation
timescales. The horizontal dashed line (also in the inset) highlights the
elemental ['2C/*3*C] Solar System abundance ratio.

abundance ratio taken to be equal to the Solar System value
of 89; the factor of 2 appears due to statistical considerations;
see, e.g., Bakker & Lambert (1998). For comparison, we also
show the corresponding values obtained from observational sur-
veys on C, isotopologs conducted by Hamano et al. (2019)
in the context of translucent clouds (i.e., in the line of sight
of Cyg OB2 No. 12) and Bakker & Lambert (1998) towards
the circumstellar envelope of the post-AGB star HD 56126. As
emphasized by Hamano et al. (2019), their work reports the first
marginal detection of '3C'?C in the ISM. Due to the lack of
observational data on ['2C,]/[**C'2C] in molecular clouds, we
resort to the '?C/"*C ratios derived from C,(X'Z}) by Colzi et al.
(2020) using a time-dependent gas-grain chemical model; the
model results are also plotted in Fig. 5 for three different simu-
lation timescales. Figure 5 shows that, although the calculated
12C-to-13C ratios depict slightly varying degrees of fractiona-
tion depending on whether they are inherited from C,(X 'E;’) or
C»(a’Tl,), the general profiles are both consistent with a '3C-
enhancement at the lower temperatures of interstellar clouds.
However, we note that, at even lower Ty, all 2C/'3C ratios
drop to very small values; this is not necessary true in real-
ity given that interstellar chemistry may unavoidably deviate
from thermodynamic equilibrium. To gauge the impact of such
a departure from equilibrium on the calculated ratios, we fol-
low Smith & Adams (1980) and impose time dependence on
12C/13C by integrating analytically the corresponding kinetic dif-
ferential (continuity) equations for C'*C(X'Z}) (Eq. (2)) and
BC2C(@’11,) (Eq. (4)); for brevity, the final formulas are not be
given here, and we refer the reader to Egs. (12) and (13) of Smith
& Adams (1980) for details. The theoretical '>C/'3C ratios
obtained in this way are shown by the dashed lines in Fig. 5.
We note that in solving the corresponding rate equations, we
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assume ['2C]/['3C] as terrestrial (as in Eq. (18)) and consider a
fixed integration time of 1.6 x 10° yr with a '?C fractional abun-
dance of 1 x 107 ; these latter parameters are both consistent
with an early cloud chemistry (Colzi et al. 2020). On the basis
of these assumptions, Fig. 5 reveals a clear mismatch between
the calculated early chemistry and equilibrium '>C-to-'3C ratios
for Tyin 30 K. However, for larger temperatures, reactive equi-
librium appears to be promptly reached; see Fig. 5. Moreover,
the plotted data from Colzi et al. (2020) indicate that the pre-
dicted ratios from chemical kinetics also converge (as expected)
to those at equilibrium for longer simulation times. Yet, at 10K,
our theoretical '>C/"3C ratio derived from C(X'%}) agrees quite
well with the value reported by Colzi et al. (2020) within the
1.6 x 10° yr timescale. As for the observational data, the cal-
culated '2C/3C ratios show fairly good correlations with those
given by Bakker & Lambert (1998) and Hamano et al. (2019).
The larger deviations observed towards Cyg OB2 No. 12 (see
Fig. 5) provide further evidence that, besides '3C+C, chemical
fractionation, other competing photo-induced processes and/or
secondary reactions are at work in translucent clouds; report-
edly, one should also take into account the large uncertainties in
the measurements by Hamano et al. (2019). As highlighted by
these latter authors, future observations of '>C'*C using higher
quality spectra will provide a clear picture on the C, carbon iso-
tope ratios in the ISM. Meanwhile, the determination of accurate
laboratory and theoretical reaction rate coefficients for the most
efficient fractionation pathways like '3 C+C, and '*C+C; (Giesen
et al. 2020; Colzi et al. 2020) would be useful for the interpre-
tation of interstellar C fractionation chemistry via astrochemical
models (Roueff et al. 2015; Colzi et al. 2020; Loison et al. 2020).

5. Summary

In the present work, we provide accurate theoretical rate coeffi-
cients as a function of the temperature for all possible isotope-
exchange reactions of C with C(X 12;,a3HU). To this end, we
used the quasi-classical trajectory method, with the previously
obtained (mass-independent) PESs of C3(*A’,! A”) providing the
required forces between the colliding partners. The calculated
rate coefficients within the range of 25 <7 /K <500 exhibit a
positive temperature dependence and our results show a behav-
ior that clearly differs from previous theoretical estimates based
on simple capture theory (Roueff et al. 2015; Colzi et al. 2020).
This suggests that, in addition to long-range interactions, the
strongly bound (short-range) parts of the underlying PESs also
influence the dynamics of the reactive processes. For each
reaction considered, analytic three-parameter Arrhenius-Kooij
formulas are derived that readily interpolate and extrapolate the
associated forward and reverse rates. To quantify their possi-
ble impact on the interstellar C isotopic chemistry, equilibrium
constants of all such processes are evaluated from the calcu-
lated kinetics data, unraveling their increased efficiency into
13C incorporation at low T. For the most relevant reactions and
assuming both equilibrium and time-dependent conditions, the-
oretical '>C/'3C atomic carbon ratios as a function of the gas
kinetic temperature are also reported and compared with avail-
able model chemistry and observational data on C,. Despite
some previous claims (Bakker & Lambert 1998), the present the-
oretical results strongly support the suggestion made by other
authors (Roueff et al. 2015; Colzi et al. 2020) that the C +
C, reactions (particularly (2) and (4)) may act as important
routes in the overall C-fractionation chemistry, notably in low-
temperature C-rich environments. Besides providing key input

data for astrochemical models of cold dense clouds (Furuya et al.
2011; Roueff et al. 2015; Colzi et al. 2020; Loison et al. 2020),
the calculated rate constants over such a broad 7 range may
also fulfill the needs of models of photo-dissociation regions
(Rollig & Ossenkopf 2013), translucent clouds (Hamano et al.
2019), protoplanetary disks (Woods & Willacy 2009), and cir-
cumstellar envelopes of evolved C-stars (Bakker & Lambert
1998). Apart from its astrophysical implications, this work is
expected to provide safe grounds on which to base future
methodological developments toward the calculation of theoret-
ical rate constants of astrochemically relevant isotope-exchange
reactions without resorting to (and avoid the burden of) quan-
tum dynamics, while still recovering all intrinsic details of the
interacting potentials between the colliding particles.
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Appendix A: Additional tables

Table A.1. Maximum impact parameters, and thermal rate and equilibrium constants as a function of the temperature of the isotope-exchange

reactions (2) and (4).

k
BCCP) + PCr(X'E)) ké BC2C(X'E}) + '*CCP) + AEzpp(=25.8K)
2% )

T/K  bpadA  kofcm3 molecule™' s™!  ko/cm® molecule™ s™! Ko /unitless
500.00 5.0 1.4581 (-10)@ 7.0643 (—11) 2.0641
400.00 5.0 1.2857 (—10) 6.0748 (—11) 2.1164
298.15 5.1 1.0826 (—-10) 4.9588 (—11) 2.1831
200.00 5.0 0.8584 (-10) 3.7070 (-11) 2.3156
100.00 5.0 0.5750 (-10) 2.0655 (—11) 2.7842

50.00 4.9 0.3850(—10) 0.9623 (-11) 4.0008

25.00 4.6 0.2570 (-10) 0.3299 (-11) 7.7902

k.
BCEP) + 120,410, ké BC2C(@IL,) + 2CCP) + AEzpe(=22.9K)
-4

T/K  bma/A  ke/em® molecule™ s™!  ku/cm3 molecule™! s™!  K/unitless
500.00 5.0 9.9709 (—-12) 4.8677 (-12) 2.0484
400.00 5.0 8.9250(-12) 4.2646 (—12) 2.0928
298.15 5.0 7.7400 (—12) 3.5854 (-12) 2.1588
200.00 5.0 6.3078 (—12) 27473 (-12) 2.2960
100.00 5.0 4.3868 (—12) 1.6802 (-12) 2.6109

50.00 4.9 3.0643 (-12) 0.9066 (—12) 3.3799

25.00 4.8 2.1578 (—12) 0.3448 (-12) 6.2581

Notes. @x (—y) represents x X 107,

Table A.2. Maximum impact parameters, and thermal rate and equilibrium constants as a function of the temperature of the isotope-exchange

reactions (3) and (5).

k:
PCCP) + CPCX'E)) = PCaX'E)) + PCCP) + Alzpe(=263K)

T/K  bpadA  ky/cm3 molecule™! s™!  ks/cm® molecule™! s™!  K3/unitless
500.00 5.3 7.2907 (~11)@ 1.3827 (~10) 0.5273
400.00 52 6.4284 (—-11) 1.2031 (—-10) 0.5343
298.15 5.4 5.4131 (-11) 0.9903 (—-10) 0.5466
20000 5.1 42920 (~11) 0.7516 (~10) 0.5710
100.00 5.3 2.8747 (—11) 0.4408 (—10) 0.6521

50.00 5.1 1.9250(-11) 0.2263 (—-10) 0.8505

2500 4.9 1.2850 (~11) 0.0888 (~10) 1.4471

k:
BCEAp) + 13C2C(@’1L,) f 13C,(a’T1,) + '2CCP) + AEzpp(=23.5K)
-5

T/K bmax/;% ks/cm® molecule™! s™!  k.s/cm® molecule™! s™!  Ks/unitless
500.00 5.2 4.9854 (—-12) 9.5064 (—12) 0.5244
400.00 5.2 4.4625 (-12) 8.4084 (—12) 0.5307
298.15 5.2 3.8700 (-12) 7.1450 (—-12) 0.5416
200.00 5.1 3.1539(-12) 5.5987 (-12) 0.5633
100.00 5.2 2.1934(-12) 3.4560 (—12) 0.6347

50.00 5.0 1.5321 (-12) 1.9018 (—12) 0.8056

25.00 4.9 1.0789 (—12) 0.8312(-12) 1.2980

Notes. @x (—y) represents x x 1077,
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Table A.3. Maximum impact parameters and thermal rate con-
stants as a function of the temperature for the atom-exchange reac-

tions (11) and (12).

RCEP) + 2Oy (X1EH 5 2C,(X'E)) + 2CCP)

1

T/K bmaX/A ky1/cm?® molecule™! s~
500.00 4.9 1.5087 (-10)@
400.00 4.9 1.3202 (-10)
298.15 5.0 1.1071 (-10)
200.00 4.9 0.8774 (-10)
100.00 4.9 0.5935(-10)

50.00 4.8 0.3693 (—10)

25.00 4.7 0.2312 (—-10)

2CEP) + 2C,(a®T1,) <5 12C,(a*T,) + 12CCP)

T/K bmaX/A ki»/cm® molecule™! 7!
500.00 4.9 1.0344 (-11)
400.00 4.9 0.9228 (—11)
298.15 4.9 0.7942 (-11)
200.00 4.9 0.6456 (—11)
100.00 5.0 0.4514 (-11)

50.00 4.8 0.3015(-11)

25.00 4.7 0.2012(-11)

Notes. @x (—y) represents x x 1077,
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