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The new PES was developed in a two-step process: first, the analytical functional
form was proposed, which depends on adjustable parameters, and then they were fitted to

the previous ab initio calculations. Next these steps are developed in detail.
a) Analytical functional form

On the basis of our previous experience with symmetrically substituted polyatomic
reactions of type A + CXy; — XA + CXj, where the central atom, carbon, is bonded to
four equivalent substituents, X, and A represents the attacking atom; the new surface for
reactions of type A + C,Xs — XA + C,Xs is formulated in similar physically intuitive
terms: stretching (str), valence bending (bending), and out-of-plane bending (op), as
previously, and two additional terms to include a) the C-C stretching mode, and b) the
torsion (tor) about the C-C bond. Therefore, the surface is basically a valence-bond (VB)
potential augmented with molecular mechanics (MM) terms, VB-MM surface. Although
obviously all six hydrogen atoms are equivalent, for the sake of clarity in the discussion
we differentiate between them as i,j, k, for the hydrogen atoms on the C, carbon, and /,m,n,
for the hydrogen atoms on the C, atom, A being the attacking atom, chlorine atom in the
title reaction. This nomenclature will allow us to differentiate clearly the CH; group from

the CH, group in the ethyl radical.
The potential energy for a given geometry, V, has the general form

V= Vstr + VCC + Vbending + Vop + Vtor (S])

Vstr is the stretching term given by,
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H; stands for one of the six ethane hydrogens. The V; terms represent the London-Eyring-

Polanyi (LEP) functional form, given by,
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for the C; and C, carbon atoms, where V, and V;are the Coulomb and exchange integrals,

respectively, given by,
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for the C-H bonds, while for the C-A and A-H bonds are given by
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Each integral term, V and Vj, involves a singlet curve ( nd
E,l E.3 E.3 EZ> ES E}
AHL') and a triplet curve ( ClHi, Gty "o and AHi) for each C-H, C-A and A-

H bond. They are given by,
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which depend on 8 adjustable parameters, D'xy and D3xy, associated with the singlet
and triplet dissociation energies, on 8 R°xy parameters, associated with the equilibrium
bond distances, and 8 axy Morse parameters, where aca and asy; are kept fixed, while

the acy terms are allowed to relax from reactants to products,
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average distance, R,y is,
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In order to introduce more flexibility in the functional form, the reference C;—H; and C,—
H,; bonds distances (R’y) are transformed smoothly and independently from reactant to
product using the equations (Ref. 10),

R:% =PR. ) p+(1-P))*R, |
cH; = F1ftc H R ( 1) * C,H,P (S27)

R-> =P.R.% +(1-P,)«R. ¢
CZHl 2 CZHI'R ( 2) CZH,P

l (S28)

where the subscripts R and P refer, respectively, to equilibrium distances in reactants and

products, and the terms P; and P, are,
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N
ote that P; and P, are symmetric with respect to three hydrogen atoms bonded to each
carbon and go to zero as one of the hydrogen atoms is abstracted. T; and 7> are geometry-
dependent switching functions given by

Tl(RclHi) =1- tanh[w3 “(Re,y = w4)] (S31)

TZ(RCsz) =1- tanh[wS i (RCZHZ - W6)] (S32)

where w;, w, ws and wy are adjustable parameters. Eqs. (S27-S32) permit the C-H
distances in ethane and ethyl radical to relax independently. The C-H distances are

equivalent in ethane, but not in the ethyl radical. Hence, Eqgs. (S27-S32) permit
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differentiation between the C-H distances in the CH; group from the C-H distances in the
CH, group of the ethyl radical. In total, the V, term depends on 26 parameters.

The second term in Eq. (S1), Vee , represents a simple Morse function to describe the C-C

stretching motion, and is given by
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This term depends on three adjustable parameters Dec , %cc and Rec .

The third term Vbending, representing the harmonic potential is defined as the sum of

twelve harmonic potentials,
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m and kcc are force constants. In addition,

0
and k¢ are allowed to relax from ethane to ethyl radical by,
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being kC2H6 = KC2H5 + g, with k®?5 and ay as adjustable parameters, and S; and S, as

switching functions,
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for the H-C-C bending modes, where a, oy, B1, B2, icc, 02cc, Bicc and Bocc are adjustable

parameters.

The constants force k; (or j) and k; (or m) are defined as a function of both Rcy, Ryya and

Rcc distances, depending on each carbon atom,
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where six new adjustable parameters are included, namely aa,, aa,, aa; aay, A;cc and

A2CC-

With respect to the reference angles, they are also allowed to relax from ethane, t

= 109.5° to the ethyl radical configuration,
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In total, the Vpeqing potential needs 22 terms to be fitted in the calibration process.

The next term in Eq. (S1), V,, represents a quadratic-quartic potential whose aim is to

describe correctly the out-of-plane motion of the CH, group in the ethyl radical,
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Th
e force constants, f, and h,, are allowed to relax from the reactant, where both CH; groups
show pyramidal structure, to products, where the CH; group shows pyramidal structure,
while the CH, group shows quasi-planar geometry. We use the following S; switching

functions, in such way that V,, vanishes at the ethane limit,
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A A 73S P38 0350 and Pssec being fitting parameters.

The angle measuring the deviation from the reference angle is,
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with (qx-q;) and (qi-q;) being two vectors between three hydrogens on each carbon and r;
the vector between the carbon and each of the hydrogens directly bonded to it. Therefore,
the first term to the right of (S70) represents the angle between the CH; bond and a vector

perpendicular to the plane described by the three hydrogen atoms on each carbon. The

0
reference angles gii, are defined in Eqs. (S52-S55). Thus, the V,, term depends on 6 fitting

parameters.

Finally, to include the motion about the C-C bond, we include a torsional term,

Vior, glven as a cosine function of the torsional angle vy,
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This new term depends on 3 adjustable parameters, where v; is associated with the

torsional barrier height.

The new PES, therefore, depends on 60 parameters, 26, 3, 22, 6 and 3, respectively
to describe the stretching, the Vec, the valence bending, the out-of-plane bending and the
Vtor potentials. These 60 parameters give great flexibility to the functional form. Note
that this surface is symmetric with respect to the permutation of the three hydrogen atoms

on each CHj group.

b) Fitting process
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The second step in the development of the PES is the fitting of the 60 parameters
to the high-level ab initio calculations used as input. We began this process by using the

popular least-squares approach,
2
R= Z|E(x)—F(x,p)| (S74)

where E(x) and F(x,p) are, respectively, the ab initio energy at each point (x) used as input
and the analytical function depending on the 60 parameters (p). However, in previous
studies by our group (see for instance the recent Refs. 2 and 4) we showed that because
this problem is ill-conditioned, the least-squares method is unsuccessful when all
parameters are simultaneously introduced. In addition, this method presents a series of
inherent problems, for example, that the final result depends on the initial set of
parameters, or that different sets of parameters are obtained, all equally probable, which
represent difficulties in the process. In order to circumvent these problems, we used a
divide-and-conquer approach, which is an iterative step-by-step process, widely
developed in previous works?>* and to avoid repetitions here we present only a summary.
In the first step, the geometric, vibrational and energetic properties of reactants and
products are fitted to the ab initio input data, using the following parameters: R°c gy,
Recip, R°conr, Roc2mp, Dt D'cans acin, bein, acan, bean, W3, Wa, Ws, We, ROl Dan,
Rcc, Dlcc, aan, acce. In the second one, we focus attention on the description of the
saddle point (barrier height and imaginary vibrational frequency, which describe the
topology in this zone and the fall to the reactant and product asymptotes). The following
parameters are used in this step: D3ciny, D3con, D3an, DPce, Coin, €oon. The correct
description of the intermediate complexes in the entrance and exit channels is addressed
in the third step, which is a great challenge because of the small energy differences in the
reactant channel. Finally, in the four step the reaction path or minimum energy path
(MEP), and the reaction valley are fitted to the ab initio input information [where 60
points (energy, gradient and Hessian) were calculated describing the MEP]. Note that in
this case the ab initio Hessian calculations are computationally very expensive, because
at the CCSD(T) level used the second derivatives of the energy are numerical. With 9
atoms we have 27 coordinates and 729 (27x27) energy calculations per point. In total,
this represents about 44,000 energy calculations, taking into account the 60 points on the

MEP. In these two last steps we used the parameters related with the switching functions,
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Eqgs. (S35-S51): ay, B, aa;, aay, aas, aas; Eqs. (S52-S61): A, By, Ag, Bg; Egs. (S63-S69):

£5°215, 0, C2H5, agec, Basces and finally, Egs. (S71-S73): wi, Wi, W3, W4, V3.

As previously noted, this four-step process is iterative, and is repeated until
convergence with the ab initio input data. Obviously this represents a long and tedious
task. Once the fitting process was concluded, we obtained the final set of 60 parameters
defining the new PES-2017 surface. The best set of parameters is listed in Table S1, while
Figure S1 plots a 2D representation of the new PES-2017 surface, where the breaking
C-H and forming H-CI bonds are represented in function of the energy. Finally, note that
the new potential energy surface can be obtained upon request from the authors, prior to

its publication in the POTLIB library (Ref. 3).
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Table S1. Final fitting parameters for the PES-2017 surface describing the

Cl + C,Hg — HCI + C,H5 gas-phase reaction.

Parameter Value
V4 parameters
Rociur 1.08897 A
Rociup 1.07577 A
Dlciy 109.23000 kcal mol!
Dicin 26.00400 kcal mol!
aciu 1.65300 A
bein 0.12500 A+
CClH 3.51404 A+
Roconr 1.08897 A
ROconp 1.07577 A
w3 1.00000 A
w4 1.08897 A
w5 1.00000 A
wo6 1.08897 A
D'on 109.23000 kcal mol!
D3con 26.00400 kcal mol™!
acon 1.65300 A
beon 0.12500 A
Ccoon 3.51404 A+
Ren 1.27191 A
D!y 107.85800 kcal mol!
D3y 28.56400 kcal mol!
A 1.85570 A+
Roca 1.95397 A
Dlca 46.60900 kcal mol’!
D3ca 14.90000 kcal mol-!
Olea 1.2290285 A+
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Ve parameters

RO¢c 1.50007 A
Dlcc 117.94900 kcal mol-!

e 1.93400 A 1

Vpending parameters

KC2HS 0.2977000 mdyne A rad-2

a 0.3060000 mdyne A rad-2

a 2.5313681 A+

B, 1.088625 A

o, 2.0147402 A+

B, 1.088980 A
tLice 25313681 A
Bicc 1.550070 A
Olce 2.0147402 A+
Bacc 1.550070 A

aa; 0.300952 A~

aa, 0.499963 A~

aas 6.465953 A~

aay 1.569977 A~

0 1.0087903 A+

B, 1.2006638 A 3

Co 1.0889937 A

Ao 12078714 A+

By 0.3548859 A

Co 1.8915497 A
Ajcce 0.90007 mdyne A rad-
Ascc 0.94900 A
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Vp parameters

A3

|33s

fAC2H5

hACZHS

A3ce

B3CC

1.8419147 A~
1.0889300 A

0.1357500 mdyne A rad-2
0.2615000 mdyne A rad
0.531368 A

1.550070 A

Vior parameters

V3

13.730000 kcal mol!
9.3548859 A+
0.913970 A
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Figure S1. 2D representation of the PES-2017 surface for the breaking C-H and

forming H-C1 bonds. Distances in A and energy in kcal mol-'.
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